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Abkiirzungsverzeichnis

Ac-Isomer-GS I - 1III Acetyl-4-a-Rhamnopyranosyloxy-
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GPx2 Glutathionperoxidase-2
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MS-Medium Murashige-Skoog-Medium

NQO1 NAD(P)H:Chinonoxidoreduktase-1

Nrf2 Transkriptionsfaktor, Nuclear factor erythroid 2-
related factor 2

Rhamno-Benzyl-GS 4-a-Rhamnopyranosyloxy-Benzylglucosinolat

Rhamno-Benzylisothiocyanat 4-a-Rhamnopyranosyloxy-Benzylisothiocyanat
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Einleitung

Moringa oleifera Lam. (1785), auch als ,,Tree of Life* bekannt und zu den Moringaceae
gehorend, ist eine Pflanze mit vielféltigen Nutzungsmoglichkeiten. M. oleifera als
bekannteste und am weitesten verbreitete von insgesamt 13 Arten (Antwi-Boasiako &
Enninful, 2011) erlangte in den vergangenen Jahren in Form von Tees, Kosmetika und
Nahrungserginzungsmitteln weltweit immer mehr Bekanntheit. Die unterschiedlichen
Pflanzenorgane von M. oleifera werden hierbei auf ganz verschiedene Art genutzt. So
wird mikrobiell kontaminiertes Grundwasser in armen Regionen (u. a. Agypten und
Sudan) mit Hilfe von Pulver aus den Samen von M. oleifera kostengiinstig auf
Trinkwasserqualitdt gereinigt. M. oleifera dient hier als Coagulant (Foidl et al., 2001;
Mangale Sapana et al., 2012). Auch besitzt das Ol der Samen, bekannt als ,,Ben Oil*,
Eigenschaften volatile Stoffe zu binden und sehr stabil sowie langlebig zu sein (Foidl et
al., 2001; Ramachandran et al., 1980). Daher wird es in der Kosmetik- und
Parfiimindustrie sowie als Schmiermittel in der Feinmechanik eingesetzt (Foidl et al.,
2001; Ramachandran et al., 1980). Blattpulver von M. oleifera wird u. a. als Viehfutter
verwendet (Kholif et al., 2015; Sultana et al., 2015), wihrend die Rinde zur Herstellung
von Seilen, Matten, Papier (Ramachandran et al., 1980) und Gerbstoffen (Mehta et al.,
2011) dient. Aus den Bléttern kann ein Extrakt generiert werden, welches u. a. Hormone
des Cytokenintyps enthélt, und daher wachstumsfordernd wirken kénnen. Dieses kann
hohere Ertrage, mehr und groBere Friichte, eine erhohte Resistenz gegeniiber
Krankheiten und Krankheitserreger, hohere Keimungsraten und vieles mehr bei
verschiedenen Pflanzenarten zur Folge haben (Foidl et al., 2001; Igbal et al., 2015;
Yasmeen et al., 2012). Besonders verbreitet ist jedoch die Verwendung von frischen
Bliattern von M. oleifera  sowie Blattpulvern als  Nahrungsmittel bzw.
Nahrungserginzungsmittel oder ,,Functional Food*“ (Anwar et al., 2007). Die Blitter
von M. oleifera stellen eine wichtige Proteinquelle dar. Weiterhin sind sehr hohe
Gehalte an Kalium, Calcium, Eisen und vielen Vitaminen wie u. a. Provitamin A (B-
Carotin), C oder Vitamin E (a-Tocopherol) beschrieben (Foidl et al., 2001;
Ramachandran et al., 1980; Yang et al. 2006). Da M. oleifera als trockenresistent gilt
und seine Blétter erst spit in der Trockenzeit abwirft, dienen diese Blatter in einigen
tropischen Léndern als einzige Quelle von Proteinen und Néihrstoffen in der

Trockenzeit. Aus diesem Grunde findet man den urspriinglich aus den Subhimalaya-
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Einleitung

Gebieten von Nordindien, Pakistan, Bangladesch und Afghanistan stammenden Baum
heute weitverbreitet in tropischen und subtropischen Gebieten, besonders in Ost- und
Stidafrika, sowie in Asien (Fahey, 2005; Fuglie & Sreeja, 2001). Hier wird M. oleifera,
dessen Blitter mehrmals jéhrlich geerntet werden konnen, in Plantagen angebaut (u. a.
Fuglie & Sreeja, 2001; Palada & Chang, 2003). Das frisch geerntete Pflanzenmaterial
wird dann auf regionalen Markten verkauft. Besonders in den afrikanischen Tropen
spielt M. oleifera zur Bekdmpfung von Hunger und insbesondere Mangelernidhrung eine
entscheidende Rolle (Thurber & Fahey, 2009). So werden Blitter von M. oleifera
schwangeren bzw. stillenden Frauen sowie Kindern in Form von Pulvern verabreicht.
Dariiber hinaus werden sie frisch verzehrt. Bei mangelerndhrten Kindern konnte der
Erndhrungs- und Gesundheitszustand hierdurch deutlich verbessert werden (signifikante
Gewichtszunahme: Srikanth et al., 2014; bessere Gesundheit: Price, 2007). Weiterhin
zeigten die Sduglinge direkt nach der Geburt ein hoheres Gewicht und die Miitter

produzierten mehr Milch zum Stillen der Kinder (Fuglie, 2001; Price, 2007).

Neben den genannten Verwendungsmoglichkeiten ist weiterhin eine vielseitige
Einsetzbarkeit von M. oleifera als pflanzliches Arzneimittel hervorzuheben.
Siidafrikanische Stimme nutzen Extrakte, Sude, Breie, Ole, Salben und Pulver aus
M. oleifera, um Entziindungen, Infektionskrankheiten, Fieber, Schwellungen,
Kopfschmerzen, abdominale Tumore, Herz-Kreislauf-Beschwerden, Magen-Darm- und
Nervenerkrankungen zu behandeln (reviewed in Mahmood et al., 2010; Sreelatha et al.,
2011). Auf Basis dieses Stammeswissens und der miindlichen Uberlieferungen von
Wirksamkeiten begann eine Vielzahl an Autoren diese in wissenschaftlichen Studien zu
analysieren (Anwar et al., 2007; reviewed in Fahey, 2005). U. a. konnten antibiotische,
antimikrobielle (Caceres et al., 1991; Eilert et al., 1981; Nikkon et al. 2003),
antiinflammatorische (Caceres et al., 1992; Ezeamuzie et al., 2008), antioxidative
(Atawodi et al., 2010; Chumark et al., 2008; Kumar et al., 2012; Verma et al., 2009)
und antikarzinogene (Bharali et al., 2003: Budda et al., 2011; Costa-Lotufo et al., 2005;
Khalafalla et al., 2010; Parvathy & Umamakeskwari, 2007) Effekte von M. oleifera,
meist in Gesamtextrakten der unterschiedlichen Pflanzenorgane, nachgewiesen werden.
Diese Wirksamkeiten werden, wie auch schon bei anderen Pflanzenfamilien (z. B.
Labiatae oder Zingiberaceae), auf die in der Pflanze vorkommenden sekundéren

Inhaltsstofte zurlickgefiihrt (reviewed in Craig, 1999). Sekundére Pflanzeninhaltsstofte

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



Einleitung

in M. oleifera sind Flavonoiden, Saponine, Phenolsduren, Carotinoide und
Glucosinolate (Forster et al., 2015a; Sharma & Paliwal, 2014; Shidduraju & Becker,
2003; Yang et al., 2006). Nur vereinzelt untersuchten Wissenschaftler in in vitro- und in
vivo-Studien die genannten Effekte von einzelnen chemischen Verbindungen bzw.
Inhaltsstoffgruppen von M. oleifera (Guevara et al., 1999; Murakami et al., 1998;
Sharma & Paliwal, 2014). Die medizinische Wirksamkeit, im Besonderen das
antioxidative und/oder antikarzinogene Potential, wird zum groen Teil auf die in allen
Pflanzenteilen = von M. oleifera  enthaltenen  Glucosinolate ~ bzw.  deren
Hydrolyseprodukte zuriickgefiihrt (Bennett et al.,, 2003). Eine Vielzahl an
epidemiologischen Studien korrelierte eine erhohte Aufnahme an Kohlgemiise mit einer
protektiven Wirkung gegen Krebs. So erklarten Kirsh et al. (2007), dass das Risiko an
Prostatakrebs zu erkranken mit der erhohten Aufnahme von Kohlgemiise, speziell
Brokkoli und Blumenkohl, reduziert werden kann. Verhoeven et al. (1996) verglichen
die Ergebnisse von sieben Kohortenstudien und 87 Fall-Kontroll-Studien und stellten
inverse Zusammenhinge zwischen dem Konsum von verschiedenen Brassica-Gemiisen
und dem Krebsrisiko heraus. 67 % der Fall-Kontroll-Studien zeigten, dass sich ein
erhohter Brassica-Verzehr krebsreduzierend auswirkte (70, 56 und 67 % fiir Kohl,
Brokkoli und Blumenkohl). Alle diese Studien fiihren die protektiven Effekte auf die in
Brassica enthaltenen Glucosinolate, bzw. deren bioaktive Hydrolyseprodukte, zuriick.
So wurden dem Isothiocyanat von Glucoraphanin, Sulforaphan, welches in hohen
Konzentrationen in Brokkoli nachzuweisen ist, chemoprotektive Effekte zugeschrieben
(Review von Clarke et al., 2008). Die von Clarke et al. (2008) zitierten Studien
untersuchten die Regulierung von Phase I- und Phase II-Enzymen und stellten fest, dass
Sulforaphan die Krebs-Initiationsphase durch die Hemmung von Phase I-Enzymen und
Stimulierung von Phase II-Enzymen blockieren kann. Auch Benzyl-Isothiocyanat
bewirkte ein unterdriicktes Wachstum von Brustkrebszelllinien durch Zellzyklus-Arrest
sowie Apoptoseinduktion (Xiao et al., 2006). M. oleifera besitzt im Vergleich zu
anderen Pflanzen, welche Glucosinolate enthalten, sehr hohe Konzentrationen an diesen
(Bennett et al., 2003; Forster et al. 2015a; Yang et al. 2006). Weiterhin ist ein
zusétzlicher Zucker, die Rhamnose, am Benzolring des aromatischen Glucosinolates

gebunden, welcher dem Molekiil eine im Pflanzenreich sehr seltene Struktur verleiht.
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Einleitung

Ein wichtiges Ziel vieler Forscher ist es, der Heilung bzw. Bekdmpfung von Krebs
ndher zu kommen und die dahinter stehenden biologische Prozesse besser verstehen zu
lernen. Dazu bedarf es der Aufklirung von Mechanismen und Abldufen der
Krebsentstehung sowie der Identifizierung krebsfordernder und —hemmender Einfliisse.
Sicherlich ist es moglich mit der Hilfe von Chemo- und Strahlentherapie als auch mit
immer besser werdenden chirurgischen Techniken sowie mit einer zielgerichteten
Therapie (z. B. mit Hilfe von monoklonalen Antikérpern) verschiedene Tumorarten mit
hohen Erfolgsraten zu bekdmpfen. Jedoch gilt Krebs noch immer als haufigste
Todesursache auf der Welt (8,2 Millionen krebsbedingte Sterbefille 2012; Stewart &
Wild, 2014). Weltweit wurden 2012 14 Millionen neue Krebserkrankungen
diagnostiziert, 3,2 Millionen davon allein in Europa (Torre et al., 2015). Im Jahre 2012
wurde bei 477.950 Deutschen Krebs diagnostiziert, 2016 werden schitzungsweise eine
halbe Million Menschen in Deutschland neu an Krebs erkranken (RKI & GEKID,
2015). Auch wenn synthetische Arzneimittel als wirksamer gelten, stoBen
Phytopharmaka auf eine immer gréf8ere Akzeptanz in unserer Gesellschaft. So betrug
der Anteil der Phytopharmaka im Jahr 2014 21 % am Umsatz mit rezeptfreien
Arzneimitteln im  Apothekenmarkt (BAH, 2015). Wie am Beispiel von
Acetylsalicylsdure gelten sie hédufig als vertrdglicher, da die sekundéren
Pflanzeninhaltsstoffe in eine organische Umgebung eingebettet sind und malBvoll
dosiert werden. Weiterhin sind in einem pflanzlichen Arzneimittel meist mehrere
Wirkstoffe vereint. Noch heute sind Pflanzen, welche in traditioneller sowie
Stammesmedizin aufgrund verschiedener potentiell heilender Effekte genutzt wurden
und werden, daher Forschungsgegenstand. So weist auch M. oleifera ein hohes
bioaktives Potential auf, von dem man noch nicht genau kliren konnte, auf welche
Inhaltsstoffe dieses zuriickgefiihrt werden kann. Die vorliegende Dissertation soll daher
einen Beitrag dazu leisten das antioxidative und antikarzinogene Potential der
Glucosinolate von M. oleifera besser einschdtzen zu konnen. Bedingt durch die

aufeinander aufbauenden Fragestellungen ergab sich folgende Struktur der Arbeit:

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



Kapitel I
Anbau von M. oleifera

-Einfluss von Wachstumsbedingungen auf
Morphologie und sekunddire Inhaltsstaffe
(Flavenoide/Glucosinolate/Phenolsduren)

Forsteret al. (2015): Ecotype variability in
growth and secondary metabolite profile in
Moringa oleifera: Impact of sulfur and
water availability. Journal of Agricultural
and Food Chemistry 63, 2852-2861.

Kapitel IT
Invitro-Kultur von M. oleifera

-Etablierung einer in vitro-Kultur zur
gezielten Produktion von Glucosinolaten

Forsteret al. (2013): Moringa oleifera —
Establishment and multiplication of
different ecotypes in vitro. Gesunde
Pflanzen 65: 21-31.

7

Kapitel ITI

Detektion von M. oleifera-
Glucosinolaten sowie
Standardherstellung

- Entwicklung einer
Extraktionsmethode fiir
Glucosinolate von M. oleifera
-Entwickiung einer Methode zur
Herstellung von
Glucosinolatstandards

Forsteret al. (2015): Development of
areliable extraction and
quantification method for
glucosinolates in Moringa oleifera.
Food Chemistry 166: 456-464.

Einleitung

Abb. 1: Aufbau der vorliegenden Dissertation

Kapitel IV
Antioxidatives und
mutagenes Potential von
M. oleifera-Glucosinolaten

- Einfluss der Glucosinolate auf’
detoxifizierende Enzyme
-Genotoxische Aktivitéit der
Glucosinolate

Forsteret al. (2016):
Characteristic single
glucosinolates from Moringa
oleifera: Induction of detoxifying
enzymes and lack of genotoxic
activity in various model systems.
Food & Function 7: 4660-4674.

Mit Hilfe eines gezielten Anbaus sollte im Gewichshaus (Kapitel I) sowie durch in
vitro-Kultur (Kapitel II) Blattmaterial von M. oleifera produziert werden, welches
ausreichende Mengen an Glucosinolaten beinhaltete. Die Blitter dienten als Grundlage
fir die Entwicklung eines geeigneten Extraktionsverfahrens dieser sekunddren
Inhaltsstoffe  (Kapitel III). Stabile Glucosinolatstandards (Gesamtextrakt sowie
Einzelsubstanzen) wurden hergestellt (Kapitel III), um im Folgenden potentielle
M. oleifera

medizinische Wirksamkeiten dieser aus isolierten Substanzen zu

untersuchen (Kapitel IV).
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Kapitel I - Anbau von M. oleifera

M. oleifera weist im Vergleich zu anderen Arten der Gattung Moringa enorm hohe
Glucosinolatgehalte auf (Bellostas et al., 2010). Neben Diversitdten im Inhaltsstoffprofil
konnten auch Unterschiede im Wuchsverhalten oder in der Blattmasseproduktion
festgestellt werden (Doerr et al., 2009; Palada & Chang, 2003; eigene Beobachtungen).
Diese waren nicht nur interspezifisch (zwischen verschiedenen Arten) sondern auch
intraspezifisch (innerhalb einer Art) nachzuweisen. Im Intensivanbau von M. oleifera
wurden stark wachsende Okotypen verwendet, das Inhaltsstoffspektrum spielte bis zum
heutigen Zeitpunkt eine untergeordnete/keine Rolle (Palada & Chang, 2003).
Variabilititen konnen zum einen genetisch begriindet sein (Okotypen) und/oder
aufgrund von unterschiedlichen Wachstumsbedingungen in den Herkunftsstandorten

zustande kommen (Herkiinfte).

Neben der genetischen Konstitution konnen auch Anbaubedingungen das Wachstum
sowie die Inhaltsstoffgehalte von Pflanzen, so auch M. oleifera, beeinflussen. Eine
Vielzahl an Studien an Brassicaceen (glucosinolathaltige Pflanzen) bewies den Einfluss
von Diingung auf den Glucosinolatgehalt unterschiedlichster Pflanzenorgane.
Aromatische Glucosinolate, wie sie in den Bléttern von M. oleifera vorzufinden sind,
befinden sich jedoch besonders in der Wurzel oder in den Samen von Pflanzen (Bennett
et al., 2004; Dam et al., 2009). Diingungsstudien iiber die Beeinflussung von
aromatischen Glucosinolaten in Bldttern sind daher rar bzw. fokussieren meist auf die
aliphatischen sowie indolischen Vertreter dieser sekundiren Inhaltsstoffe. Bloem et al.
(2007) zeigten jedoch, dass eine erhohte Schwefeldiingung den Glucotropaeolingehalt
in den Blittern der Kapuzinerkresse um das 1,4 —2,1-fache erhohte. Eine erhdhte
Stickstoffdiingung beeinflusste den Glucotropaeolingehalt nicht. Untersuchungen von
Kopsell et al. (2007) an Wasserkresse stellten die Stickstoff- sowie Schwefeldiingung
als beeinflussende Parameter fiir den Gehalt an aromatischen Glucosinolaten heraus.
Die Autoren detektierten in Wasserkresse Glucosinalbin und Gluconasturtiin als
aromatische Glucosinolate. Auch Trockenstress kann sekundére Pflanzeninhaltsstoffe in
unterschiedlichem Malle beeinflussen. So konnten Zhang et al. (2008) zeigen, dass die
Konzentration von aromatischen Glucosinolaten in der Wurzel von Brassica rapa ssp.

rapifera L. (Riibe) abhingig von der Anbauzeit durch eine unterschiedliche
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Wasserversorgung variieren konnte. Auch wurde der Glucosinolatgehalt des
Rapssamens durch Trockenstress zu unterschiedlichen Pflanzenentwicklungszeiten
positiv oder negativ beeinflusst (Bouchereau et al., 1996). Bloem et al. (2014)
veroffentlichten eine Studie, in der sie zeigten, dass Trockenstress die
Glucotropaeolinkonzentration in Kapuzinerkresse erhdhte, die Biomasse sank jedoch

gleichzeitig ab.

Aufgrund der Tatsache, dass verschiedene Herkiinfte von M. oleifera phanotypische
Unterschiede zeigten, der Baum generell als trockenresistent gilt (Anbau in Tropen und
Subtropen) und enorm hohe Gehalte an Glucosinolaten (schwefelhaltigen
Verbindungen) sowie hohe Gehalte an Flavonoiden (UV-Pigmente) aufweist, sollten

folgende Sachverhalte untersucht werden:

- Unterscheiden sich die Okotypen/Herkiinfte morphologisch phdnotypisch
(Biomasse, Hohe)/oder chemisch phdnotypisch (Gehalt und Spektrum an
sekunddren Inhaltsstoffen)bei gleichen Wachstumsbedingungen?

- Konnen wir von der Existenz verschiedener M. oleifera-Okotypen ausgehen
oder handelt es sich um unterschiedliche Herkiinfte?

- Ist ein Trade off zwischen Wachstum und Inhaltsstoffproduktion zu
beobachten?

- Kann man einen ,, Top “-Okolypen identifizieren, welcher eine hohe
Biomasse und hohe Gehalte an Sekunddrmetaboliten vereint?

- Wie wirken sich Trockenheit und Schwefeldiingung auf das
Pflanzenwachstum sowie die sekunddren Inhaltsstoffe (Glucosinolate und
Flavonoide) von M. oleifera aus? Wie reagieren die verschiedenen
Okotypen?

- Kann man Riickschliisse auf optimale Anbaubedingungen fiir M. oleifera

ziehen?

Die in diesem Kapitel dargestellten Fragestellungen werden in folgender Publikation

behandelt:
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Abstract

Moringa oleifera is widely cultivated in plantations in the tropics and subtropics. Previous
cultivation studies with M. oleifera focused primarily only on leaf yield. In the present
study the contents of potentially health-promoting secondary metabolites,
(glucosinolates, phenolic acids, and flavonoids) were also investigated. Six different
ecotypes were grown under similar environmental conditions to identify phenotypic
differences that can be traced back to the genotype. The ecotypes TOT4880 (origin USA)
and TOT7267 (origin India) were identified as having the best growth performance and
highest secondary metabolite production, making them an ideal health-promoting food
crop. Furthermore, optimal cultivation conditions - exemplarily on sulfur fertilization and
water availability - for achieving high leaf and secondary metabolite yields were
investigated for M. oleifera. In general, plant biomass and height decreased under water
deficiency compared to normal cultivation conditions, while the glucosinolate content

increased. The effects depended to a great extent on the ecotype.

Introduction

Moringa oleifera Lam., the main representative of the order Moringa and originally
native to the sub-Himalayan region, is commonly grown on plantations in Asia and Africa
(Fuglie et al., 2001). All plant parts of M. oleifera are edible and contain a multitude of
nutrients such as high levels of essential amino acids, iron, calcium, and carotenoids
(Ferreira et al., 2008). M. oleifera can be cultivated in different ways, but more often the
tree is cultivated intensively in plantations to harvest large quantities of leaf material
(Fuglie et al., 2001; Gamatie, 2001; Olivier; Palada, 1995; Palada & Chang, 2003;
Radovich). Especially in Asia and Africa this tree is cultivated commercially (Bellostas
et al., 2010; Fahey, 2005; Gamatie, 2001; Radovich; Saha et al., 2012). Bellostas et al.
(2010) reported that Moringa leaves rank first among the most widely consumed leafy
vegetables in Niger. M. oleifera leaves provide a good basis for satisfying the
population’s nutritional needs. Additionally, M. oleifera is known to be drought resistant
and is therefore an important source of food during the dry season, especially in the

African tropics (Thurber & Fahey, 2009).
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Besides its high nutritional potential, M. oleifera has been known in Asia and Africa for
centuries as a traditional remedy. Antimicrobial, anti-inflammatory, detoxifying, and
anticancerogenic effects of M. oleifera were described among other effects in literature
(reviewed in Fahey, 2005). These health-promoting effects have largely been attributed

to glucosinolates or rather their biological active hydrolysis products.

It is known that M. oleifera ecotypes show a diverse growth performance and leaf mass
production. M. oleifera leaves are consumed because of their high nutritional value. The
high levels of potential health-promoting secondary metabolites, especially the
glucosinolates, have received less attention in cultivation experiments. However, high
glucosinolate levels might not be present in ecotypes with a high leaf mass productivity.
Therefore, in the present study ecotypes of M. oleifera with a strong differing growth
performance were used to investigate the possible trade-offs between biomass and
glucosinolate accumulation to determine the overall best yielding ecotypes. Six ecotypes
were used to determine to what extent ecotypes show morphological (height, biomass)

and chemical (secondary metabolite content and composition) phenotypic differences.

In addition to glucosinolates, M. oleifera leaves also exhibit high contents of phenolic
acids and flavonoids (Bennett et al, 2003; Siddhuraju & Becker, 2003). Different authors
relate health-promoting effects of phenolics to their high antioxidative potential
(reviewed in Dai & Mumper, 2010). For this reason, phenolic acids and flavonoids were

also analyzed in this study, although the focus remained on glucosinolates.

Cultivation conditions can influence plant growth and secondary metabolite contents.
Different authors have shown in their analyses the influence of fertilization on the growth
and glucosinolate content of brassicaceous plants (Ahmad et al., 2007; Aires et al., 2006;
Bloem et al., 2007). Aromatic glucosinolates represent only a small chemical group in
glucosinolate containing brassicaceous vegetable leaves and were rarely studied in
cultivation experiments. One study analyzing the influence of fertilization on the leaf
glucosinolates of Tropaeolum majus L. showed that sulfur fertilization increased the
benzyl glucosinolate content, whereas nitrogen fertilization had no significant influence
(Bloem et al., 2007). M. oleifera contained in all plant parts (below- and above-ground)
very high contents of aromatic glucosinolates, which is a characteristic that makes this

plant unique. In addition to some other trees in the families of Akaniaceae,
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Bretschneideraceae, or Gyrostemonaceae (Mithen et al., 2010), M. oleifera has in all plant
parts considerable quantities of glucosinolates. Our knowledge of the glucosinolate
content in tree species is only rudimentary compared to the numerous studies that have
been conducted on the influence of nitrogen and/or sulfur fertilization on brassicaceous

leafy plants.

Several studies have been undertaken about nitrogen and sulfur fertilization and their
influence on phenolics in Brassicaceae (Li et al., 2008; Pascale et al., 2007; Sousa et al.,
2008; Vallejo et al., 2003). Li and colleagues (2008) as well as other different authors
(Pascale et al., 2007; Vallejo et al., 2003) found an improving influence of sulfur
fertilization on phenolic compounds in different Brassica species. Based on the findings
of the aforementioned studies, the influence of sulfur fertilization on the content and

composition of phenolic acids and flavonoids was analyzed using M. oleifera ecotypes.

Because of the fact that one characteristic of M. oleifera is drought tolerance and harvest
takes place all year round, the influence of water deficiency on the poly-glycosylated
aromatic glucosinolates was also analyzed. Because M. oleifera is not an annual plant like
other herbaceous species containing glucosinolate, results are difficult to predict.
Analysis of other authors showed enhancing or decreasing effects depending on the extent
of water stress (e. g. Khan et al., 2010; Zhang et al., 2008) and plant species (e. g. Dam
et al., 2009; Halkier & Gershenzon, 2006). On the basis of different previous studies,
which show increasing phenolic content after drought stress (Abreu & Mazzafera, 2005;
Hernandez et al., 2004), a change in the content and composition of phenolics in
M. oleifera leaves is conceivable. Therefore, the corresponding analyses were included

in the present study.

Because studies on accumulation of secondary metabolites under varying conditions are
rare or nonexistent for M. oleifera, effects of sulfur fertilization and drought stress on
plant growth and levels of secondary metabolites in the leaves of the different M. oleifera
ecotypes were investigated. The results will generate information providing insights into
an optimal cultivation of M. oleifera ecotypes. The overarching aim of the study was to
find differences in M. oleifera ecotypes in growth and secondary metabolite content to
determine the most suitable ecotype for leaf and secondary metabolite production. The

goal was to identify an optimal cultivation variant with the best plant growth performance
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and the highest secondary metabolites content. The results provided information about
how to achieve a high yield in biomass as well as potentially health-promoting ingredients

in the cultivation of M. oleifera.

Materials and methods

Cultivation experiments in Grofibeeren

After a prescreening using 13 different ecotypes of Moringa oleifera Lam., seeds of the
six best germinating and -growing ecotypes were selected for the experiments. The
M. oleifera ecotypes were precultivated in a greenhouse at the Leibniz-Institute of
Vegetable and Ornamental Crops in GroBbeeren (Germany). Seeds from four ecotypes
adapted to different climatic conditions were obtained from the AVRDC - The World
Vegetable Center (Taiwan): TOT4880 (origin USA; ecotype 1), TOT5028, TOT7277
(origin Thailand; ecotypes 2 and 3), TOT7267 (origin India; ecotype 4). Seeds from the
other two ecotypes were collected in the Philippines and Taiwan (ecotypes 5 and 6).
Seedlings (eight weeks old) were planted in grid patterns at 0.5 m apart in a 1 m deep
enclosed greenhouse bed. Drip irrigation and a nebulization system were used to humidify
soil and air. In 2010, the mean temperature during the vegetation period (from June to
October) in the greenhouse was 19.5 °C (2011: 18.6 °C, 2012: 19.5 °C) and varied during
this period between a maximum temperature of 23.5°C in July and a minimum
temperature of 16.3 °C in October (2011: 20.5 °C in August and 14.6 °C in October,
2012: 22.3 °C in July and 15.7 °C in October). The ventilation temperature was set to
19 °C. Biomass production, height, and total glucosinolate content were determined to
analyze ecotype differences. Plant samples were taken in August 2010 (first harvest, H1);
November 2010 (second harvest, H2); July 2011 (third harvest, H3); October 2011 (fourth
harvest, H4) and August 2012 (fifth harvest, HS). The leaf/stem ratio of well-established
plants was analyzed from plant material at the second harvest, November 2010. By this

time, the plants had grown into completely developed trees.

Furthermore, the influence of different growing variants on the growth and secondary
metabolite contents (glucosinolates, phenolic acids, and flavonoids) of the six M. oleifera
ecotypes was analyzed in November 2010 (second harvest) and in July 2011 (third

harvest) (normal variant, sulfur variant, water deficiency variant, Suppl. Table 1). Per
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variant and ecotype five plants were cultivated. Each growing variant was located in a
closed bed surrounded with concrete, separating the variants from each other. All beds
were fertilized (basic fertilization) with 7.04 g/m? nitrogen (372 g calcium ammonium
nitrate per parcel, twice a year), 2.56 g/m? phosphorus (Superphospate, 465 g phosphorus
pent-oxide per parcel), and 5.76 g/m? potassium (Patentkali®, 330 g potassium oxide per
parcel) once a year at the end of April/beginning of May. The plants of the sulfur variant
received an additional 0.704 g/m? sulfur annually (56 g potassium sulfate per parcel). To
reach low to moderate water deficiency in one bed, the irrigation and the nebulization
system for the whole cabin was switched off in defined periods (August — November
2010, June — September 2011). In the cultivation beds containing the normal and sulfur
variant, a continuous soil water tension of approximately 50 — 100 hPa was maintained.
In the bed with the water deficiency variant, a higher soil water tension was determined
(second harvest: 380 hPa, third harvest: 175 hPa; Suppl. Figure 1). At the second harvest,
the upper limit of the field capacity was exceeded (FC ranged between 63 — 316 hPa,
therefore pF = 1.8 - 2.5). The water content of the sandy soil was at this time <2%. At
the third point of harvest, the soil water tension was in the range of field capacity.
Tensiometers used had a measurement range between 0 and 1.000 hPa. A rewetting of
the dry bed from December 2010 to May 2011 was necessary to prevent plants from

death. Wilting and chlorosis of leaves have been recognized.

Leaves from the top of the plants (upper 20 cm, youngest leaves) were used for the
analysis of glucosinolates, flavonoids, and phenolic acids (secondary metabolites). In this
way, it was possible to guarantee that leaf material of the same age was used for analysis.
The glucosinolate content of older and middle-aged leaves was determined additionally
to get an idea of the allocation of the glucosinolate over the whole plant. After each
sampling, the whole plantation was pruned back to a height of 60 — 70 cm. Because of
space limitations in the greenhouse, a doubled pruning of the plants was required. The
biomass was determined at each harvest by weighing the fresh cut plant material (leaves
and stem of each plant, which exceeded the 60 — 70 cm). As an example, for the first
harvest, the glucosinolate profit per plant was calculated to show ecotype variability

(Suppl. Table 2).
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For all cultivation variants, samples from five different plants per ecotype were taken

according to Figure 1. Therefore, the analysis was performed in five replications.
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Fig. 1: Sampling of plant material of Moringa oleifera
Determination of glucosinolates

Leaf material for glucosinolate analysis was shock-frozen in liquid nitrogen and kept at -
20 °C until freeze-drying. The content and composition of M. oleifera glucosinolates
were determined using a method for extraction of intact glucosinolates described in detail
by Forster et al. (2015). Briefly, a methanolic extraction (70%) was performed in three
steps with 20 mg of pulverized leaf material (Retsch Mixer Mill MM 301, fineness about
5 um, manufacturer specifications). The combined supernatant was concentrated
(vacuum concentrator, Thermo Scientific Savent SPD111V Concentrator, vacuum pump:

Vacuumbrand PC 3000 series, SVC3000) and precipitated with barium acetate (0.4 M).
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After precipitation (30 min) samples were centrifuged (16,000 g, Thermo Scientific,
Heraeus Megafuge 11R Centrifuge for 10 min), decanted, and filled up to 2 ml with ultra-
pure water. In each HPLC vial, 1 ml filtered sample (Costar® SpinX tubes) was
transferred. The remaining amount of each sample was incubated with 0.05 U myrosinase
(thioglucosidase, Sigma Aldrich) for 8 h at 37 °C to hydrolyze glucosinolates to their
corresponding breakdown products. Hydrolyzed samples were filtered (Costar® SpinX
tube) and transferred to HPLC sample vials for analysis. The internal standard, 2-propenyl

glucosinolate, was added at the first extraction step.

Extracts were qualitatively and quantitatively analyzed on a Merck Hitachi HPLC system.
A volume of 10 pl sample was injected (LaChrom L-7200 auto sampler) and separated
on a 4.6 x 250 mm SB-C18 column (Zorbax 5 um, Agilent) using a gradient program
described in Forster et al. (2015). Two solvents were used for the HPLC analysis: solvent
A, 100% 0.1 M ammonium acetate, solvent B, 40% acetonitrile/0.1 M ammonium
acetate. Detection was performed at 229 nm using a photodiode array detector (LaChrom
L-7455), and components were identified from the retention time and quantified against
internal standard. The peak area remaining after myrosinase treatment of the intact
glucosinolate extract was subtracted from the peak area of the glucosinolate of the intact
glucosinolate extract without myrosinase treatment. Interfering/co-eluting ballast
compounds were excluded from the calculation by using myrosinase (detailed described
in Forster et al., 2015). Relative response factors (RF) were used according to Forster et

al. (2015) and were therefore generated from fractionated standards.
Determination of flavonoids and phenolic acids

Flavonoids and phenolic acids in M. oleifera leaves were analyzed using a slightly
modified HPLC method described in Mewis et al. (2011). A total of 20 mg lyophilized,
powdered leaf material was extracted in 300 ul 70% methanol (pH 4, acetic acid) for
15 min in ice water using sonification (Bandelin Sonorex Super AG 102H). The pellet
was re-extracted twice with 300 ul of the extraction solvent for 10 min. After each
extraction step the samples were centrifuged for 5 min at 16,000 g (Thermo Scientific,
Heraeus Megafuge 11R Centrifuge), and the supernatants were combined. Supernatants
were concentrated (vacuum concentrator, Thermo Scientific Savent SPDI11V

Concentrator, vacuum pump: Vacuumbrand PC 3000 series, SVC3000) to near dryness,
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dissolved in 50% methanol, and filled up to 1 ml. The samples were centrifuged for 2 min,
filtered (Costar® SpinX tubes), and transferred to HPLC vials. 4-Methoxycinnamic acid

(1 mmol/l, Sigma Aldrich) was used as internal standard.

Extracts were qualitatively and quantitatively analyzed on a HPLC-MS/MS system
(Agilent 1100 Series, Waldbronn, Germany). A volume of 10 ul extract was injected and
separated using a 150 x 2.lmm C16 column (AcclaimPA, 3 um, Dionex) with the
following gradient program: 0 - 1 min, 0.5% B; 1 - 10 min, 0.5 - 40% B; 10 - 12 min,
40% B; 12 - 18 min, 40 - 80% B; 18 - 20 min, 80% B; 20 - 24 min, 80 - 100% B; 24 - 30
min, 100% B; 30 - 34 min, 100 - 0.5% B; and 34 - 39 min, 0.5% B at a flow rate of
0.4 ml/min. Two solvents were used for analysis: solvent A, H>O (0.5% formic acid), and
solvent B, 40% acetonitrile. The oven temperature was 35 °C. Detection was carried out
at 290 nm, 320 nm and 370 nm on a photodiode array detector. Because all components
showed a good signal at 290 nm, the compounds were quantified against internal standard
4-methoxycinnamic acid detected at this wave length. Compounds were identified as
deprotonated molecular ions and characteristic mass fragment ions by HPLC-DAD-ESI-
MS?2. Commercially available standards of single compounds were used as reference.
Relative response factors (RF) were used to correct for absorbance differences between
the reference standard 4-methoxycinnamic acid (RF = 1): RF = 1.16 for chlorogenic acid
(Sigma Aldrich) and an isomer of chlorogenic acid, RF = 1.06 for neochlorogenic acid
(Sigma Aldrich), RF =1 for the two isomers of p-coumaroyl quinic acid and an isomer
of feruloyl quinic acid (commercial standard not available), RF = 1.51 for vitexin (Fluka)
and isovitexin, RF = 1.53 for quercetin 3-O-glucoside (Carl Roth GmbH), RF = 1.4 for
kaempferol 3-O-glucoside (Carl Roth GmbH), RF=1.84 for quercetin 3-O-(6""-
malonylglucoside) (Sigma Aldrich) and kaempferol 3-O-(6""-malonylglucoside)

(commercial standard not available).
Statistical analysis

Data were analyzed for significant differences using analysis of variance (ANOVA)
following the mean comparison test, Tukey’s HSD, with SigmaPlot 12.0. Cross
dependence was analyzed by using the two-way ANOVA. The p-value was fixed at

p <0.05; any exceptions are mentioned in the text.

17

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Forster et al. (2015): Ecotype variability in growth and secondary metabolite profile in
Moringa oleifera: Impact of sulfur and water availability

Results

Ecotype differences
Biomass, height, glucosinolate content

In addition to the growth parameters, ecotype differences in secondary metabolites were
analyzed by focusing on the glucosinolates that were considered to have health-promoting
effects. The data were collected at five different harvest points (Table 1). A very high
variability among ecotypes replicates in biomass production, height, and glucosinolate
content can be noticed. Significant differences were hard to identify. When considering
all points of harvest, ecotypes 1, 2, and 4 had the highest biomass. Ecotypes 2, 3, 5, and
6 were significantly smaller than ecotype 4 (Table 1). On average across all ecotypes at
each point of harvest, the biomass production and plant height were significantly higher
at the third and fifth points of harvest in comparison to the other points of harvest.
Considering the glucosinolate levels, ecotype 3 contained significantly lower
glucosinolate content than the other ecotypes (Table 1). Ecotype 1 showed the highest
glucosinolate content overall. The mean glucosinolate content of all analyzed ecotypes
was significantly lower at the first point of harvest. At the second and fifth points of
harvest, the ecotypes showed a significantly higher glucosinolate content in comparison
to the other points of harvest. No significant interaction between the point of harvest and
the ecotype was found for the biomass production, plant height, and glucosinolate content
(two-way ANOVA, p < 0.05). Taking the height, biomass, and glucosinolate content of
the five harvest points into consideration, ecotypes 1 and 4 were found to be the best
performers in terms of biomass production and glucosinolate amounts in leaves. Not
surprisingly, we detected a correlation between height and biomass. With an elimination
of extreme values, a polynomial dependency (y = 0.0153x> — 0.7184x, R? = 0.80) was
found. In contrast, no correlation was found between biomass/height and glucosinolate
content. Also, the leaf-stem ratio did not differ between the six M. oleifera ecotypes. A

total of 60% of the tree biomass harvested was formed by the leaves (Suppl. Table 2).
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Tab. 1: Biomass, height, and total glucosinolate content of six different Moringa oleifera

ecotypes at five harvest times

B[lgl;lvzvlls S Ecotype

Harvest E1 E2 E3 E4 ES E6 X
H1 104, 253@) 122 331 154 94 176
H2 416(AB) 270e) 269 353 228 257 272B)
H3 883@b.A)  1137@a)  385k)  626@b) 2860 301 ) 6034
H4 443 aB) 340(B) 161 463 175 178 293(B)
H5 769aB) 468(aB) 661 844 451 437 605(a)
x 523 494 320 523 259 253

H[?ngl?t Ecotype

Harvest E1 E2 E3 E4 E5 E6 x
H1 140, 135(aB) 111 176 151 117 138
H2 166(aB) 122 163 195 151 164 155,

H3 215@v,aB)  216@b,a)  183m) 260 164 ab) 176(ab) 187a)
H4 153@bB)  145@v.aB)  103) 201 ) 101 ) 102v) 134(s)

H5 226(a) 171 (aB) 172 219 162 171 187
; 175(ab) 153 ¢ 138 206¢) 146(v¢) 144¢)
GS?
[pmol/g Ecotype
dw]
Harvest E1 E2 E3 E4 E5 E6 ¥

H1 148) 155@m) 101, 144, 129 110e) 1310
H2 348a.a) 267@v,a)  237w,a)  285@ba) 274@pa) 266@ba)  276(A)
H3 194, 202(aB) 180aB) 2144y 141(aB) 119, 175)
H4 200(a,B) 194(a,AB) 68w.c) 217@aB) 169@aB) 244@aa)  182m)
H5 281@b,a)  281@b,a)  201ma)  303@ba) 319@aA) 272@b,a)  276(a)

X 234(@) 220(a) 157w 229(a) 206() 202

Significant differences were determined using Tukey’s HSD test, p <0.05 (capital letters: significant
differences between the harvests; lower case letters: significant differences between the ecotypes);
z = glucosinolate content
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Glucosinolate profile

M. oleifera ecotypes differed in their total glucosinolate content depending on the date of
harvest. In all six ecotypes, four Moringa glucosinolates were identified: the 4-o-
rhamnopyranosyloxy-benzyl glucosinolate (Rhamno-Benzyl-GS) and three isomeric
acetyl-4-a-rhamnopyranosyloxy-benzyl glucosinolates (Ac-Isomer-GSs 1, 1II, III,
Figure 2). As an exception in individual plants of ecotypes 5 and 6, only one
glucosinolate, the Rhamno-Benzyl-GS, was found. Furthermore, the six M. oleifera
ecotypes exhibited differences in their glucosinolate composition. The percentage of
individual glucosinolates relative to the total glucosinolate content was determined
(Figure 3, exemplary presentation based on data from the third harvest, plants from the
ecotypes 5 and 6 with only Rhamno-Benzyl-GS were excluded from the calculation).
Ecotypes 1 displayed a consistently higher percentage of Rhamno-Benzyl-GS and lower
percentage of Ac-Isomer-GS III. A low percentage of Rhamno-Benzyl-GS and a high
percentage of the three Ac-Isomer-GSs were found for ecotypes 2 and 6. Ac-Isomer-GS I
was found as consistently low content levels in ecotypes 4 and 5, likewise Ac-Isomer-GS
IT in ecotypes 1, 4, and 5. Furthermore, the glucosinolate composition of younger and
older leaves of the different M. oleifera ecotypes was compared, but no significant

differences were observed (detailed data not shown).

20

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Forster et al. (2015): Ecotype variability in growth and secondary metabolite profile in
Moringa oleifera: Impact of sulfur and water availability

Glucosinolates
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1 4-a-rhamnopyranosyloxy-benzyl glucosinolate (-MS, m/z 570) 10 chlorogenic acid (-MS, m/z 353)

2-4 4 acetyl-4-a-rhamnopyranosyloxy-benzyl glucosinolate 11 vitexin (-MS, m/z 431)
(Isomer I-111) (-MS, m/z 612) 12 Isovitexin (-MS, m/z 431)
5 chlorogenic acid (Isomer) (-MS, m/z 353) 13 quercetin 3-O-glucoside (-MS, m/z 463)
6 neochlorogenic acid (-MS, m/z 353) 14 kaempferol 3-0-glucoside) (-MS, m/z 447)
7  5-p-coumaroyl quinic acid (-MS, m/z 337) 15 quercetin 3-0-(6"-malonylglucoside) (-MS, m/z 549)
8  3-p-coumaroyl quinic acid (-MS, m/z 337) 16 kaempferol 3-0-(6"malonylglucoside) (-MS, m/z 533)
9  feruloyl quinic acid (Isomer) (-MS, m/z 367) 17 4-methoxycinnamic acid (internal standard) (-MS, m/z 177)

Fig. 2: Chromatograms of the Moringa oleifera glucosinolates, flavonoids, and phenolic

acids
Phenolic acid and flavonoid profile

In M. oleifera leaves, the following phenolic compounds were identified: an isomer of
chlorogenic acid, neochlorogenic acid, two isomers of p-coumaroyl quinic acid, an isomer
of feruloyl quinic acid, chlorogenic acid, vitexin, isovitexin, quercetin 3-O-glucoside,
kaempferol 3-O-glucoside, quercetin 3-O-(6""-malonylglucoside), and kaempferol 3-O-
(6" "-malonylglucoside) (Figure 2). The main phenolic acid was identified as
neochlorogenic acid and the main flavonoid was quercetin 3-O-(6""-malonylglucoside).
The total phenolic acid content in the leaves differed significantly between the six
M. oleifera ecotypes (Table 2). Ecotype 5 had a significantly higher phenolic acid content
than ecotype 3 (one-way ANOVA, Tukey’s HSD test, p <0.05). The phenolic acid
content ranged between 9.86 and 17.08 umol/g dry weights (dw), and the flavonoid
content ranged between 4.47 and 10.73 pmol/g dw. Significant differences between

single phenolic acids and flavonoids were identified (Table 2). Vitexin and isovitexin
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were found in all plants of the M. oleifera ecotype 5, whereas these secondary metabolites
were not present in detectable levels in the plants of ecotypes 2 and 3. No correlation was
found between plant height and the phenolic acid/flavonoid content (R?<0.06). In

summary, ecotypes 4 and 5 had the highest contents of flavonoids and phenolic acids.

on total content [%]
oy
2
&

Ecotype

Percentage of individual glucosinolates

B acetyl-4-o-rhamnopyranosyloxy -benzyl ghicosinolate (isomer IIT)
W acetyl-4-o-rhamnopyranosyloxy -benzyl glucosinolate (isomer IT)

acetyl-4-o-rthamnopyranosyloxy -benzyl glicosinolate (isomer I)
i 4-o-thamnopyranosyloxy -benzvl glucosinolate

Fig. 3: Percentage of single Moringa oleifera glucosinolates on the total glucosinolate
content in leaves at the third point of harvest (different letters significant differences
between the different ecotypes within each glucosinolate, Tukey’s-HSD-test,

p <0.05)
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Tab. 2: Content of phenolic acids and flavonoids in six Moringa oleifera ecotypes at the

third point of harvest
Ecotype
E1l E2 E3 E4 E5 E6
Chlorogenic acid 0.19 0.23 0.15 0.22 0.23 0.22
(Isomer) (a) (a) (a) (a) (a) (@)
. Neochlorogenic acid 8.80 10.39 6.56 10.45 11.28 11.00
z (a) (a) (a) (a) (a) (a)
% 5.p-coumaroyl quinic  0.74 0.46 0.57 1.05 1.01 0.81
g acid (ab) (b) (ab) (a) (a) (ab)
= 3-p-coumaroyl quinic 1.7 1.10 1.23 2.61 232 1.81
g acid (a) (a) (a) (a) (a) (@)
% Feruloyl quinic acid 0.30 0.16 0.18 0.28 0.18 0.14
E (Isomer) (a) (a) (a) (a) (a) (a)
A Chlorogenic acid 1.27 1.34 1.17 1.26 2.06 2.10
(b) (b) (b) (b) (a) (a)
¥ (phenolic acids) 11.06 13.67 9.86 15.86 17.08 16.08
(ab) (ab) (b) (ab) (a) (ab)
Vitexin 0.12 0.00 0.00 0.13 0.10 0.06
(a) (a) (a) (a) (a) (a)
Isovitexin 022 000 000 0.3 0.17 0.13
_ (a) (b) (b) (ab) (ab) (ab)
"E Quercetin 3-0O- 1.24 0.95 0.63 1.89 1.58 1.19
%n glucoside (a) (a) (a) (a) (a) (a)
E Kaempferol 3-O- 0.32 0.24 0.09 0.11 0.38 0.39
2 glucoside) (a) (a) (a) (a) (a) (a)
.g Quercetin 3-0-(6"- 4.47 3.61 2.50 6.56 3.78 3.03
% malonylglucoside) (a) (a) (a) (a) (a) (a)
= Kaempferol 3-O- 1.91 1.90 1.25 1.90 1.34 1.43
(6"malonylglucoside) (a) (a) (a) (2) (a) ()
¥ flavonoids) 8.28 6.70 4.47 10.73 7.35 6.23
(2) (a) (a) (2) (2) (2)
¥ phenolic acid + flavonoids) 19.34 20.37 14.33 26.59 24.43 22.31
(@) (2) (a) (a) (@) (a)

Significant differences within each phenolic acid or flavonoid between the ecotypes, Tukey’s-HSD-test,

p <0.05
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Influence of water deficiency and sulfur fertilization on biomass, height, and

secondary metabolite content of M. oleifera ecotypes

The influence of water deficiency and sulfur fertilization on biomass accumulation, plant
height, and secondary metabolite profile (glucosinolate, phenolic acids, and flavonoids)
was analyzed in six M. oleifera ecotypes. Contrary to the results of the second point of
harvest (plants were exposed to drought stress, Suppl. Figure 2), plants showed stronger
reactions at the beginning of a repeated water limitation (third point of harvest, Figure 4).
Therefore, the results of the third point of harvest were presented in more detail in the
present work. At the third point of harvest, the plants in the normal cultivation variant
were significantly taller and had a higher biomass than plants grown under water
limitation (Figure 4, Tukey’s HSD test, p < 0.05). The glucosinolate content was overall
significantly higher in the water deficiency variant in comparison to the normal variant
(Tukey’s HSD test, p < 0.05). Cultivation conditions had different impacts on biomass
accumulation, plant height, and glucosinolate content of the six ecotypes (Figure 4). No
statistically significant correlation between the cultivation variant and the ecotype was
found for the glucosinolate content, biomass, and plant height (two-way ANOVA,
p <0.05). Although no influence of the cultivation variant on the flavonoid content was
identified for the single ecotypes, statistical differences in the phenolic acid content were
found (Figure 5, ecotype 1 and 4). With regard to the sum of phenolic acids and
flavonoids, ecotype 1 and 2 had significantly higher contents in the sulfur variant in
comparison to the normal variant. Ecotype 3 and 4 had significant higher contents in the
drought variant in comparison to the normal variant (Tukey’s HSD test, p <0.05). A
statistically significant interaction between the cultivation variant and ecotype was
identified (two-way ANOVA, p <0.01). In general, the effect of the cultivation variant
on the plant biomass and content of glucosinolates, phenolic acids, and flavonoids

strongly depended on the ecotype.
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Fig. 4: Influence of cultivation variants on biomass, height, and glucosinolate content of
six Moringa oleifera ecotypes at the third point of harvest (lower case
letters = significant differences between the cultivation variants within each
ecotype; capital letters = significant differences between the different ecotypes
within one cultivation variant; Tukey’s HSD test, p < 0.05; DV = water deficiency

variant; SV = sulfur variant; NV = normal variant)
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Fig. 5: Phenolic acid and flavonoid content of six Moringa oleifera ecotypes in different
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cultivation variants at the third point of harvest (lower case letters = significant
differences in total contents between the cultivation variants within each ecotype;
Tukey’s HSD test, p < 0.05; DV = water deficiency variant; SV = sulfur variant;

NV = normal variant)
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Discussion

M. oleifera ecotypes are characterized by phenotypic differences, such as the shape of
leaves, the production of leaf biomass, the plant height, and the secondary metabolite
profile, as reported in other studies (Bennett et al., 2003; Doerr et al., 2009; Palada &
Chang). Therefore, the intensive cultivation of M. oleifera ecotypes should be associated
with a high yield of leaf biomass and secondary metabolites. Differences in the secondary
metabolite content and composition have not been the basis for selecting ecotypes for
intensive cultivation until today, although health-promoting effects of chemical
compounds of M. oleifera are commonly described next to its nutritional value (Fahey,
2005; Ferreira et al., 2008). The six different M. oleifera ecotypes used in this study
showed morphological (height and biomass) and chemical (glucosinolates, phenolic
acids, and flavonoids) phenotypic differences under similar cultivation conditions.
Ecotypes 1 and 4 were identified as having the highest yields of biomass and
glucosinolate content (Table 1), and ecotypes 4 and 5 were identified as having the highest
yields of phenolic acids and flavonoids, followed by ecotypes 1 and 6 (Table 2). It is most
likely that the diverse characteristics in the phenotype (growth characteristics and
chemical profile) found in our analysis are fixed genetically because the ecotypes arise
from germplasm collection and were cultivated and analyzed in a similar manner. To
exclude the effects of the environment on the analyzed parameter, seeds were sown and
planted at the same time, so that each plant was of the same age and at the same
developmental stage. Interestingly, most trees of ecotypes 5 and 6 in the present study
contained only one glucosinolate, the Rhamno-Benzyl-GS, but none of the three Ac-
Isomer GSs. This observation was not described by other authors. Shockey et al. (2003)
reported that acyl-activating enzymes are present in all living organisms. According to
these authors, Arabidopsis thaliana L. possesses an acyl-activating enzyme superfamily
containing 63 different genes. It is conceivable that different enzyme activity in the plants
could lead to a lack of acetylated glucosinolates in some plants of the M. oleifera

ecotypes.

As described by Brown et al. (2003) for 4. thaliana, we found higher glucosinolate
contents in the younger leaves of M. oleifera than in the older leaves, whereas no

differences in glucosinolate composition were determined (Suppl. Table 2). This could
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be explained by glucosinolate concentration dropping and stabilizing during leaf

expansion (Brown et al., 2003).

Consistent with findings of several authors in different glucosinolate containing plant
species (Doerr et al., 2009; Farnham et al., 2004), the glucosinolate content of the
M. oleifera plants tended to increase as the plant matured. Although the glucosinolate
content increased for all ecotypes at approximately 50 — 100%, the biomass accumulation
increased at different degrees depending on the ecotype. Analysis using different Salix
clones, a tree species that is very similar in its growth characteristics and high content of
secondary metabolites (salicylates) to M. oleifera, showed that the amount of shoots and
the biomass increased in trees of three different species from the first to the second year
after planting (Forster, 2010). On the one hand, this increase can be attributed to different
environmental conditions at the harvests (temperature, day length, and solar radiation).
On the other hand, the plant became better adapted over time (root penetration in the
rhizosphere and access to existing water and nutrition sources). The ecotypes seem to be
able to adapt to the set environmental conditions in a different speed and degree because
to a variable increase in biomass accumulation over the five harvest points. A possible
influence of plant age on phenolic acids and flavonoids will not be discussed at this point
because these secondary metabolites were only determined at the second and third point

of harvest.

Different authors have described the influence of nitrogen and sulfur fertilization (Ahmad
et al., 2007; Aires et al., 2006; Omirou et al., 2009) and different water regimes (Khan et
al., 2010) on the glucosinolate content and growth of plants. Our analysis did not show a
consistent result of either sulfur fertilization or water deficiency on growth and secondary
metabolite accumulation in M. oleifera. Under water limitation (second point of harvest)
ecotypes showed no differences in biomass accumulation and glucosinolate content
(Suppl. Figure 2). With repeated moderate water limitation (third point of harvest, soil
water tension did not exceed the range of the field capacity, Suppl. Table 3) biomass and
plant height was reduced; on average across all ecotypes, the glucosinolate content
increased in comparison to the normal variant (Figure 4). The content of phenolic acids
(more than flavonoids) at the third point of harvest was significant lower in the normal

cultivation variant in comparison to the sulfur variant and under water limitation (Figure
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5). Growth and glucosinolate content were not significantly influenced by sulfur
fertilization. Additional sulfur input could not be identified in soil analyses two month
after fertilization, indicating a complete sulfur uptake of plants. For further studies, more
frequent and higher sulfur fertilization is recommended. Clearly, all effects are strongly
ecotype-dependent. To our knowledge, there are no studies available about the influence
of sulfur and water deficiency on the growth and secondary metabolite content of
M. oleifera. M. oleifera seems to be an intermediate between annual brassicaceous plants
that contain glucosinolate and fast-growing tree species; this makes a comparison of the
growth as well as secondary metabolite development of M. oleifera with other plants
described in the literature very difficult. Furthermore, this rapidly growing tree is cut back
several times a year (Fuglie & Sreeja (2001), which makes it even more difficult to
compare growth parameters with other trees. Regular pruning, as also performed with the
trees in the present study, promotes a compact and dense habitus, and the trees were much
stronger branched, resulting in an increased biomass accumulation. Clearly, the results of
the present study showed that different cultivation variants influenced the morphological

and chemical phenotype of single M. oleifera ecotypes differently.

A trade-off between biomass accumulation and secondary metabolite production, for
example, as observed in the fast-growing tree species Salix sericea Marsh by Nichols-
Orians et al. (1993), was not generally the case for the M. oleifera ecotypes investigated
here. Ecotypes 1, 2, and 4 each had a biomass twice as high as those of ecotypes 5 and 6.
At the same time, the glucosinolate content of ecotypes 1, 2, and 4 -6 was not
significantly different (Table 1). These findings are not in agreement with the trade-off
between growth and defense over a resource-availability gradient, as stated in the growth-
differentiation-balance hypothesis. However, on average across all ecotypes, the biomass
accumulation was significantly higher in the normal cultivation variant in comparison to
plants grown under drought stress at the third point of harvest. We found the opposite
pattern for the glucosinolate content. These findings confirm results from Zhang et al.
(2008) or Schreiner et al. (2009) that determined increased glucosinolate contents under
moderate drought stress in Brassica carinata A. Braun and Brassica rapa L. ssp. rapa,
whereas other authors found contradictory results (e. g. Gutbrodt et al., 2011). The
content of phenolic acids and flavonoids was not dependent on the biomass and plant

height of M. oleifera.
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Observed phenotypic differences under the same environmental conditions as in the
present study can be attributed to plant genetics. The effects of sulfur and water deficiency
(different cultivation variants) on six M. oleifera ecotypes, as a tree containing
glucosinolate, had not previously been the subject of investigation. The phenotype of
M. oleifera plants depended on the analyzed environmental factors (water deficiency and
sulfur supply). This demonstrates that plant genetics determine the biomass production,
growth, and content of phytochemicals, although environmental factors can modulate
these parameters (Doerr et al., 2009). The presented results showed that no general
cultivation recommendations can be made. The optimal cultivation of M. oleifera seems
to be highly dependent on the ecotype. Nevertheless, potential suitable ecotypes, meeting
the criteria of an optimal leaf yield (high biomass) with high levels of nutritional and
health-promoting properties (glucosinolate, phenolic acid, and flavonoid content) in
addition to a capability to withstand water limitation could be identified within the present
study: Ecotypes 1 (TOT4880, origin USA) and 4 (TOT7267, origin India). Because of an
enormous suggestibility of growth and secondary metabolites by the environment,

findings should be proved in field trials in M. oleifera cultivation areas.
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Supplemented Figures and Tables
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Suppl. Fig. 1: Soil water tension in the bed of the Moringa oleifera ecotypes of normal
cultivation and the water deficiency variant from September 2010 till

August 2011

31

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Forster et al. (2015): Ecotype variability in growth and secondary metabolite profile in
Moringa oleifera: Impact of sulfur and water availability

1200
_ 1000 -
£ 800 -
28
w 000 -
o
e
g 400
= B
‘“""Ill 11l |III I|||
0 t l i
NV DV 8V DV 8V T\'\« DV 8V sV NV DV 8V DV 8V
1 i J oo Y 1 L . b a b 1 . L . |l L .
l_‘_l —_—
1 2 3 a 5 6 x
Ecotype
350
E 300 A
i T B = A B B
= 200 ! A
= AB AB 45 B AB
B B B B AB —
L 150 4 B B i
1000 -
30
0 ) )
DV SV NV DV SV NV DV 5§V 1'] SV NV DV SV NV DV SV NV DV 5§V
L . J . L . ;oo . )L . { v ) A . ]
1 2 3 & 5 6 x
Ecotype
4
= A
- 300 AR 4B : - L 52 48
L0 = BC I I C I
[=]
AB B
: L 1
B
= 100 -
=]
o
2
= 0
g DV SV NV DV SV NV DV 8V NV DV 8V NV DV SV NV DV SV NV DV §V NV
'g b ab a L T J L T J L ) L T ] b a a L J
£ R 2 3 4 5 — N
< 1 Ecotype 6 X
B 4-g-rhamnopyranosyloxy -benzyl glucosinolate acetyl-4-u-rhamnopyranosyloxy -benzyl glucosinolate (isomer I)
macetyl-4-a-rhamnopyranosyloxy -benzyl glucosinolate (isomer 11) ® acetyl-4-a-rhamnopyranosyloxy -benzyl glucosinolate (isomer I11)

Suppl. Fig. 2: Influence of cultivation variants on biomass, height, and glucosinolate
content of six Moringa oleifera ecotypes at the second point of harvest
(lower case letters = significant differences between the cultivation
variants within each ecotype; capital letters = significant differences
between the different ecotypes within one cultivation variant, Tukey’s
HSD test, p <0.05, DV = water deficiency variant, SV = sulfur variant,

NV = normal variant)
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Suppl. Tab. 1: Growing parameters in the three different growing variants of
Moringa oleifera
Growing variant
Normal variant Sulfur variant Water deficiency
Parameter variant
Irrigation Continuous drip Continuous drip Interruption of drip

Soil water tension

irrigation

50 - 100 hPa

irrigation

50 — 100 hPa

irrigation from
August —
November 2010
and June —
September 2011
380 hPa, 175 hPa

Nebulization Interruption of Interruption of Interruption of
nebulization from  nebulization from  nebulization from
June 2010 till June 2010 till June 2010 till
August 2011 August 2011 August 2011

Fertilization 7.04 g/m? nitrogen  7.04 g/m® nitrogen  7.04 g/m? nitrogen

(annual) (two times), (two times), (two times),

2.56 g/m?
phosphorus,
5.76 g/m?
potassium

2.56 g/m?
phosphorus,

5.76 g/m?
potassium

0.704 g/m? sulfur

2.56 g/m?
phosphorus,
5.76 g/m?
potassium
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Suppl. Tab. 2: Calculated glucosinolate profit of harvested leaf material of six ecotypes

of Moringa oleifera (first point of harvest)

Ecotype
El E2 E3 E4 ES E6
young 148 155 101 144 129 110
GS? content in different middle 110 91 78 72 ]8 78
aged leaves
[nmol/g dw’] old 88 76 72 41 62 63
x 118 107 84 86 93 84
young 86 85 83 85 85 82
Leaf water content middle 80 80 82 82 81 81
[%] old 80 79 80 81 80 81
x 82 81 82 82 82 81
Leaf GS content -
21 20 15 15 17 16
[umol/g fw'] X
Plant biomass [g fw*] 104 253 122 331 154 94
Proportion of leaves [%] 58 54 64 68 63 61
Leaf biomass [g fw'] 60 137 78 225 97 57
GS content of harvested
leaf material [pmol/ leaf 1281 2777 1181 3484 1624 915

material of one plant]
z = glucosinolate, y = dry weight , x = fresh weight
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Suppl. Tab. 3: Temperature, humidity, and water content of the air in the greenhouse at

the second and third point of harvest

Second point of Third point of
harvest harvest
Lowest temperature [°C] 14.0 15.0
Corresponding humidity [%] 78.2 95.0
Water content of the air” [g/kg] 7.7 9.9
Hightest temperature [°C] 16.9 26.2
Corresponding humidity [%] 75.7 57.6
Water content of the air” [g/kg] 8.9 12.0

* calculated by the Mollier-h-x-diagram
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Kapitel II - In vitro-Kultur von M. oleifera

Da M. oleifera zwar als trocken- jedoch nicht frostresistent gilt, ist eine ganzjdhrige
Kultivierung in der geméBigten Klimazone der Erde nicht moglich. Optimales
Wachstum erreicht der Baum bei Temperaturen zwischen 25 — 35 °C und bei jdhrlichen
Niederschlagsmengen zwischen 250 — 600 mm (Palada & Chang, 2003). Um ganzjihrig
Blattmaterial fiir die geplanten Versuche zur Verfligung zu haben, sollte M. oleifera in
die in vitro-Kultur tiberfiihrt werden. Zum einen wiirde die Moglichkeit geschaffen
werden die Pflanzen auflerhalb der Vegetationsperiode zu vermehren. Eine
anschlieBende schnelle Freiland-Etablierung eines groBen Pflanzenbestandes zur
Gewinnung von ausreichend Blattmaterial innerhalb der Vegetationsperiode in den
geméBigten Breiten wiére denkbar. Weiterhin wire auch eine Gewinnung von
sekunddren Inhaltsstoffen direkt aus der in vitro-Kultur denkbar. Pflanzliche
Zellkulturen wurden bereits von vielen Autoren verwendet, um sekundére Inhaltstoffe
fiir die Medizin oder Nahrungsindustrie zu generieren. So konnten z. B. aus einer
Suspensionskultur von Vitis vinifera Anthocyane gewonnen werden und aus einer
Kalluskultur von Tropaeolum majus das Benzylglucosinolat (Decendit & Mérillon
1996; Meyer & Van Staden 1995; Wielanek & Urbanek 1999). Folgende

Fragestellungen wurden daher untersucht:

- Besteht die Moglichkeit M. oleifera in vitro zu etablieren und zu vermehren,
um diese in der Vegetationsperiode auszupflanzen (ex vitro) und zur
Gewinnung von Blattmaterial zu nutzen?

- Bei welchen in vitro-Wachstumsbedingungen konnen die hochsten
Vermehrungsraten erzielt werden?

- Ist es moglich sekunddre Inhaltsstoffe (Glucosinolate) in in vitro-Pflanzen
von M. oleifera anzureichern, um diese fiir eine Inhaltsstoffgewinnung zu

verwenden?

Die in diesem Kapitel dargestellten Fragenstellungen werden in folgender Publikation

behandelt:

Forster, N.; Mewis, 1. & Ulrichs, C. (2013): Moringa oleifera — Establishment

and multiplication of different ecotypes in vitro. Gesunde Pflanzen 65: 21-31.
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Abstract

To obtain healthy plant material from Moringa oleifera regardless of season, weather,
and degree of infestation, a procedure to establish an in vitro culture of M. oleifera from
nodes using 0.2% mercury chloride was developed. It was not possible to create an in
vitro culture of M. oleifera from seeds. Nodes were cultivated on MS medium with
different concentrations of benzylaminopurine (BAP) and agar contents to find the best
conditions for rapid growth and optimum multiplication. The highest multiplication
ability of the different plant parts, especially the base parts of M. oleifera in vitro plants,
was observed after three weeks of cultivation on MS medium with 0.5 mg/l BAP. Callus
formation increases with increased BAP concentration (0, 0.5, 0.75, 1 mg/l BAP).
Furthermore, the use of two phytohormones - indole-3-acetic acid and thidiazuron — led
to very strong callus formation of adaxial and abaxial orientated leaves on MS medium.
This formation was only observed for material that was light induced for 24 hours prior
to cultivation under dark conditions. Analysis of the glucosinolate content of M. oleifera
leaves revealed a different glucosinolate profile of plants cultivated in vitro and in soil
beds in the greenhouse. Whereas in greenhouse leaves rhamnopyranosyloxy-benzyl
glucosinolates were abundant, the precursor benzyl glucosinolate was found in in vitro

cultures.

Introduction

Moringa oleifera is the most commonly cultivated and widespread of the 12 species in
the genus Moringa (Olson, 2002). Originally native to the sub-Himalayan tracts of India,
Pakistan, Bangladesh, and Afghanistan (Ramachandran et al., 1980; Olson, 2002), today
M. oleifera has spread to many tropical locations such as West, East and South Africa,
tropical Asia, Latin America, the Caribbean, Florida, and the Pacific Islands (Fahey,
2005). All parts of Moringa are used by humans in different ways, such as for medicine
(leaves, roots, barks, fruits, flowers, seed oil), functional food (leaves, flowers),
nutraceuticals (leaves, fruits, flowers, immature pods), and water purification (seeds)
(Anwar et al., 2007). Usage of the leaves is of particular significance because they contain
high concentrations of health-relevant, nutritious ingredients. The leaves of Moringa are

an important source of highly digestible proteins (0.057 g/g fresh weight (fw)), calcium
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(6.38 mg/g fw), iron (0.092 mg/g fw), vitamin C (ascorbate: 2.49 mg/g fw), and
antioxidant compounds such as flavonoids (flavonol content: 6.2 mg/g dry weight (dw)),
phenolics (74-210 pmol/g dw), carotenoids (B-carotene: 1.1 -2.8 umol/g dw), and
vitamin E (a-tocopherol: 0.7 - 1.1 pmol/g dw) (Sultana & Anwar, 2008; Yang et al.,
2006). For this reason, Moringa acts as an important food source to fight against “hidden
hunger”. Furthermore, Moringa does not lose its leaves in the dry season and is very dry
resistant. In addition to being used to combat malnutrition, Moringa is especially used by
South African tribes to treat inflammations, infectious diseases, cardiovascular problems,
gastrointestinal illnesses, and nervous disorders (Céceres et al., 1992; Eilert et al., 1981;
Faizi et al., 1994; Gilani et al., 1994; Nadkarni, 1976; Nikkon et al., 2003). Extracts,
decoctions, pulps, oils, salves, and powders are made to treat or prevent diseases and
infections. Wide knowledge of the healing powers of Moringa is based on the know-how
of tribes and oral tradition. Scientific verification to test the medical activity of the plant
is very fragmentary (Sampson, 2005; Talalay & Talalay, 2001). Different medical studies
show antibiotic, diuretic, antispasmodic, anti-inflammatory, hypotensive, antioxidative,
or anticancerogenic effects of the Moringa tree (Caceres et al., 1992; Eilert et al., 1981;
Gilani et al., 1994; Guevara et al.,, 1999; Siddhuraju & Becker, 2003). What is
characteristic to Moringa is that all plant parts contain glucosinolates (Bennett et al.,
2003). These secondary metabolites are believed to play a major role in the tree’s healing
effects (Eilert et al., 1981; Makonnen et al., 1997). Comparable to other species
containing glucosinolates, M. oleifera has a very high concentration of these secondary

metabolites (Forster et al., 2011; Yang et al., 2006).

Due to its origin in the subtropics and tropics, M. oleifera is not frost resistant. It is
therefore impossible to grow this perennial tree in open land cultivation in temperate
zones. Greenhouse cultivation is the only option, although the tree loses its leaves in
winter (data not shown). For this reason, leaf material cannot be produced for experiments
until new shoots appear again in spring. In addition, M. oleifera is highly susceptible to
infestation with aphids, thrips, and white flies in the growing season in the temperate
zone. These insect attacks cause great damage to the foliar surface, leading to a decline
in total biomass. The establishment of an in vitro culture of M. oleifera will lead to
production of healthy plant material free of bacteria, fungi, other animal pests, and viruses

all-year. Rapid propagation of the plant can be achieved using specific media and

43

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Forster et al. (2013): Moringa oleifera —
Establishment and multiplication of different ecotypes in vitro

phytohormones. Moreover, it takes much less time for a plant to develop from a seed or
node into an intact plant than in ex situ cultivation. It would be possible to conduct a larger

number of experiments in a shorter period of time and under controlled conditions.

Furthermore, in vitro cultures can be used to fabricate secondary metabolites. Naturally,
many plants produce special secondary metabolites to protect themselves against
herbivores and pathogens or as a signaling compound. Moreover, these ingredients often
have positive and negative effects on human health. Frankel et al. (1993) reported that
phenolic compounds in red wine, such as anthocyanins, have potent antioxidant
properties. Plant cell cultures are therefore often used in medicine or the food industry to
produce these secondary metabolites (Decendit & Mérillon, 1996). Various authors show
that it is possible to gain anthocyanins by cultivating cells of Vitis vinifera in a suspension
culture (Decendit & Mérillon, 1996; Meyer & van Staden, 1995). Wielanek & Urbanek
(1999) observed the production of benzyl glucosinolate in callus cultures of Tropaeolum

majus.

The aim of the study was to obtain a sterile initial population of in vitro plants. The
influence of different phytohormones and agar concentrations on growth and
multiplication parameters was examined. These experiments are the basis for establishing
callus cell cultures in vitro and for comparing glucosinolate accumulation in cell cultures

with M. oleifera plants in vitro in further investigations.

Materials and methods

Media used

MS medium developed by Murashige & Skoog (1962) was used as the basis for
establishing and growing nodes. The pH was set at 5.8 prior to sterilization. The MS
medium was altered in agar and phytohormone concentration and composition
(benzylaminopurine (BAP), indole-3-acetic acid (IAA), thidiazuron (TDZ)). The MS
media with BAP or IAA were autoclaved for sterilization; the TDZ solution was filter
sterilized. IAA was used as a natural auxin. TDZ is known to induce a variety of cytokinin

responsces.
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Culture conditions

In all experiments, the plants were cultivated at 21 °C on shelves in a growth chamber

(walk-in-chamber) with a 16-hour photoperiod. /n vitro plants were lighted (1,000 lux).
Establishment of an in vitro culture

An in vitro culture of M. oleifera was established to yield healthy leaf material for
different experiments the whole year round. Particularly, the aim of the work was to

establish a shoot in vitro culture.
Disinfection experiments with sodium hypochlorite and mercury chloride on seeds

Seeds of two Thai ecotypes of M. oleifera were initially incubated by stirring in ethanol
(70%) for 1 min. Following under the clean bench, the seeds were washed with sodium
hypochlorite (2, 5, 10% NaOCI) and mercury chloride (0.2% HgCl) with one drop of
Tween in 50 ml liquid (reduction of the surface tension). Seeds were incubated for 5, 15,
30, and 45 min in the sodium hypochlorite solution and for 3, 5, and 7 min in mercury
chloride (five replications). The seeds were washed three times with sterile water and

transferred to sample tubes with 20 ml MS medium with 8 g/l agar.
Disinfection experiments with mercury chloride on nodes

Seeds were sowed in soil filled pots in the greenhouse to establish a shoot in vitro culture
of M. oleifera. Two months after sowing, nodes were cut from the shoot tips. The plant

material was used for a disinfection test.

In the first experiment, nodes from two Thai ecotypes of M. oleifera (ecotypes originate
from the gene bank of the Asian Vegetable Research and Development Center (AVRDC)
in Taiwan) were disinfected. The nodes harvested remained in tap water until disinfection
to prevent dehydration. Per experimental repetition (the experiment was repeated three
times), nodes were initially incubated and agitated in ethanol (70%) for 1 min. The nodes
were further treated under sterile conditions on the clean bench. The nodes were incubated
in 0.2% mercury chloride with one drop of Tween per 50 ml liquid (reduction of the
surface tension) for 7 and 10 min. The experiment was conducted with 15 replications for

each variant, including a non-sterilized control variant. Afterwards, the nodes were
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washed three times with sterile water and transferred to sample tubes with 20 ml MS
medium with 8 g/l agar. The survival rate of the nodes was determined over a period of
seven weeks. In addition to determine the time required to successfully disinfect nodes,
it was analyzed whether different ecotypes have a different susceptibility to pathogen

infections following the disinfection procedure.

M. oleifera seeds originating from open land collection in Kolkata (India) were used for
a second disinfection experiment. Two month after sowing, nodes from plants cultivated
in soil filled pots were harvested and disinfected initially with 70% ethanol for 1 min,
followed by the disinfection with 0.2% mercury chloride for 3, 5, or 7 min
(20 replications). The nodes were washed in sterile water and transferred in sample tubes
with 20 ml MS medium with 8 g/l agar. Over a period of five weeks, the infection rate of

the nodes with germs was determined.

In vitro multiplication, growth, and callus formation from nodes under different

growing conditions

To determine optimum in vitro culture conditions and to establish callus cell cultures, the
sterilized nodes (M. oleifera ecotype from India) were cultivated in vitro under different
conditions. 1.5 to 2 cm long nodes of the previously in vitro established plants were used
for the experiments. /n vitro multiplication, growth, and callus formation of nodes from
different plant parts in medium with varying agar and phytohormone concentration were

analyzed.

In a first experiment the influence of BAP concentration on the main shoot height, the
number and height of offshoots, and the plant multiplication rate were analyzed. Nodes
were cultivated on MS medium with different agar contents (6 or 8 g/l) and BAP
concentrations (0, 0.5, 0.75, 1 mg/l). After three weeks of cultivation, the growth
parameters of the in vitro plants were determined. Five replications were carried out for

each variant.

In a further experiment the base, middle, head parts, and offshoots of the mother plants,
generated from the disinfected nodes of the M. oleifera ecotype from India, were isolated

and cultivated on MS medium with 0.5 mg/l BAP and 8 g/l agar. One of the plant parts
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shown in Figure 1 (base part, middle part head part, and off-shoot) were added to each
flask containing 50 ml medium. Shoot multiplication and growth were investigated three
weeks after cultivating. The experiment was performed in 10 replications. The quantity

of newly developed middle parts, head parts, and offshoots was documented.

~ Head part

—  Middle part

Oftshoot L ~ Base part

Fig. 1: Plant parts of Moringa oleifera in vitro plants

The induction of callus formation from nodes was investigated in 10 replications. Nodes
(Indian ecotype) were cultivated on MS medium with different BAP concentrations (0,
0.5, 0.75, 1 mg/l) and agar contents (6 and 8 g/l agar) in vitro. The callus volume was

determined after three weeks of cultivation in vitro.

Sterile leaves from in vitro cultivated M. oleifera plants generated from the disinfected
notes (Indian ecotype) were used to study the effect of leaf orientation on cell
differentiation and callus development. The leaves were grown on MS medium (half
strength, 8 g/l agar) in an adaxial and abaxial direction. Plant leaves of each orientation
were placed on plates with MS medium with different phytohormone concentrations. The
medium was supplemented with two concentrations of IAA and TDZ. The first MS
medium contained 1 mg/l IAA and 1 mg/l TDZ; the second contained twice the amount
of both hormones. Callus parts derived from the adaxial and abaxial orientated leaves in

the different phytohormone concentrations were further cultivated under the same
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growing conditions. A volume of about 0.125 cm® (0.5 x 0.5 x 0.5 cm) of each variant
was cultivated on plates. The callus was cultivated under light conditions or in the dark.
All plates were light induced for 24 hours at the start of the experiment. Callus volume
was measured after four weeks. The experiment was repeated three times with eight

replications.
Analysis of the glucosinolate content

20 mg of freeze-dried, grounded M. oleifera leaf material was used for glucosinolate
extraction. For the first extraction 750 pl of 70% methanol and 100 pl of a sinigrin
standard solution (1 mM, internal standard, sinigrin hydrate from horseradish, Sigma-
Aldrich) were added to the sample. The samples were extracted at 80 °C in a thermomixer
for 10 min and then centrifuged at 6,700 g for 5 min to pellet the sample and to collect
the supernatant. The pellet was twice re-extracted using 500 pl of 70% methanol for 5 min
and centrifuged. Glucosinolates of the combined supernatants were desulfatized based on
a modification of DIN EN ISO 9167-1:1995 and a method of Mewis et al. (2005). The
extracts were analyzed on a Dionex P680A HPLC system equipped with an ASI-100 auto
sampler and a PDA-100 photodiode array detector. Glucosinolates were separated on a
narrow bore column (AcclaimTM 120 RP18:5 um, 2.1 x 250 mm, Dionex) at 25 °C.
Eluents used for HPLC analysis were: (a) 100% doubled distilled water and (b) 40%
acetonitrile. The eluent flow program was: 0.5% B (0 - 1 min), 10% B (6 min), 20% B
(15 min), 50% B (21 - 26 min), 99% B (29 - 33 min) and 0.5% B (36 - 43 min). The flow
rate was 0.4 ml/min and the eluent was monitored at 229 nm. Chromeleon software
Version 6.0 was used for quantitative peak evaluation. Quantitative analysis was based
on the peak area relative to the internal standard sinigrin. The glucosinolates were
identified by UV-spectrum, retention time and mass spectroscopy. 80 pl of the sample

was injected into the HPLC for glucosinolate analysis.
Statistical analysis

Depending on the normality distribution of data, an ANOVA followed by a Tukey’s HSD
test or an ANOVA on ranks followed by a Tukey’s HSD test were carried out to reveal

statistical significances. The software SigmaPlot 12.3 was used for statistical analysis.
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Results

Establishment of an in vitro culture to obtain sterile plant material

Due to the high degree of germ contamination of M. oleifera seeds, it was not possible to
obtain a sterile culture from seeds using sodium hypochlorite. Contrary, mercury chloride
as a disinfectant yields seeds without any visible infection with bacteria or fungi.
However, seeds lost germination capacity following the use of either disinfectant.

Therefore, we focused on other plant organs such as nodes in further experiments.

In the first disinfection test nodes from two Thai ecotypes without any visible germ
contamination were observed using 0.2% mercury chloride (Figure 2). It was not possible
to achieve sterile vital nodes without the use of the disinfectant mercury chloride. Seven
weeks after using mercury chloride, 30% of the nodes remained non-infested with germs.
No significant effect on the survival rate was found when the application time of mercury
chloride was increased from 7 to 10 min. All sterile nodes were subsequently able to bud.
No significant differences in the survival rate between the two analyzed ecotypes were

found.

Based on the first experiment, a second disinfection experiment was carried out using
nodes derived from the Indian ecotype. Infestation with germs was detected for all
incubation times in 0.2% mercury chloride (Figure 3). Following germ infection the plant
material failed to bud and died due to the infection. This was not attributed to the mercury
chloride treatment. The disinfection test showed that the number of sterile vital nodes
increased when treated for longer times with mercury chloride (3, 5, 7 min). Most of the
nodes were infested with pathogens two weeks after disinfection. Following a mercury
chloride treatment from 3 to 5 min, the rate of non-infected nodes was only 5% after 20
days. As shown in Figure 3, all nodes died within 23 days as a consequence of pathogen
infection after a mercury chloride treatment of 3 min. Only one sterile node was achieved
following a mercury chloride treatment of 5 min. The mercury chloride disinfection
variant with an application time of 7 min yielded the best results with a maximum survival

of non-pathogen infected nodes of 15%. Also the nodes were able to bud.
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Fig. 2: Rate of non-pathogen-infected nodes of two Moringa oleifera ecotypes (ET 1,
ET 2) from Thailand following disinfection with HgCl> (0.2%)
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Fig. 3: Rate of non-pathogen-infected nodes of Moringa oleifera (Indian ecotype) after a

different disinfection time with HgCl (0.2%)
Optimization of the in vitro cultivation of M. oleifera

The influence of different BAP and agar concentrations in MS medium on the main shoot
height, the number and height of offshoots, and root development was investigated (Table
1, Figure 4). In the experiment with different BAP concentrations, the main shoots were
significantly taller in the MS medium (6 and 8 g/l agar) without BAP application
compared to medium with 1 mg/l BAP (Table 1). In media with 6 and 8 g/l agar
concentration, the highest significant amounts of offshoots were detected in the medium
with 0.5 mg/l BAP compared to medium with 0.75 mg/l BAP. The influence of the
hormone concentration on offshoot height was only significant in medium with 6 g/l agar.

When no phytohormones were applied, offshoots were significantly taller than those in
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medium with BAP. The influence of the BAP and agar concentration on the growth
habitus of M. oleifera is shown in Figure 4. The height of the plants’ main shoot and
offshoots decreased with an increased BAP concentration. Furthermore, shoot
multiplication increased. The highest rate of shoot multiplication, with a 4.4-fold

increase, was found in MS medium with 0.5 mg/l BAP.

Tab. 1: Characteristics of Moringa oleifera growth (height and number of shoots, root

development) in vitro with different concentrations of BAP and agar in MS

medium
Agar concen- BAP concentration [mg/1]
tration [g/1] 0 0.5 0.75 1
Main shoot height 6 410 (a) 2.83(a) 1.60(ab) 1.15(b)
[cm] 8 357(A) 2.74(B) 1.63(B) 1.38 (B)
Number of 6 340 (ab) 4.34(a) 2.47(b) 2.93 (b)
offshoots [n] 8 1.86 (B) 4.40(A) 2.13(B) 3.53(AB)
Height of shoots 6 381 (a) 221(b) 1.66(bc) 1.12 (¢)
[cm] 8 281 (A) 263(A) 145(A) 1.61(A)
Root development 6 60 (a) 0 (b) 0 (b) 0 (b)
rate [%] 8 60 (A) 0 (B) 0 (B) 0 (B)

Different letters indicate significant differences in the height of the main shoot and the height and number
of offshoots between different BAP concentrations, one-way ANOVA, Tukey’s HSD test, p <0.05
(minuscles: 6 g/l agar, capital letters: 8 g/l agar)

A spontaneous root development was detected in MS medium without BAP. The root
developed about three weeks after placing plant nodes on MS medium without BAP. The
in vitro plants were transferred to fresh MS medium without BAP every three weeks. The
root development rate increased steadily and already nine weeks after transfer to BAP-
free MS medium 60% of the plants (6 and 8 g/l agar) had formed roots (Table 1). Twelve

weeks later, 100% of the plants in vitro possessed roots.
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0 mg/l BAP 0.5 mg/l BAP  0.75 mg/l BAP 1 mg/l BAP

6 g/l agar

8 g/l agar

Fig. 4: Influence of BAP and agar concentration on the growth habitus of Moringa

oleifera in vitro
Multiplication ability of different plant parts

The multiplication ability of different plant parts: base parts, middle parts, head parts, and
offshoots on MS medium was studied (Figure 1 and 5, Table 2). The two tests revealed
that after three weeks of cultivation, the base parts were the most suitable and most
augmentable plant parts. The base parts formed an average of 7.3 (Table 2a) and 7.9
(Table 2b) multiplications. Head parts formed on average 4.9 multiplications after three
weeks of cultivations on MS medium with 0.5 mg/l BAP and 8 g/l agar. Regardless of the
initially used plant part used for the multiplication experiment, significantly smaller
amounts of middle parts (0.7 and 0.6) and significantly larger amounts of head parts (2.4
and 1.8) and offshoots (1.9 and 2.9) developed. 6.1 and 6.3 multiplications were generated

on average after three weeks of cultivation.
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Fig. 5: Different Moringa oleifera plant parts established in vitro, a) base part, b) middle
part, c¢) head part, d) offshoot

Tab. 2: The averaged number of plant parts formed from base parts, middle parts, head

parts and offshoots of Moringa oleifera (repeated experiment, a and b)

formed
a Plant parts used l;&veraged 11\1/;1mber of [I)_Ilant parts Oorme [n]z
10() 12(b) 34() 17@ab) | 173
Base part (B) 40 1123 4143 £1.70
, 1.0(ab)  05(b) 24(a) 24(a) 6.3
Middle part (M) 40 £053  +135  +1.90
1.0(ab) 05() 19(a) 1.5(ab) | 4.9
Head part (H) 40 1053 4088 4127
10(@ 07() 19() 2.1(a) 5.7
Offshoot (O) +0 £067  +137 4218
1.00 1.93
) 2.40 (A 05
1% 6o PO 04 6.0
b Plant parts used l;Averaged 1I\l/;lmber of [;ant parts é‘)ormed [n]z
10(ab) 06() 26() 3.7() 7.9
Base part (B) +0 +1.26 +1.65 +2.79
, 1.0(ab) 08(b) 1.6(ab) 3.4 (a) 6.8
Middle part (M) +0 1148 4165 4313
1.0(ab) 05() 1.7(a) 1.7(ab) | 4.9
Head part (H) 40 1071 095  +1.70
1.0(ab)  03(b) 14(@ab) 28(a) 55
Offshoot (O) +0 £067 4107 +1.93
1.83
0 LOO®) 055(C) o 290(4) | 628

Different letters indicate significant differences in the amount of plant parts formed derived from a
certain plant part of Moringa oleifera, one-way Analysis on Ranks, Tukey’s HSD test, p < 0.05
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Callus induction and formation of in vitro M. oleifera plant material

The influence of BAP and agar concentration in the MS medium on callus formation was
studied (Table 3). When no BAP was added, callus induction was significantly lower than
in all other variants with added BAP. This was found for plants on MS medium with 6 g/I
agar as well as for plants on MS medium with 8 g/l agar. No statistically significant
differences were found between the two agar concentrations for nodes on MS medium

with the same BAP concentration except for a BAP concentration of 0.75 mg/l.

Tab. 3: Callus formation [cm?] of Moringa oleifera nodes on MS medium with different

BAP and agar concentrations

Agar amount BAP concentration [mg/l]
lg/] 0 0.5 0.75 1
6 0.22 (¢) 2.65 (ab) 1.99 (b) 3.80 (a)
8 0.13 (¢) 1.66 (b) 2.89 (a) 2.77 (a)

Different letters indicate significant differences in callus formation between different BAP concentrations,
ANOVA on Ranks, Tukey’s HSD test, p < 0.01

Furthermore, the effect of the phytohormones IAA and TDZ, light exposure, and leaf
orientation on callus development were studied (Table 4, Figure 6). All callus parts,
obtained from the further adaxial and abaxial orientated cultivated leaves, were placed on
plates with a half strength MS medium (three each) with an initial volume of
0.5x 0.5x 0.5 cm. When cultivating with light exposure significantly smaller callus
volumes were recorded. Under dark conditions an approximately 32-fold increase was
observed after four weeks while the callus volume under light conditions was
significantly lower with an approximately 2-fold increase (ANOVA on Ranks, Tukey’s
HSD test, p <0.05). Neither the hormone concentrations of IAA and TDZ nor the leaf

surface direction had any statistical impact on callus production.
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Tab. 4: Callus volume and percentage increase in volume of Moringa oleifera callus with

different hormone concentrations (IAA, TDZ), light exposure and leaf

orientation
Light Dark
IAA/TDZ concentration | IAA/TDZ concentration
Surface of the leaf
[mg/1] [mg/1]
111 2/2 11 2/2
_ Callus volume [cm’] 0.15 0.14 4.18 3.50
]
'5 Volume increase [%] 22.22 13.33 3246.40 2703.82
<
< Standard deviation +0.03 +0 +1.58 +£1.26
_ Callus volume [cm’] 0.48 0.19 4.11 4.17
]
.5 Volume increase [%] 283.47 53.69 3189.16 3238.67
)
< Standard deviation +0.54 +0.12 +0.88 +0.44
Light Dark
S;‘;E'Ic;f"f IAA/TDZ concentration [mg/l] | IAA/TDZ concentration [mg/l]
11 2/2 11 2/2
Adaxial
Abaxial

Fig. 6: Influence of different IAA and TDZ concentrations in /2 MS medium on callus
growth of Moringa oleifera
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Glucosinolate content in leaves of M. oleifera in vitro material

The glucosinolate content of M. oleifera in vitro cultures varied greatly from 5 to
130 umol/g dry weight. The glucosinolate composition of in vitro material and
greenhouse  leaf material were completely different (Figure 7). Only
rhamnopyranosyloxy-benzyl glucosinolates were detected in the greenhouse plants
(Figure 7a). In the in vitro material, the main glucosinolate was identified as benzyl
glucosinolate (Figure 7b), which was not found in the leaf material harvested from plants

in the greenhouse.

2500

mALl

1000 ]\
L] :
0 — = 4

.................................................

1 Intemal standard 24 Rhamnopyranosyloxy-benzyl-glucosinolates 3 Benzyl-glucosinolate

Fig. 7. Chromatograms of Moringa oleifera leaves, a) greenhouse leaves, b) in vitro

leaves

Discussion

Due to the frequent germ infestation of seeds, it was very difficult to establish a sterile in
vitro culture of M. oleifera ecotypes. Seed-borne bacteria had already been mentioned by
Steinitz et al. (2009). In contrast to Steinitz et al. (2009), no sterility was obtained after
using sodium hypochlorite (NaOCl) for surface area disinfection in our initial
experiments. This suggests that the germ infection of the different plant parts of
M. oleifera was much higher in the material of the cultivars used. Therefore, it was not
possible to kill all pathogens with NaOCIl. However, mercury chloride - another
disinfectant - showed more disinfection capacity. Sterile plant nodes, which were able to
bud, were achieved this way. Mercury chloride had already been used by other authors in

plant disinfection procedures (Faisal et al., 2005; Meyer & van Staden, 1995; Verma &
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Singh, 2007). However, it was not possible to establish a sterile in vitro culture from seeds
even when mercury chloride was used. Therefore, in line with a report of Stephenson &
Fahey (2004), nodes were used for ongoing disinfection experiments to establish
M. oleifera in vitro. The optimum treatment time for 0.2% mercury chloride was
identified to be 7 min. Most nodes were sterilized within this time. The optimum
sterilization time can differ from plant species to plant species. To disinfect petiole
explants from Tylophora indica, for example, 0.1% HgCl» was used for 3 min (Faisal et
al., 2005), while shoots from Oxalis lineraris were disinfected for 10 min with 0.2%
HgCl> (Meyer & van Staden, 1995). To obtain sterile in vitro cultures of Brassica
campestris, a cruciferous vegetable of the same order (Brassicales) as M. oleifera, 0.1%

HgCl> was used for 5 to 7 min.

After the establishment of the in vitro culture of M. oleifera nodes, a successful
propagation of the plant was achieved very quickly in the present study. Very high
multiplication ability (six multiplications on average) was detectable over a cultivation
period of three weeks (Table 2). Compared to the growth of other in vitro plants, the
shoots and growth development of the M. oleifera plants was quite good. Nodal segments
of Macadamia spp., for example, produced only 2 to 3 shoots within 4 to 6 weeks
(Gitonga et al., 2010). The cultivation of axillary shoots from different chestnut clones

for four weeks also led to the production of only 2 to 3 new shoots (Ballester et al., 2001).

Different plant parts were used to analyze the multiplication ability of in vitro M. oleifera
cultures in MS medium with 0.5 mg/l BAP (Table 2). The present study revealed that
especially the base parts of the M. oleifera plants have an enormous regeneration
capacity, followed by middle parts and offshoots. From all the initial plant parts used,
head parts and offshoots were produced much more frequently on MS than middle parts
(Table 2). The in vitro plant growth and multiplication rate was analyzed adding different
BAP concentrations to the MS medium (Table 1). When 0.5 mg/l BAP was added to the
MS medium, plants growth was compressed and they had a greater ability to develop
viable offshoots and other multiplications such as head parts. Plants in MS medium (8 g/1
agar) without BAP were taller compared to medium containing BAP (Table 1). Head wilt
was very often found in all plant parts in BAP-free medium. Concluding, it seems to be

feasible to use base parts, offshoots, and head parts of in vitro M. oleifera plants to
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propagate a plant population quickly. Definitely, plants should be cultivated on MS
medium supplemented with 0.5 mg/l BAP. A spontaneous root development was detected
in BAP-free MS medium. This suggests that formation of root development in M. oleifera
plants can be easily elicitated. Further experiments should be conducted to test the effect

of different auxins on M. oleifera root developments.

Since the glucosinolates in M. oleifera are of particular interest, the existence of these
secondary metabolites in in vitro plants and changing contents of these ingredients at
different supply steps of the plants should be further investigated. For example, a plant
treatment with methyl jasmonate can enhance glucosinolate levels. Methyl jasmonate was
used in a previous experiment by Doughty et al. (1995) to induce the glucosinolates in
the leaves of oilseed rape. First analyses of glucosinolates in M. oleifera in vitro material
(data not shown) showed that the glucosinolate content ranged from 5 to 130 pmol/g dry
weight, depending on the medium composition, as well as on plant and callus
development. The glucosinolates profile of leaf material from the greenhouse and the in
vitro culture differ remarkably. The main glucosinolates of the leaves from greenhouse
cultivation were rhamnopyranosyloxy-benzyl glucosinolates, whereas benzyl
glucosinolate, the precursor of the rhamnopyranosyloxy-benzyl glucosinolate, was

abundant in in vitro leaf material.

In further experiments, the influence of different nutrient compositions of the medium on
growth and the production of secondary metabolites need to be analyzed. It is known from
the literature that a specific sulfur application in connection with a sufficient nitrogen
supply in open land cultivations of different plants increases the content of glucosinolates.
In experiments with canola, Ahmad et al. (2007) showed that the glucosinolate content
increased as the sulfur rate increased. In a greenhouse cultivation experiment with
different clones of M. oleifera, an additional sulfur application to the plants led to a
significant lower biomass production and increased the glucosinolate concentration in the
leaves (Forster et al., 2011). Large-scale, complex open land experiments to analyze the
influence of nutrition on the concentrations of glucosinolates in plant leaves can be
avoided by cultivating M. oleifera in vitro. Furthermore, it would be possible to conduct

preliminary experiments in nutrition combinations with much less effort.
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The establishment of a callus culture could play a central role in upcoming and ongoing
experiments. Callus is undifferentiated plant tissue that is able to produce glucosinolates.
These compounds may accumulate under different conditions. The in vitro production of
anthocyanin in callus cultures has been reported for Oxalis linearis (Meyer & van Staden,
1995). For this reason, it was important to obtain a medium that guarantees optimum
callus production in its configuration. MS medium with BAP resulted in significantly
higher callus production than media without this phytohormone. Although callus
formation was found in MS medium with BAP, the use of IAA and TDZ was considered
reasonable. The auxin-cytokinin ratio in the medium determines whether the plant tissue
remains as an undifferentiated callus or forms shoots, roots, etc. Callus formation is
supported with an equal ratio (Slater et al., 2003). Optimum callus production was
obtained by placing a callus part in a half-strength MS medium with 1 mg/l IAA and
1 mg/l TDZ. In comparison to analysis of Liu & Cantliffe (1984), leaf orientation (abaxial
or adaxal direction) had no influence on the callus formation in the conducted
experiments. A significant increased callus formation was found when the callus was
cultivated under dark condition. Some researchers report that different light conditions
have an impact on callus formation (Smith et al., 1977; Omidi & Shahpri, 2003). In half
strength MS medium supplemented with an equal concentration of IAA and TDZ callus
formation was much more successful under dark conditions than on plants in MS medium
with BAP. Tests analyzing callus formation in MS medium with BAP under dark
conditions yield less callus production than the medium with IAA and TDZ (data not
shown). Further experiments need to be conducted to analyze the concentration of
glucosinolates in the callus of M. oleifera. It was possible to create a suspension culture
using the callus obtained from the established callus culture. The enrichment of secondary
metabolites in suspension cultures has been shown in many experiments. Pilgrim (1977)
even reported the saponin concentrations in suspension cultures of Digitalis purpurea

under different growth conditions.

The in vitro cultivation of M. oleifera is a promising possibility to obtain healthy plant
material regardless of the season, weather and infestation. The availability of plant
material all year round is essential to save time in ongoing experiments on analyzing the
input of different growing conditions or stressors on the growth and accumulation of

secondary metabolites in the plant. The in vitro growth of M. oleifera plants was much
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faster than in the greenhouse. It takes just two weeks for a node to develop into an intact
plant. A larger number of extensive experiments can be conducted within a much shorter
period of time. Once the plant material had been sterilized, no re-infestation with germs
was observed. For this reason, any influence of pathogens on the growth and secondary
metabolism of the plants can be excluded in the experiments. Taking all the mentioned
points into consideration, the in vitro culture of M. oleifera is a great opportunity for
gaining fundamental knowledge on optimum cultivation to obtain plant material for

different purposes and requirements.
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Kapitel III - Detektion von M. oleifera-Glucosinolaten sowie
Standardherstellung

Um Glucosinolate qualitativ und quantitativ zu bestimmen, werden die chemischen
Verbindungen nach DIN EN ISO 9167-1:1995 (NA 057-05-05 AA) zunichst extrahiert
und dann mittels Hochdruckfliissigchromatographie (HPLC) vermessen. Die bereits
durch Bennett et al. (2003) identifizierten und beschriebenen Glucosinolate in den
Blittern von M. oleifera  konnten jedoch mit diesem standardisierten
Extraktionsverfahren nicht detektiert werden. Die multi-glykosylierte aromatische
Glucosinolatstruktur von M. oleifera konnte nicht nachgewiesen werden. Das vermessene
Glucosinolatspektrum  von M. oleifera  entsprach ~ folglich nach  dem

Desulfatisierungsprozess (DIN-Methode) nicht dem eigentlich bestehenden im Blatt.

Aufgrund von Studien zur Bioaktivitit verschiedener Abbauprodukte von Glucosinolaten
wie z. B. Sulforaphan und Benzyl-Isothiocyanat (u. a. Clarke et al., 2008; Xiao et al.,
2006), liegt die Vermutung nahe, dass die medizinischen Wirksamkeiten der Pflanze auf
die Glucosinolate in M. oleifera zuriickgefiihrt werden konnen. Bis heute durchgefiihrte
Studien wurden meist an methanolischen, ethanolischen sowie wissrigen Extrakten von
Blatt, Wurzel und Schote durchgefiihrt (u. a. Bharali et al., 2003; Budda et al., 2011;
Costa-Lotufo et al., 2005). Die im vorliegenden Dissertationsvorhaben durchgefiihrten
Analysen zur potentiellen Bioaktivitdit von M. oleifera verwendeten reine
Glucosinolatextrakte (Gesamtglucosinolatextrakt sowie Einzelglucosinolate). Um
Glucosinolatstandards aus den Blittern von M. oleifera generieren zu konnen, miissen

diese zunéchst auf ihre Verwendbarkeit (Stabilitét) gepriift werden.

Um die dargestellten Fragestellungen beantworten zu konnen, sollten folgende

Sachverhalte untersucht werden:

- Kann eine geeignete Extraktionsmethode entwickelt werden, welche die
Glucosinolate in M. oleifera realistisch abbildet?
- Wie unterscheiden sich die Glucosinolatspektren zwischen der DIN-Methode

und der neu erarbeiteten? Wie entstehen diese Unterschiede?
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- Ist es moglich einzelne Glucosinolate aus dem Gesamtextrakt von M. oleifera
zu fraktionieren? Konnen Glucosinolatstandards aus Blattmaterial hergestellt
werden?

- Wie stabil sind die  hergestellten  Standards  (Gesamtextrakt,
1. Hauptglucosinolat: 4-0-Rhamnopyranosyloxy-Benzylglucosinolat,
2. Hauptglucosinolat:  Acetyl-4-a-Rhamnopyranosyloxy-Benzylglucosinolat
Isomer I11)?

- Welchen Umbau- und Abbauprozessen unterliegen die Standards?

- Wie sollten die Standards gelagert werden, um Degradations- und

Umformungsprozesse zu vermeiden?

Die in diesem Kapitel dargestellten Fragenkomplexe werden in folgender Publikation

behandelt:

Forster, N.; Ulrichs, C.; Schreiner, M.; Miiller, C. T. & Mewis, 1. (2015):
Development of a reliable extraction and quantification method for
glucosinolates in Moringa oleifera. Food Chemistry 166: 456-464.
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Abstract

Glucosinolates are the characteristic secondary metabolites of plants in the order
Brassicales. To date the common DIN extraction ‘desulfo glucosinolates’ method remains
the common procedure for determination and quantification of glucosinolates. However,
the desulfation step in the extraction of glucosinolates from Moringa oleifera leaves
resulted in complete conversion and degradation of the naturally occurring glucosinolates
in this plant. Therefore, a method for extraction of intact Moringa glucosinolates was
developed and no conversion and degradation of the different rhamnopyranosyloxy-
benzyl glucosinolates was found. Buffered eluents (0.1 M ammonium acetate) were
necessary to stabilize 4-a-rhamnopyranosyloxy-benzyl glucosinolate (Rhamno-Benzyl-
GYS) and acetyl-4-a-rhamnopyranosyloxy-benzyl glucosinolate isomers (Ac-Isomers-GS)
during HPLC analysis. Due to the instability of intact Moringa glucosinolates at room
temperature and during the purification process of single glucosinolates, influences of
different storage (room temperature, frozen, thawing and refreezing) and buffer
conditions on glucosinolate conversion were analyzed. Conversion and degradations

processes were especially determined for the Ac-Isomers-GS III.

Introduction

Glucosinolates are one of the most investigated groups of secondary metabolites in plants.
They are of crucial importance in insect-plant interactions and can act as feeding deterrent
(generalists) or as attractant (specialists) (Mewis et al., 2012). Additionally,
glucosinolates have the ability to influence human health as phytopharmaceutical,
nutraceutical, or as food product (Melchini et al., 2013; Prakash & Gupta, 2012).
Glucosinolates are a group of secondary plant metabolites found almost exclusively in
plants of the order Brassicales. Structurally glucosinolates are (-S-glucosides of thio-
oxime-O-sulphates and synthetized from amino acids. They are commonly divided into
aliphatic, indolic, and aromatic glucosinolates based on their side chains, which stem
from the precursor amino acids methionine, tryptophan and phenylalanine respectively.
Profile and abundance of glucosinolates vary between different parts of a plant. For
example, roots of over 29 analyzed plant species (mainly members of the Brassicaceae)

contained significantly higher aromatic glucosinolate levels than shoots (Dam et al.,
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2009). Aromatic glucosinolates such as p-hydroxybenzyl glucosinolate (sinalbin), 2-
phenylethyl glucosinolate (gluconasturtiin), benzyl glucosinolate (glucotropaeolin), or
2(R)-hydroxy-2-phenylethyl glucosinolate (glucobarbarin) dominated in seeds and roots
of white mustard (Sinapsis alba), watercress (Barbarea verna), Indian mustard
(Tropaeolum majus), or winter cress (Barbarea vulgaris) (Bennett et al., 2004; Leur et
al., 2006). The family Moringaceae (order Brassicales) includes only the genus Moringa.
In contrast to other Brassicales, all species of Moringa, and particularly Moringa oleifera,
contain very high amounts of aromatic glucosinolates in all parts of the plant including
leaves and roots, which overall showed lower levels of glucosinolates than seeds (seeds
around 200 mg/g dry weight (dw), young leaves around 116 mg/g dw, older leaves
around 63 mg/g dw, roots around 43 mg/g dw, Bennett et al., 2003).

Structurally, all multiglycosylated aromatic glucosinolates contain a hydroxy-benzyl
moiety with a sugar molecule - rhamnose or arabinose - linked glycosidically to the
aromatic ring. This generally appears to be unique to species of the genera Moringa,
Hesperis, and Reseda (Bennett et al., 2003; Fahey et al., 2001). 4-a-rhamnopyranosyloxy-
benzyl glucosinolate (Rhamno-Benzyl-GS) has been identified as the dominant leaf
glucosinolate of M. oleifera and is accompanied by lower levels of three isomeric acetyl-
4-a-rhamnopyranosyloxy-benzyl glucosinolates (Ac-Isomer-GSs 1, II, III), which reflect
the three position of the acetyl group at the rhamnose moiety of the molecule (Bennett et
al., 2003). These aromatic glucosinolates are present in methanolic or aqueous leaf
extracts of M. oleifera, and have been linked to reported antimicrobial (Céceres et al.,
1991), anti-inflammatory (Caceres et al., 1992), detoxifying (Singh & Kumar, 1999), and
anticancerogenic properties (Guevara et al., 1999) of such extracts. However, it has not
been investigated sufficiently yet whether such activity can be linked to a specific
glucosinolate or mixtures thereof. Linking observed antioxidative or anticancerogenic
effects to specific glucosinolates or their mixtures, requires first and foremost a reliable
method for quantification of M. oleifera glucosinolates and subsequent preparation of

individual glucosinolates of M. oleifera.

Currently, the prevalent method for determination of glucosinolates in plants is the
‘desulfo glucosinolate extraction” method according to DIN EN ISO 9167-1:1995 (NA
057-05-05 AA). The method uses an anion exchange columns (DEAE Sephadex A25) to
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retain glucosinolates from methanolic plant extracts. Bonded, intact glucosinolates are
desulfated enzymatically with sulfatase (H1, Helix pomatia) and eluted desulfo
derivatives are analyzed with HPLC. Preliminary experiments showed that glucosinolate
profiles of leaf extracts of M. oleifera using the desulfo method did not match profiles
using a non-desulfating approach. The main aim of this study was to develop a reliable
method for determination of natural glucosinolate profiles in M. oleifera. Specifically, we
compared the results of the desulfo glucosinolate extraction method with an extraction
method yielding intact glucosinolates. Furthermore, we investigated in detail conversion
and degradation processes of purified glucosinolates under different analytical and

storage conditions (e. g. different HPLC eluents, storage time and temperature, solvent).
Materials and methods

Plant material

Seeds of M. oleifera (ecotype number: 4880, origin in the USA) were obtained from the
“AVRDC - The World Vegetable Center” (Shanhua, Tainan, Taiwan) and cultivated in
greenhouse facilities at the Leibniz-Institute of Vegetable and Ornamental Crops
GroBbeeren/Erfurt e.V. in Grof8beeren, Germany. Trees were planted in a grid with 0.5 m
distance of each other in a 1 m deep greenhouse bed. Drip irrigation and a nebulization
system were used to humidify soil and air respectively. Mean temperature in the
greenhouse was 18.6 °C and varied between 20.5 °C (August) and 14.6 °C (October) over
the harvest time of M. oleifera from June to October 2011. Temperature of ventilation
was set to 19 °C. Leaves from the top of the plants (upper 20 cm, youngest leaves) were
harvested three times a year in July, September, and October, freeze dried (Christ beta 1-
16, Germany), and stored in the dark at room temperature. This plant material was used
for testing glucosinolate extraction procedures and for the preparation of different
Moringa glucosinolate standards. The series of consecutive performed experiments is
shown in the supplemental Figure 1 (Suppl. Figure 1) and are described in detail in the

respective method section.
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Comparison of two extraction methods for glucosinolate analysis

Desulfo glucosinolate extraction method and intact glucosinolate extraction method were
used in order to investigate which method delivered a reliable determination of the natural

glucosinolate profile of M. oleifera.
Desulfo glucosinolate extraction method

The desulfo glucosinolate extraction method is based on a modification of DIN EN ISO
9167-1:1995 (NA 057-05-05 AA; 2012) and a method of Mewis et al. (2005). 20 mg of
the pulverized leaf material per sample was extracted with 750 pul of 70% methanol and
100 pl of 2-propenyl glucosinolate (1 mM, sinigrin hydrate from horseradish, Sigma-
Aldrich) was added as internal standard. Samples were heated in a thermo-mixer at 80 °C
for 10 min, centrifuged at 16,000 g (Thermo Scientific, Heraeus Megafuge 11R
Centrifuge) for 10 min, and the supernatant was collected. The pellet was extracted twice
more with 500 ul of 70% methanol for 5 min. Glucosinolates of the combined
supernatants of each sample were loaded and subsequently desulfated on DEAE
Sephadex A25 columns. For this purpose, 500 ul DEAE Sephadex (suspended in 2 M
acetic acid, v/v: 1/2) was added to empty cartridges (BIORAD, 10 ml volume). Columns
were conditioned prior to loading of extracts with 2 x 1 ml 6 M imidazole solution (in
30% formic acid) followed by 2 x 1 ml ultra-pure water (MilliQ quality). Methanolic
glucosinolate extracts were loaded on preconditioned columns, washed with 2 x 1 ml
0.02 M sodium acetate buffer (pH 4.0), and treated with 75 pl of a cleaned-up sulfatase
solution (see below). Loaded columns were sealed and left to incubate at room
temperature overnight. The following day the columns were washed with 1 ml ultra-pure
water (MilliQ quality) to elute the desulfo glucosinolates. Eluates were filtered using
Costar® Spin-X tubes (0.22 um, Corning), transferred to 2 ml HPLC vials, and stored at
-20 °C until measurement. For preparing the sulfatase, 5 ml raw sulfatase (aryl sulfatase,
Th. Geyer GmbH) was purified after a method of the Commission Regulation (EEC) of
the European Economic Community (EEC No. 2435/86, 1986). The cleaned-up sulfatase

solution was stored at -20 °C until usage.
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Intact glucosinolate extraction method

A method for extraction of intact glucosinolates was developed based on Lewke et al.
(1996). Plant material used for methanolic extraction was also 20 mg. The first extraction
steps using three times 70% methanol (80 °C) and 100 ul 2-propenyl glucosinolate as
internal standard were performed as described for the desulfo glucosinolate extraction
method. Instead of loading the combined supernatants onto DEAE sephadex columns, the
supernatants were concentrated in a vacuum concentrator (Thermo Scientific Savent
SPDI111V Concentrator, vacuum pump: Vacuumbrand PC 3000 series, SVC3000) to a
volume of 150 pl. 200 pl barium acetate (0.4 M) were added to each tube and made up to
1 ml with ultra-pure water (MilliQ quality). Samples were incubated for 30 min at room
temperature and centrifuged at 16,000 g (Thermo Scientific, Heracus Megafuge 11R
Centrifuge) for 10 min. Supernatants were decanted and made up to 2 ml with ultra-pure
water. 1 ml of each sample was filtered using Costar® SpinX tubes. Filtrates were
transferred to HPLC vials. The remaining amount of each sample (about 1 ml) was
incubated with 0.05 U myrosinase (thioglucosidase, Sigma Aldrich) for 8 h at 37 °C to
hydrolyze glucosinolates to their corresponding breakdown products. Hydrolyzed sample

were filtered through a Costar® SpinX tube and transferred to HPLC sample vials.
HPLC analysis of desulfo and intact glucosinolate extracts

Extracts from desulfo and intact glucosinolate extraction method were qualitatively and
quantitatively analyzed on Merck Hitachi HPLC system. 10 pl sample were injected
(LaChrom L-7200 auto sampler) on a 4.6 x 250 mm SB-C18 column (Zorbax 5 um,
Agilent) and separated using the following gradient program: 0 -2 min: 0- 1% B,
2-20min: 1-50% B, 20 -24 min: 50-100% B, 24 - 26 min: 100% B, 26 - 27 min:
100 - 1% B, and 27 - 35 min: 1 - 0% B at a flow rate of 1.5 ml/min. Unbuffered eluents
were used for desulfo extracts with solvent A: 100% water and solvent B: 40%
acetonitrile/water and buffered eluents for intact extracts with solvent A: 100% 0.1 M
ammonium acetate, B: 40% acetonitrile/0.1 M ammonium acetate. Detection was at
229 nm on a photodiode array detector (LaChrom L-7455), components were identified
from retention time (intact and desulfo glucosinolates) and UV spectra (desulfo
glucosinolates) and quantified against internal standard. Retention times were 11.1 min
for p-hydroxybenzyl glucosinolate and 12.5 min for Rhamno-Benzyl-GS for the analysis
of desulfo glucosinolates in unbuffered eluents and 10.1 min for Rhamno-Benzyl-GS,
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13.7 min for Ac-Isomer-GS I, 14.8 min for Ac-Isomer-GS II, and 17.6 min for Ac-
Isomer-GS III for the analysis of intact glucosinolates in buffered eluents. The peak area
remaining after myrosinase treatment of the intact glucosinolate extract was subtracted
from the peak area of the glucosinolate of the intact glucosinolate extract without
myrosinase treatment. This way interfering/co-eluting ballast compounds in the extract
were excluded and a correct determination of the glucosinolate content was possible.
Relative response factors (RF) used to correct for absorbance difference between the
reference standard 2-propenyl glucosinolate (RF = 1) and the glucosinolates found in the
M. oleifera extracts were determined as 0.59 for p-hydroxybenzyl glucosinolate and 0.68

for Rhamno-Benzyl-GS and the three Ac-Isomer-GSs.
Isolation of intact glucosinolates for stability testing
Preparation of purified glucosinolate mixture

To produce sufficient starting material for the fractionation of individual glucosinolates
an intact glucosinolate extraction method based on Thies (1988) was used. 25 g powdered
freeze-dried leaf material was heated to 80 °C in 300 ml 70% methanol. After
centrifugation at 12,000 g for 10 min (Heraeus SEPATECH, Superfuge 22) the pellet was
re-extracted twice with 100 ml 70% methanol. Combined supernatants were loaded on
DEAE Sephadex columns (Telos Filtration Columns, Kinesis, 150 ml). Columns were
packed with 60 ml DEAE Sephadex solution (10 g DEAE Sephadex A25 (Sigma Aldrich)
suspended in 100 ml 2 M acetic acid), rinsed twice with 40 ml 6 M imidazole solution
(40 g imidazole in 100 ml 30% formic acid), and twice with 40 ml ultra-pure water before
loading the plant extract. After drop-wise applications of 500 ml extract per column,
columns were drop-wise washed three times with 20 ml of formic acid:isopropanol:water
(ratio 3:2:5) followed by four times with 20 ml ultra-pure water (MilliQ quality). Pre-
tests showed that it was necessary to give the glucosinolate extract drop-wise to the
column. A flash flow of all chemicals promoted glucosinolate loss. Glucosinolates were
slowly eluted with a total of 100 ml 0.5 M potassium sulfate and collected into 100 ml
absolute ethanol (99.9%). After centrifugation at 12,000 g for 10 min (Heraeus
SEPATECH, Superfuge 22), the supernatants were dried in 100 ml pear-shape flasks
(starting with 50 ml per flask) in a rotary evaporator, at 45 °C (Heidolph VV 2000 rotary
evaporator with bath WB 2000, vacuum pump: Vacuumbrand PC 3000 series, SVC3000).
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Dried residues were re-dissolved in three successive volumes of 4 ml methanol (99.8%)
aided by sonification, and solutions were centrifuged for 10 min at 10,000 g (Thermo
Scientific, Heraeus Megafuge 11R Centrifuge). 36 ml absolute ethanol (99.9%) were
added to the supernatants and solvents were evaporated to dryness in 100 ml pear-shape
flasks on a rotary evaporator at 45 °C (same as above). The resulting crystallized
glucosinolate mixture was re-dissolved in 4 ml ultra-pure water and used as M. oleifera

total glucosinolate standard and for fractionation into single glucosinolates.
Preparation of single glucosinolates

Purified glucosinolate standards were fractionated with a Dionex HPLC system equipped
with a fraction collector (Dionex FOXY). 10 ul of the total glucosinolate standard from
M. oleifera were injected into a Dionex P680A HPLC system equipped with an ASI-100
auto sampler and a U3000 photodiode array detector. Glucosinolates were separated on
2.1 x 250 mm AcclaimTM 120 RPI18 column (5 um, Dionex) at 25 °C. The eluent
program was: 0 - 1 min 0.5% B, 8 - 10 min 20% B, 18 - 19 min 50% B, 28 - 33 min 99%
B and 36 - 43 min 0.5% B at a flow rate of 0.4 ml/min and the eluent was monitored at
229 nm. Depending on the experiment described in the following method section,
unbuffered or buffered eluents as described previously for extracts were used for HPLC
analysis fractionation. Retention times of intact glucosinolates depended on the eluents
and were 13.4 min/10.8 min in unbuffered/buffered eluents (u/b) for Rhamno-Benzyl-GS,
18.6 min/14.2 min u/b for Ac-Isomer-GS I, 19.5 min/15.5 min u/b for Ac-Isomer-GS II,
and 22.1 min/18.6 min u/b for Ac-Isomer-GS III. Single peaks were collected at these
times by the fraction collector. Fractions were dried in a vacuum evaporator, dissolved in
I ml ultra-pure water or buffer (0.1 M ammonium acetate), and analyzed mass
spectrometrically to confirm identity of individual glucosinolates, (section: 2.5). Purified
individual glucosinolates were used to determine the response factors relative to 2-
propenyl glucosinolate. The glucosinolate content was determined using 2-propenyl

glucosinolate as internal standard.
Stability testing of total glucosinolate standard and isolates

The stability of the purified M. oleifera glucosinolates was investigated in three

subsequent experiments using the Rhamno-Benzyl-GS and the Ac-Isomer-GS (Isomer
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IIT) standards (individual glucosinolates). The total glucosinolate standard was also used
in the 2" and 3" experiment. Stability tests were performed using buffered and/or

unbuffered HPLC eluents. Experiments were replicated three times.

For the first experiment Rhamno-Benzyl-GS and Ac-Isomer-GS III were fractionated in
unbuffered eluents, dried in a rotary evaporator (Heidolph VV 2000, bath WB 2000,
vacuum pump: Vacuumbrand PC 3000 series, SVC3000), and re-dissolved in 4 ml water.
10 pl of the pure standards (Rhamno-Benzyl-GS > 95%, Ac-Isomer-GS III > 85%) were
diluted in 1 ml water and checked for purity and stability immediately and after 9 days at

room temperature or storage at -20 °C by HPLC analysis using unbuffered eluents.

In the second experiment buffered eluents were used for fractionation of Rhamno-Benzyl-
GS and Ac-Isomer-GS III. Fractions were dried in a vacuum evaporator and re-dissolved
in 4 ml water. 10 ul of the standards were diluted in 1 ml 0.1 M ammonium acetate buffer.
The extract of the complete purified Moringa glucosinolates (total glucosinolate standard)
was included in the second experiment. 10 pl of the total glucosinolate standard were
diluted in 1 ml 0.1 M ammonium acetate buffer. Single glucosinolate standards and
M. oleifera total glucosinolate standard were kept at room temperature, in a freezer at —
20 °C, or thawed and refrozen three-times during the storage for 9 days. Standards were

analyzed by HPLC using unbuffered and buffered eluents immediately and after 9 days.

The third experiment investigated the influence of buffer concentration on stability of
compounds and conversion processes at room temperature. 10 ul of the total
glucosinolate standard were diluted in different buffer concentrations (0 mM, 20 mM,
50 mM, 70 mM, 90 mM ammonium acetate) and glucosinolate profiles were analyzed at

start and after 9 days by HPLC with buffered eluents.
LC-MS analysis

Identity of individual glucosinolates in samples of M. oleifera glucosinolates in desulfo
and intact extracts were analyzed by LC-Ion Trap-MS system consisting of a 1100 series
HPLC (Agilent Technologies, Germany) coupled to an Esquire 6000 ESI-lon Trap mass
spectrometer (Bruker Daltonics, Germany). Samples were separated on a 25 cm x 4.6 mm

Nucleodur Sphinx RP column (5 pm, Macherey-Nagel, Germany) at 25 °C and 1 ml/min
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flow using a binary gradient program with solvent A: 0.2% (v/v) formic acid, B:
acetonitrile: 0-1min: 1.5% B, 1-6min: 1.5-5%, 6-8min: 5-7%B, 8- 18 min:
7-21%B, 18-23: 21-29%, 23 -30 min: 29 -43% B, 30 -30.5 min: 43 - 100% B,
30.5-33 min: 100% B, 33 -33.1 min: 100 -1.5% B, and 33.1 - 35 min: 1.5% B. The
eluent was split 1:3 delivering a flow of 250 pl/min to the ESI source, which was operated
at the following parameters: skimmer voltage: 52.8 V; capillary exit voltage: 117 V;
capillary voltage: -4,000 V/4000 V; nebulizer pressure: 35 psi; drying gas flow: 11 I/min;
gas temperature: 330 °C alternating between +ve (desulfo glucosinolates) and —ve (intact
glucosinolates) ion mode. MS spectra were recorded from m/z 60 — 1000. Retention times
were 13.5 min for p-hydroxybenzyl glucosinolate and 14.7 min for Rhamno-Benzyl-GS
for the analysis of desulfo glucosinolates and 11.6 min for Rhamno-Benzyl-GS, 17.0 min
for Ac-Isomer-GS I, 17.8 min for Ac-Isomer-GS II, and 20.1 min for Ac-Isomer-GS III
for the analysis for intact glucosinolates. Chromatograms of pure Moringa glucosinolates
were recorded to relate identities between the chromatograms recorded on the Dionex

HPLC system and the Merck Hitachi HPLC system.
Statistical analysis

Data were analyzed for significant differences using a one-way ANOVA followed by

Tukey’s-HSD-test using the program SigmaPlot 12.0.

Results

Different HPLC profiles of Moringa oleifera were obtained using the desulfo and

intact glucosinolate extraction method

HPLC and LC-MS analyses of desulfo and intact glucosinolates from M. oleifera
revealed qualitative differences in the obtained profiles. The desulfo extraction method
yielded only one major peak, Rhamno-Benzyl-GS, and one minor peak, eluting at the
same time as p-hydroxybenzyl glucosinolate in the HPLC chromatogram (Figure 1a)
whereas four glucosinolate peaks were identified in the chromatogram following the
intact glucosinolate extraction method: Rhamno-Benzyl-GS and three Ac-Isomer-GSs
(Figure 1b). Combined levels of Ac-Isomer-GSs nearly equaled the content of Rhamno-

Benzyl-GS. p-Hydroxybenzyl glucosinolate was not detected in the intact glucosinolate
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extract. M. oleifera desulfo glucosinolates were identified according to the mass spectra
of protonated molecular ions [M+H]": (1) p-hydroxybenzyl glucosinolate m/z 346
(fragment at m/z 184) and (2) Rhamno-Benzyl-GS m/z 492 (fragments at m/z 330 and
184) (Figure 1c). The mass spectra of de-protonated molecular ions [M-H] of intact
glucosinolates were (1) Rhamno-Benzyl-GS (m/z 570) and (2) Ac-Isomer-GSs I - III
(m/z 612) (Figure 1d).

p-Hydroxybenzyl glucosinolate represented an artifact of the desulfo glucosinolate
extraction method deriving from Rhamno-Benzyl-GS through hydrolysis of rhamnose.
This method also resulted in loss of acetyl-groups in Ac-Isomer-GSs leaving Rhamno-
Benzyl-GS as the only detectable compound after desulfation with sulfatase. The
chemical structure of the intact and desulfo glucosinolates, Rhamno-Benzyl-GS and Ac-
Isomer-GS, in M. oleifera and possible breakdown/fragmentation products are shown in

Figure 2.

76

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



Forster et al. (2015): Development of a reliable extraction and quantification method for
glucosinolates in Moringa oleifera

& desulfo
3000 ——
2000
1000
£
E 0
= 6 8 10 12 14 16 18 20
« 2 s -
O b So 2 Intact
g & © &
400 |- & £
:
200—- & 7
£ 3
L\ A A
0 r
0 2 4 6 8 10 12 14 16 18 20
Time [min]
x10°
¢ desulfo, + MS
R 184.1 Glucosinolate fragment (sinalbin)
4 =
5 J 1073
2 ] 346.2
R7) I I L
5 x10¢ 3
= 3 330.3 desulfo, + MS
= i 3 a-Rhamno-GS
3 184.1
2 4
3 492 2
4 129.2
= Ll " l
100 200 300 400 500 600 700 800 900 m/iz
x107_ 3
2 7 intact, - MS
il d
. 570 a-Rhamno-GS
= 15
— -
= 3 [
S xl0s 3
= = g intact, - MS
=i 2 612 Ac-Isomer-GSs
1 é I

100 200 300 400 500 600 700 800 900 m/z

Fig. 1: Glucosinolate HPLC profiles obtained using the desulfo (a) and intact (b)
glucosinolate extraction method und corresponding MS spectra obtained from

desulfo (c) and intact glucosinolates (d)
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Fig. 2: Structure of the Moringa oleifera glucosinolate molecules formed by the intact or

desulfo glucosinolate extraction method

In spite of the obvious qualitative differences in glucosinolate profiles between desulfo
and intact glucosinolate extraction method, the resulting total glucosinolate amount did
not differ significantly between the extraction methods for M. oleifera leaf material
(Figure 3, one-way ANOVA, Tukey’s-HSD-test, p <0.05). However, the precision of
determination of glucosinolates based on the desulfo method was lower showing about
twice the standard deviation than analyses based on the intact glucosinolate extraction
method (Figure 3, s = 4.5, s = 2.6 respectively). Formation of artifact glucosinolates, loss
of the acetylated glucosinolates, and lower precision of the desulfo glucosinolate
extraction method showed that this method is not suitable for the analysis of

glucosinolates in M. oleifera leaves.
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Fig. 3: Glucosinolate content of leaf material of one Moringa oleifera ecotypes analyzed

with the desulfo and intact glucosinolate extraction method
Stability of purified Moringa oleifera glucosinolates

The results from desulfo method extracts indicated that glucosinolates of M. oleifera and
specifically the three Ac-Isomer-GSs are liable to degradation and transformation
processes. Therefore, stability of glucosinolates under different storage conditions and in

buffered and unbuffered solvent systems was investigated in three consecutive steps.
Degradation of glucosinolate standards in unbuffered conditions (1*' stability test)

Isolated and dried Rhamno-Benzyl-GS and Ac-Isomer-GS (Isomer III) standards
(fractionated by HPLC with unbuffered eluents) were re-dissolved in water and stored at
room temperature and at -20 °C. The glucosinolate profile of the Ac-Isomer-GS III was
completely different after 9 days of storage in water at room temperature compared to
storage at -20 °C while frozen fractions showed only little conversions or degradations of
the Ac-Isomer-GS III (Suppl. Figure 2). At the beginning of the experiment, the Ac-
Isomer-GS III represented 86% of the total glucosinolate amount (standard with 86%

pureness, 3% Rhamno-Benzyl-GS, 8% Ac-Isomer-GS 1, 3% Ac-Isomer-GS 1II). After 9
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days at room temperature, only 29% on the total glucosinolate amount were contributed
by the Ac-Isomer-GS III. While the proportion of Rhamno-Benzyl-GS increased only
marginal from 3 to 6% of the total, the proportions of Ac-Isomer-GS Isomer I and Ac-
Isomer-GS Isomer II increased to 40 and 25% of the total respectively. Interestingly,
levels of Ac-Isomer-GS I and Ac-Isomer-GS II increased remarkably within the 9 days
to levels equal or slightly higher than Ac-Isomer-GS III. Additionally, conversion
processes were recognized after thawing and refreezing of the fractionated Ac-Isomer-
GS III standard (data not shown). No conversion processes were found for the Rhamno-
Benzyl-GS standard. Although it was possible to obtain a pure and stable standard of
Rhamno-Benzyl-GS with our isolation and fractionation procedure in unbuffered
conditions (unbuffered HPLC eluents, water as solvent), it was not possible to obtain a
stable Ac-Isomer-GS III standard. The pure fractionated Ac-Isomer-GS III standard

converted rapidly to a mixture of the three Ac-Isomer-GSs.

Influence of unbuffered and buffered conditions on the stability of glucosinolate
standards (2" stability test)

Because of the previous findings stability of Rhamno-Benzyl-GS, Ac-Isomer-GS III
standards and also of total Moringa glucosinolate standard was investigated in water and
buffered eluents (0.1 M ammonium acetate) under different storage conditions (room
temperature, frozen, frozen with thawing). Total glucosinolate content of each standard
degraded significantly when stored at room temperature for 9 days, falling to
11.26 - 39.71% of initial levels depending on the standard and HPLC eluents used
(Table 1). Degradation was significantly lower in frozen samples ranging from 2.22 to
11.26% and similarly, in samples, which had been thawed and refrozen repeatedly.
Degradation of the total glucosinolate content in each standard stored at room temperature
was significantly lower when analyses were carried out in buffered HPLC conditions
(total glucosinolate standard p < 0.001, Rhamno-Benzyl-GS p = 0.011, Ac-Isomer-GS III
p = 0.002). Glucosinolate composition in standards of total glucosinolate and Ac-Isomer-
GS III also changed rapidly (Figure 4) in addition to reduction of total glucosinolate
content of the different standards (Table 1). The proportion of Ac-Isomer-GS III fell from
81.1% to 21.84% of the total after 9 days at room temperature and under buffered

conditions, while proportions of Ac-Isomer-GS I, Ac-Isomer-GS II and Rhamno-Benzyl-
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GS increased correspondingly (Figure 4). A similar change in isomer proportions was

also observed for the total glucosinolate standard.

Tab. 1: Degradation of the total glucosinolate content of in buffer dissolved purified
glucosinolates related to initial determined amounts (100%) under different
storage conditions measured using buffered or unbuffered eluents after 9 days
(one-way ANOVA, Tukey’'s-HSD-test, p <0.04, initial determined amounts

were determined as “a” for statistical analysis)

Percentage [%] of remaining GS of initial
amounts after 9 days
. Storage condition
Purified HPLC eluents
GS Room Frozen incl.
Frozen .
temperature thawing
67.72 94.11 84.36
Total Unbuffered . b b
isolated
G Buffered 88.74 96.35 89.01
uere b ab ab
60.29 96.90 99.48
Rhamno- Unbuffered
Benzyl- o y :
cs ) Buffered 73.55 88.74 94.38
uffere d . b
65.52 97.73 96.74
IAc_ Unbuffered b . .
somer-
GS 111 Buffered 79.05 91.41 90.59
b ab ab

GS = glucosinolate
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Standard At the bEEJ—“_—“mg of the After 9 days at room
expermment temperature

Total GS

standard

50.20 61.15

AcIsomerGS IIT

D u-rhamnopyranosyloxy-benzyl G5 . acetyl-u-rhamnopyranosyloxy-benzryl GS Isomer I

. acetyl-urhamnopyranosyloxy-benzyl G5 Isomer II . acetyl-urhamnopyranosyloxy-benzyl GS Isomer II

Fig. 4: Percentage of single glucosinolates on total glucosinolate amounts in the total
isolated glucosinolate standard and the acetyl-4-a-rhamnopyranosyloxy-benzyl
glucosinolate standard (Isomer III) determined initially and after 9 days in

buffered conditions at room temperature

Glucosinolate conversion processes of standards dissolved in different buffer

concentrations (3" stability test)

The conversion of the Ac-Isomer-GS III into different Ac-Isomer-GSs as described
before was also observed for the total glucosinolate standard and increased with
increasing buffer concentration (Table 2). As expected the proportion of the Ac-Isomer-
GS III decreased, while proportions of Ac-Isomer-GS I and II increased with increasing

buffer concentrations (0 mM, 20 mM, 50 mM, 70 mM, 90 mM ammonium acetate).
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However, the total degree of degradation of the glucosinolates was reduced with the

increasing buffer concentration.

Tab. 2: Glucosinolate degradation and conversion processes of the total isolated

glucosinolate standard in different buffer concentrations after 9 days at room

temperature, a) individual glucosinolate percentage on the total isolated

glucosinolate standard [%], b) change of the glucosinolate content of single

glucosinolates [%]

Rhamno Ac- Ac- Ac-
-Benzyl- Isomer- Isomer- Isomer  Total
GS GS1 GSII -GSII
a
Beginning of the experiment
Buffer 61.11 2.31 1.13 35.46 100
concentration
[mM] After 9 days
0 61.95 2.98 1.20 33.86 100
20 61.35 6.09 2.74 29.82 100
50 60.73 9.23 4.97 25.06 100
70 61.54 11.02 6.34 21.10 100
90 61.22 12.99 7.20 19.29 100
b
Beginning of the experiment
Buffer 100 100 100 100 100
concentration
[mM] After 9 days
0 -39.34 -22.71 -36.12  -42.86 -40.17
20 -41.38 +40.40  +3596  -51.65 -42.09
50 -32.31 +108.29 +167.52 -54.82 -33.99
70 -35.55  +110.05 +197.85 -62.41 -37.10
90 -32.26  +122.33 422936 -64.06 -34.11

GS = glucosinolate
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Discussion

In the present paper, we investigated two existing glucosinolate extraction methods with
the aim to determine a method, which allow a reliably determination of glucosinolate
profiles of M. oleifera leaves. Chromatograms of glucosinolate extracts of leaf material
using the desulfo and intact glucosinolate extraction method revealed completely
different glucosinolate profiles. Rhamno-Benzyl-GS and three Ac-Isomer-GSs were
detected with HPLC, with the Ac-Isomer-GS Isomer III as the second most abundant
compound next to Rhamno-Benzyl-GS when using the intact extraction method. By
contrast, only Rhamno-Benzyl-GS and an artifact, p-hydroxybenzyl glucosinolate, which
is formed from Rhamno-Benzyl-GS through hydrolytic cleavage of rhamnose, were
found in extracts using the desulfo glucosinolate extraction method. The total loss of
acetyl isomers in extracts following the desulfo protocol suggests the presence of

hydrolytic conditions during the extraction.

Hydrolysis of acetyl groups and sugars is performed easily and widely used in natural
product chemistry. For example, McMurrough et al. (1982) used acid hydrolysis to
determine the natures of aglycons and sugars of flavonol glycosides of hops. Acid
hydrolysis of naturally occurring flavonoids is often used to release the sugar residues
linked to the flavonoid aglycon enabling a further study of the flavonoids aglycon (Lee et
al., 1995). Using this method Sharaf et al. (1997) identified several flavonoids in Cleome
and Capparis species by determining different sugars (rhamnose, glucose) in the
flavonoid molecule. Thomas et al. reported already 1958 that an acid hydrolysis of
naringin resulted in the degradation products rhamnose, glucose and the aglycon,

naringenin.

The elution of methanolic extracts of glucosinolates from DEAE Sephadex with K2SO4
yielded all Ac-Isomer-GSs in the intact glucosinolate extract from M. oleifera (see
section: 2.3.1) although preparation of DEAE Sephadex anion exchanger columns was
the same as for the desulfo glucosinolate extraction method. Thies (1988) reported that
this step in the intact glucosinolate extraction method is in principle suitable for
preparation of all intact glucosinolates. The only differences in column conditions after

application of methanolic extracts between the intact glucosinolate extraction procedure
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and the desulfo glucosinolate extraction method were application of sodium acetate buffer
(pH = 4), of sulfatase solution, and incubation of glucosinolates on the column at pH 4
and room temperature for about 12 h. It is reasonable to assume that overnight incubation
(nearly 12 h) of glucosinolate extracts with sulfatase at room temperature and at pH 4
may facilitate the observed hydrolysis of the glucosinolates. Acidic hydrolysis depends
on temperature, time, and acid concentration in general (Jeevan et al., 2011) and Varki &
Diaz (1984) reported losses of 30 - 60% of acetyl groups from of sialic acids through ion-
exchange chromatography. Hydrolysis would favour cleavage of the acetyl groups but
also lyse the more stable glycosidic bond of the rhamnose moiety from the glucosinolate
could be the result (Figure 2), leading p-hydroxybenzyl glucosinolate, which was

observed as artifact and does not occur naturally in M. oleifera leaves.

In contrast to the complete change of the M. oleifera glucosinolate profile when using the
two different glucosinolate extraction methods, the quantitation of total glucosinolate
content was nearly the same with both extraction methods but did show a higher variance
for total glucosinolates from desulfo extracts. Appearance of artifacts was also reported
by other authors using the standard desulfo extraction method. For example, Bennett et
al. (2007) observed artifacts formed during extraction of 4-mercaptobutyl glucosinolate,
the major glucosinolate of Eruca sativa, which oxidized forming two a dimer and two

disulfide derivatives.

The acetyl isomers of Rhamno-Benzyl-GS were not only sensitive to the extraction
method used but also showed considerable re-arrangement activity at room temperature
and in buffered solution. For example standards of Ac-Isomer-GS III converted over time
to Ac-Isomer-GSs I and II and Rhamno-Benzyl-GS yielding approximately equal
amounts of all three Ac-Isomer-GSs after 9 days. Only slight conversion processes were
detected after three freeze-thaw cycles of Ac-Isomer-GS. Apparently, the acetyl group
was able to move between the three hydroxyl groups of the rhamnopyranose. A similar
phenomenon was reported by Varki & Diaz (1984) for acetylated sialic acids who found
that re-arrangement of acetyl groups on sialic acids was affected by temperature and pH.
Roslund et al. (2008) demonstrated the migration of acetyl groups on galactopyranos and
were able to minimize these conversion processes during HPLC by using ammonium

acetate buffer as eluents. Our study confirmed these findings for Moringa glucosinolates
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as single and total standards maintained their integrity during HPLC analyses when using

0.1 M ammonium acetate buffer.

A very slow loading of solutions and methanolic glucosinolate extract onto the anion
exchanger increased total glucosinolate yield of our glucosinolate purification method
(results not shown), which can be explained by the polarity of the glucosinolates. Linkage
to a sugar molecule increases the polarity of the molecule and consequently the water
solubility. Aherne & O’Brien (2002) reported this finding for flavonols, where a
glycosidic linkage increased the flavonol polarity. Different glucosinolates vary in their
affinity to DEAE Sephadex anion exchanger A25. 2-Propenyl glucosinolate and benzyl
glucosinolate have a very low affinity to DEAE Sephadex, indole glucosinolates and
glucosinolates substituted with phenolic acyl groups show a high affinity (Agerbirk &
Olsen, 2012). The presence of a rhamnose and additional acetyl group in the molecules
of Moringa glucosinolates might result in a lower glucosinolate affinity to DEAE
Sephadex. In any case, the elution volume of glucosinolates on DEAE Sephadex depends
on the individual glucosinolate and has not yet been analyzed sufficiently for acylated
glucosinolates (Agerbirk & Olsen, 2012). The glucosinolate content of leaf material of
M. oleifera is also very high compared to Brassicaceae (up to 600 umol/g dry weight) and
fast application of extracts in combination with a comparably short column and
potentially extended time to achieve on exchange equilibrium may essentially overload

the column.

Our results showed that the desulfo glucosinolate extraction method resulted in the
production of artifact glucosinolates and a loss of acetylated glucosinolates and that it is,
therefore, not adequate for analysis of individual M. oleifera glucosinolates. The
optimized intact extraction method described here was able to determine reliably the
natural glucosinolate profile in M. oleifera leaves. Because of rapid degradation of
standards at room temperature, frozen storage is recommended, which is not affected by

repeated freeze-thaw cycles.
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Supplemented Figures

Flow chart — Experiments with Moringa glucosinolates (GS)

Finding Experiment
Different profiles in GS Comparison of desulfo and intact GS
extracts using the desulfo % extraction method
/intact GS extraction to find a method which allows a reliable
method determination of the natural GS profile of
Moringa

Moringa GS in extracts Isolation and preparation oftotal GS and of

|

were unstable at room single GS
temperature
Stability testing
of standards under different conditions
(Change of GS content and profile after 9 days)

1%t Stability test
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in the Ac-Tsomer-GS III measured in unbuffered and buffered eluents

standard and total GS (stored at room temperature, -20°C, thawing an
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314 Stability test

Conversion processes Total glucosinolate standard prepared in

increased with a higher unbuffered conditions, diluted in different buffer
buffer concentration (shift é- concentrations, measured in buffered eluents
in the isomer proportion) (Room temperature)

Suppl. Fig. 1: Flow chart of consecutive performed experiments (test sequence)
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Suppl. Fig. 1: Chromatograms of the acetyl-4-o-rhamnopyranosyloxy-benzyl

glucosinolate (Isomer III) standard stored frozen or at room temperature

for 9 days
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Kapitel IV - Antioxidatives und mutagenes Potential von M. oleifera-
Glucosinolaten

Wie bereits ausgefiihrt, wird Hydrolyseprodukten von einigen Glucosinolaten ein
antioxidatives sowie antikarzinogenes Potential zugeschrieben (u. a. reviewed in Clarke
et al., 2008; Zhang & Talalay, 1998). Wie u. a. fiir Sulforaphan oder Phenylethyl-
Isothiocyanat gezeigt werden konnte (Krajka-Kuzniak et al., 2015; Saw et al., 2011),
konnen Glucosinolate die Expression von Genen, welche Phase 1I- sowie antioxidative
Enzyme kodieren, beeinflussen. Diese Stimulation erfolgt iiber den Nrf2/ARE-Signalweg
(Haack et al., 2010; Krajka-Kuzniak et al., 2015; Saw et al., 2011). Dieses wird als ein
Indiz auf ein antioxidatives sowie antikarzinogenes Potential des Glucosinolates
gewertet. Im Gegensatz dazu wurden in Studien jedoch auch mutagene und
bakteriotoxische Effekte von Glucosinolaten nachgewiesen (Baasanjav-Gerber et al.,

2011; Glatt et al., 2011).

M. oleifera weist sehr hohe Gehalte von strukturell selten vorkommenden Glucosinolaten
auf (Bennett et al., 2003; Forster et al., 2015a). Hierbei ist am Aglykon des aromatischen
Glucosinolates (Phenolring) ein weiteres Zuckermolekiil, die Rhamnose, gebunden.
Untersuchungen von Cham (2007) zeigten, dass durch ein Zuckermolekiil besondere
Molekiilstrukturen entstehen konnen, welche antikarzinogene Effekte begriinden konnen.
So fanden Cham & Daunter (1990) heraus, dass die Bindung von Solamargin an
Tumorzellen durch die Rhamnose vermittelt wurde. Fiir die Glucosinolate von

M. oleifera sollten daher folgende Aspekte untersucht werden:

- Sind zytotoxische Effekte von M. oleifera-Glucosinolaten an HepG2-Zellen
nachzuweisen?

- Besitzen die Glucosinolate von M. oleifera das Potential antioxidativ und
antikarzinogen zu wirken?

- Werden die Effekte iiber den Nrf2/ARE-Signalweg vermittelt?

- Wird die Transkription und Translation von Nrf2-Zielgenen durch die
Glucosinolate von M. oleifera in HepG2-Zellen beeinflusst?

- Konnen fiir die M. oleifera-Glucosinolate mutagene und genotoxische Effekte

nachgewiesen werden?
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Die in diesem Kapitel dargestellten Fragenstellungen werden in folgender Publikation

behandelt:

Forster, N.; Mewis, 1.; Glatt, H. R.; Haack, M.; Brigelius-Flohé, R.; Schreiner,
M. & Ulrichs, C. (2016): Characteristic single glucosinolates from Moringa
oleifera: Induction of detoxifying enzymes and lack of genotoxic activity in
various model systems. Food & Function 7: 4660-4674.
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Abstract

Leaves of Moringa oleifera are used in tribes as biological cancer medicine. Scientific
investigations with M. oleifera conducted so far used almost exclusively total plant
extracts. Studies on the activity of single compounds are missing. Therefore, biological
effects of the two main aromatic multi-glycosylated glucosinolates of M. oleifera were
investigated in the present study. The cytotoxic effects of the M. oleifera glucosinolates
were identified for HepG2 cells (NRU assay), for V79-MZ cells (HPRT assay, SCE
assay), and for two Salmonella typhimurium strains (Ames test). Genotoxic effects of
these glucosinolates were not observed (Ames test, HPRT assay, and SCE assay).
Reporter gene assays revealed a significant increase in the ARE-dependent promoter
activity of NOOI and GPx2 indicating an activation of the Nrf2 pathway by M. oleifera
glucosinolates. Since both enzymes can also be induced via activation of the AhR,
plasmids containing promoters of both enzymes mutated in the respective binding sites
(pGL3enh-hNQO1-ARE, pGL3enh-hNQO1-XRE, pGL3bas-hGPX2-mutARE,
pGL3bas-hGPX2-mutXRE) were transfected. Analyses revealed that the majority of the
stimulating effects was mediated by the ARE motif, whereas the XRE motif played only
a minor role. The stimulating effects of M. oleifera glucosinolates could be demonstrated
both at the transcriptional (reporter gene assay, real time-PCR) and translational level

(enzyme activity) making them interesting compounds for further investigation.

Introduction

Cancer is still the most frequent cause of human death all over the world (8.2 million
cancer-related deaths in 2012; Steward & Wild, 2014). Next to chemo- and radiotherapy
in oncology as common methods to fight cancer, medical plants, used as herbal drugs in
traditional and tribal medicine for centuries, are still objects of research. Several authors
reported that herbs and herbal extracts possess cancer-preventing properties (e. g. Aruna
& Sivaramakrishnan, 1992; reviewed in Craig, 1999), e. g. Allium sp. (garlic, onion),
members of the Labiatae family (basil, mints, thyme), Zingiberaceae family (turmeric,
ginger), or Umbelliferae family (anise, caraway, coriander, cumin). According to

literature, these antioxidative, anticarcinogenic, and anti-inflammatory effects depend on
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plant secondary metabolites such as flavonoids, alkaloids, phenolic acids, and

glucosinolates.

Because of its high nutritional value, Moringa oleifera — the so-called miracle tree — is
used to overcome famine and malnutrition, especially in Africa. Leaves, bark, and seeds
were used in form of extracts, teas, or ointments to fight eye-, ear- and skin-infections,
fever, swelling, headaches, intestinal worms (reviewed in Mahmood & Ul Haq, 2010)
and various tumors (Hartwell, 1971). The anticarcinogenic potential of aqueous,
ethanolic, and methanolic extracts of total leaf, seed, pod or root bark as well as plant
material and individual substances of M. oleifera has been demonstrated in in vitro and
in vivo studies. Underlying mechanisms include the modulation of phase I, phase II, and
antioxidant enzymes thereby suppressing, for example, skin or colon papillomagenesis in
cell systems and mice (Bharali et al., 2003; Budda et al, 2011; Rahan et al., 2016; Sharma
& Paliwal, 2014). Furthermore, cytotoxic effects of M. oleifera extracts on different
cancer cell lines were described (Costa-Lotufo et al., 2005; Khalafalla et al., 2010;
Parvathy & Umamaheshwari, 2007). Particularly the leaves of M. oleifera are
characterized by very high contents of multi-glycosylated aromatic glucosinolates
(Bennett et al., 2003; Forster et al., 2015a). Other glucosinolates, in particular their
metabolites, isothiocyanates, are known to influence the expression of detoxifying
enzymes, too. For example sulforaphane, a breakdown product of glucoraphanin (4-
methylsulfinylbutyl glucosinolate) present, for example, in broccoli, induces phase I and
phase Il enzymes and/or initiates apoptosis and cell cycle arrest (Clarke et al., 2008;
Fahey et al.,, 1997; Zhang et al., 1992; Zhang & Talalay, 1998). Isothiocyanates (-
N=C=S), glucosinolate hydrolysis products, act as Michael reaction acceptors (Talalay,
2000) and therefore play a major role in the induction of phase Il enzymes and enzymes
of the defense system via Nrf2 (Krajka-Kuzniak et al., 2015). Next to sulforaphane,
phenethyl isothiocyanate was shown to have similar effects (Krajka-Kuzniak et al., 2015;

Krajka-Kuzniak et al., 2011; Saw et al., 2011).

M. oleifera is often used in tribal medicine but scientific investigations conducted so far
focused almost exclusively on total plant extracts. Therefore, we investigated the
biological effects of the characteristic aromatic multi-glycosylated glucosinolates found

in M. oleifera. The performed assays were carried out with the two main glucosinolates
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from leaf extracts of M. oleifera: the 4-a-rhamnopyranosyloxy-benzyl glucosinolate
(Rhamno-Benzyl-GS) and acetyl-4-a-rhamnopyranosyloxy-benzyl glucosinolate Isomer
III (Ac-Isomer-GS III) (structural formulas in Suppl. Figure 2). The aim of this study was
to identify putative cytotoxic effects of hydrolyzed glucosinolates on HepG2 cells as well
as the potential to protect against inflammatory and carcinogenic stimuli. Additionally, it
was analyzed whether the M. oleifera glucosinolates stimulate phase II and antioxidant
enzymes via the Nrf2/ARE and/or the AhR/XRE pathways. Stimulation of genes
encoding for enzymes associated with cancer-inhibiting or prevention potential was
analyzed in the luciferase reporter gene assays. Genes encoding NQO1, GPx2, and Srx
were selected. These enzymes belong to those of the defense system which detoxify and
eliminate xenobiotics and reactive metabolites, including H>O» and other reactive oxygen
species (ROS) that may cause damage to cells and tissues (Matés et al., 1999; Yang et al.,
2010). These reactive molecules may increase risk of cancer and other chronic
degenerative diseases probably associated with oxidative stress (Kwak et al., 2004;
Talalay et al., 2003; Yu & Hensler, 2005). Various genes that encode phase II and
enzymes of the defense system contain an ARE motif in their promoter region (Nguyen
etal., 2003) and are therefore induced via the Nrf2 pathway. NOO!I (Nioi & Hayes, 2004),
GPx2 (Banning et al., 2005), Srxnl (Kim et al., 2010), and 7rxR/ (Hintze et al., 2003)
belong to the group of Nrf2 target genes. As reviewed in Denison et al. (2002), also
different secondary plant metabolites like carotenoids, flavonoids, and phenolics were
found to have stimulatory effects on the AhR/XRE signaling pathway. Therefore, the
stimulatory effects of the M. oleifera glucosinolates on AhR/XRE was also investigated.
Furthermore, the genotoxic effects of the hydrolyzed M. oleifera glucosinolates were
analyzed since examinations of some glucosinolates and their corresponding breakdown
products have demonstrated the formation of DNA damage and mutagenic effects

(Baasanjav-Gerber et al., 2011a; Glatt et al., 2011; Krehl et al., 2012).
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Materials and methods

Preparation of M. oleifera glucosinolate extracts and standards

Two main glucosinolates of M. oleifera, a-4-rhamnopyranosyloxy-benzyl glucosinolate
(Rhamno-Benzyl-GS) and acetyl-a-4-rhamnopyranosyloxy-benzyl glucosinolate Isomer
I (Ac-Isomer-GS III), and three standards obtained from other plant species, 4-
hydroxybenzyl  glucosinolate  (sinalbin),  4-methylsulfinylbutyl  glucosinolate
(glucoraphanin), and 3-indolylmethyl glucosinolate (glucobrassicin), were selected for
this study. The two M. oleifera glucosinolates were fractionated from the methanolic leaf
extract from ecotype 4880 (origin in the USA) as described in more detail in Forster et al.
(2015b). Briefly, 25 g powdered freeze-dried leaf material was heated up to 80 °C in
300 ml 70% methanol for 10 min. After centrifugation (12,000 g, 10 min) the pellet was
re-extracted two times with 100 ml 70% methanol. Columns (Telos Filtration Columns,
Kinesis, 150 ml) were prepared with DEAE Sephadex solution, imidazole solution and
ultra-pure water. The combined supernatants were loaded on the columns. After washing
the columns with formic acid:isopropanol:water (ratio 3:2:5) and ultra-pure water, the
glucosinolates were precipitated by eluting with 0.5 M potassium sulfate into pure
ethanol. The supernatants were dried, re-dissolved in methanol (99.8%), and centrifuged.
Ethanol was added to the supernatants and solvents were evaporated to dryness. The
resulting crystallized glucosinolate mixture was re-dissolved in ultra-pure water and used
for fractionation of single glucosinolates on a Dionex HPLC system equipped with a
fraction collector (Dionex FOXY). Glucosinolates were separated on 2.1 x 250 mm
AcclaimTM 120 RP18 column (5 um, Dionex) at 25 °C. Buffered eluents (eluent A:
100% 0.1 M ammonium acetate, B: 40% acetonitrile/0.1 M ammonium acetate) were
used for analysis. The eluent program was: 0 -1 min 0.5% B, 8-10min 20% B,
18 - 19 min 50% B, 28 -33 min 99% B and 36 -43 min 0.5% B at a flow rate of
0.4 ml/min and the eluent was monitored at 229 nm. The identity of the M. oleifera
glucosinolates was proved by mass spectrometry. Rhamno-Benzyl-GS had a purity of
>95%, Ac-Isomer-GS III > 85% (Ac-Isomer-GS I and II<12%, Rhamno-Benzyl-
GS <2%). A purity of > 85% of Ac-Isomer-GS III had to be accepted because of the
instability of this compounds as described in Forster et al. (2015b). The other

glucosinolate standards included in the analysis for comparison of bioactivity, sinalbin,
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glucoraphanin, and glucobrassicin, were isolated according to the procedure described in

Baasanjav-Gerber et al. (2011a).

Different bioassays were performed using the two main leaf glucosinolates of M. oleifera
in their hydrolyzed form (by adding myrosinase) to analyze (1) potential cytotoxic effects
(neutral red uptake (NRU) assay), (2) the protective capacity against inflammatory stimuli
and carcinogens (luciferase reporter gene assay, gene expression analysis, enzyme
activity analysis), and (3) possible mutagenic effects (Ames test, HPRT assay, SCE

assay).
HepG2 cell culture

The human hepatocellular carcinoma cell line (HepG2 cells, ATCC HB-8065) was used
for the NRU-assay, and reporter gene, gene expression, and the gene activity assays. Cells
were grown in RPMI-1640 medium (Gibco, Karlsruhe), supplemented with 2 mM L-
alanyl-L-glutamine (Gibco), 10% heat inactivated fetal calf serum (FCS, Biochrom,
Berlin), 100 U/ml penicillin (Gibco), and 100 pg/ml streptomycin (Gibco), pH 7.1, in an
incubator (humidified atmosphere) at 37 °C and with 5% CO,. All experiments were

repeated three times in triplicate.
Neutral Red Uptake (NRU) assay

The cytotoxicity of the M. oleifera glucosinolates was analyzed using the NRU assay
described in detail in Repetto et al. (2008). Briefly, HepG2 cells were seeded at a density
of 4 x 10* cells per well in 96-well plates. After 24 h, the culture medium was removed
and cells were treated with a defined concentration of the glucosinolates dissolved in
FCS-free culture medium in the presence of myrosinase (3.8 U/ml, Sigma-Aldrich). The
final glucosinolate concentrations in wells were 0 (control), 2.5, 5, 10, 20, 30, 40, 50, and
100 uM. After an additional 24 h, the medium was removed and culture medium
containing neutral red (40 pg/ml, Sigma-Aldrich) was added for a further 24 h. Then,
cells were washed with PBS and neutral red destainer solution (50% (v/v) ethanol, 49%
(v/v) sterile water, 1% (v/v) glacial acetic acid). The absorbance was measured
photometrically (Plate photometer Synergy 2, Biotek Instruments GmbH, Bad
Friedrichshall) at a wavelength of 540 nm.
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Luciferase reporter gene assay

HepG2 cells were seeded in 24-well plates (1.5 x 10°cells per well). After 24 h the cells
were transfected with pSV-B-galactosidase control vector (0.5 pg/cavity, Promega,
Mannheim), TurboFect™ Transfection Reagent (0.65 pl/cavity, Thermo Scientific, St.
Leon-Rot), and the relevant reporter plasmid (0.15 pg/cavity, pGL3-basic or pGL3-
enhancer, Promega, Mannheim) according to the manufacturer’s protocol. Cells were
stimulated with 1, 2.5, and 5 uM glucosinolate in the presence of myrosinase (3.8 U/ml;
control only myrosinase) for additional 24 h. Then, cells were washed with PBS, scraped
off, suspended in 150 pl lysis buffer (5x RLB, Promega, Mannheim), and frozen.
Luminescence was determined by analyzing 20 ul of the lysate (Luminoskan Acent,
Labsystems, Finland). Luciferase activity was normalized to -galactosidase activity,
determined photometrically at 405 nm (Plate photometer Synergy 2, Biotek Instruments,
Bad Friedrichshall) (Haack et al., 2010). Reporter gene assays were performed with
specifically modified luciferase reporter plasmids (Table 1). The respective unmodified
luciferase plasmids of pGL3-basic and pGL3-enhancer (pGL3 luciferase reporter vector,

Promega, Mannheim, Germany) served as controls.
Plasmid constructions

Promoter regions of human NQOI (NAD(P)H:quinone oxidoreductase 1), GPx2
(glutathione peroxidase 2), and murine Srxn/ (sulfiredoxin 1) genes were obtained by
PCR from the genomic DNA from HepG2 cells and cloned into the reporter vector pGL3-
basic (described in detail for GPx2 in Banning et al., 2005). To analyze the influence of
the ARE and XRE core sequences on the NOOI gene promoter activity, the respective
promoter sequences of the human NOOI-ARE and —XRE (Nioi & Hayes, 2004) were
cloned into the reporter vector pGL3-enhancer (pGL3enh-hNQOI-ARE, pGL3enh-
hNQOI-XRE; Table 1). To verify the involvement of ARE and/or XRE, the core
sequences of the human GPx2 promoter were modified by site-directed mutagenesis. The
sequences obtained were inserted in the pGL3-basic reporter vector (described in detail
in Lippmann, 2013). All reporter plasmids formed the basis for luciferase reporter gene

assays.
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enhancer

systems
Tab. 1: Plasmids used in the reporter gene assays in the present study

Plasmids Plasmid characteristics Source
pSV- B-Gal Control vector plasmid, Promega,

B-galactosidase Mannheim
pGL3-basic Luciferase reporter gene plasmid | Promega,

without promoter or enhancer Mannheim
pGL3-enhancer Luciferase reporter gene plasmid | Promega,

without promoter but with Mannheim

pGL3bas-hNQO1-1080+20

1,099 bp of the human NQO1
promoter in pGL3-basic

Lippmann, 2013

pGL3bas-hGPX2-2111+1

2,111 bp of the human GPx2
promoter in pGL3-basic

Banning et al.,
2005

pGL3bas-mSRXNI-
795+217

1,011 bp of the murine Srxn
promoter in pGL3-basic

Kim et al., 2010

pGL3enh-hNQOI-ARE pGL3-enhancer with 1 copy of the | This study
hNQOI-ARE
pGL3enh-hNQOI-XRE pGL3-enhancer with 1 copy of the | This study

hNQOI-XRE

pGL3bas-hGPX2-mutARE

GPx2 promoter in pGL3-basic
with mutation in the ARE core
sequence

Banning et al.,
2005

pGL3bas-hGPX2-mutXRE

GPx2 promoter in pGL3-basic
with mutations in the XRE core
sequence

Haack et al.,
2010

Analysis of gene expression
RNA-extraction

HepG2 cells were seeded in 6-well plates (5 x 10° cells per well). The culture medium
was removed after 48 h. Starvation medium (1979 pl) and 21 pl of a stock solution
containing autoclaved water, the respective glucosinolate (standard 1 mM), and
myrosinase (3.8 U/ml) were added. Hence, the cells were stimulated with a glucosinolate
concentration of 5 uM. After 8 h the medium was removed and each well was washed
with 2 ml PBS twice. Afterwards, the cells were incubated with 0.5 ml trypsin solution
per well for 4 min at 37 °C in the incubator. Five ml culture medium was added to each

well. Cells were suspended and transferred into a 15 ml centrifugation tube. The tubes
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were centrifuged for 5 min at 300 g and room temperature. The cell pellet was snap-
frozen in liquid nitrogen and stored at -80 °C until RNA extraction. RNA extraction was
done according to the protocol in the extraction sets of Qiagen (RNeasy Mini Kit Set,
RNAse-free-DNase Set). Twice 20 ul RNAse-free water was added on the filter
membrane to elute RNA. The RNA concentration and quality in the samples were
determined by using an Agilent RNA 6000 Nano Kit (Agilent Technologies) and Agilent
2100 Bioanalyzer. RNA samples used for analysis had a RNA integrity number (RIN) of
9-10.

Reverse transcription PCR

Reverse transcription of RNA into cDNA was performed in a thermocycler (Biometra,
Gottingen). Three pg RNA (ul calculated by RNA concentration of each sample), 1.5 pl
oligo-dT(15) primer (100 uM, Promega Mannheim), and autoclaved water (ad 21 pl)
were mixed. Samples were transferred into a thermocycler and the following program
was applied: (1) 4 min at 72 °C, (2) 2h 37 °C, (3) 10 min 94 °C, (4) 10°C. At the
beginning of step (2) of the program, 24 ul of the master mix (0.7 nM dNTPs (Bioline,
Luckenwalde), 9 ul 5x M-MLV RT buffer (Promega), 0.1 mg/ml BSA (New England
Biolabs, Frankfurt a. M.), 0.75 pul rRNAsin® RNase Inhibitor (40 U/ul, Promega), 4 U/ul
M-MLYV Reverse Transcriptase (Promega), and 9.9 ul autoclaved water) were added to

each sample. The cDNA concentration of each sample was adjusted to yield 20 ng/pl.
Real-time PCR

To analyze the expression of selected genes 11 ul (12 pl as blank) autoclaved water, 1 pl
dissolved cDNA, and 13 pl master mix were added per well in a 96-well plate. The master
mix included 2.5 pl TrueStart™ Taq Buffer (10x, Thermo Scientific, St. Leon-Rot),
1.5 ul MgCl (25 mM, Thermo Scientific, St. Leon-Rot), 0.5 ul dNTPs (10 mM, Bioline,
Luckenwalde), 0.25 ul forward primer (25 mM), 0.25 pul reverse primer (25 mM),
7.625 ul autoclaved water, 0.25 ul SYBR®Green I, and 25 mU/pl TrueStart™ Taq DNA
Polymerase (Thermo Scientific) per well. The following real-time PCR program was
used: (1) 5 min at 95 °C, (2) 30 s at 95 °C, (3) 30 s at 60 °C, (4) 30 s at 75 °C, (5) 1 min
at 95 °C, (6) 30 s for 60 °C (slow temperature increase to 95 °C), (7) 30 s at 95 °C (steps

(5) = (7): melting curve). Steps (2) to (4) were repeated 39 times. Measurements were
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done with the Mx3005P™ gPCR System (Stratagene, Amsterdam/Netherlands) and the
program MXPro qPCR Software 4.10 of Stratagene. The mRNA expression of the genes
was analyzed in triplicate and repeated three times. For normalization, two reference
genes (ACTB, RPL13A) were used. The relative quantification was done by a standard
curve with purified PCR products ranging from 1 x 10° to 1 x 10® copies (calibration line)

of each analyzed gene.
Enzyme activities

Next to NQOI1, the enzyme activity of TrxR1 was measured. Due to a lack of substrate
specificity of GPx2, the analysis gave results for the enzyme activity of all GPx enzyme

forms. Therefore, GPx2 was excluded from the enzyme analysis experiment.

Seeded cells (10* cells per well, 96-well plate) were stimulated with 5 uM sinalbin,
glucoraphanin, Rhamno-Benzyl-GS, Ac-Isomer-GSs III and myrosinase (3.8 U/ml) or
treated with myrosinase only (control). To measure the influence of selenium on the
enzyme activity, sodium selenite (final concentration 50 nM) was added. After three days

the cell lysate was prepared as described in detail in Lippmann (2013).
NQO1

NQOI1 activity was determined after a protocol of Prochaska & Santamaria (1988).
Three ul cell lysate, 50 ul NQOI1 inhibition solution (determination of NQOI-
independent conversion of 5,5’-dithio-bis (2-nitrobenzoic acid) to 5-thio-2-nitrobenzoic
acid; 0.3 mM dicoumarol in 0.5% DMSO and 0.5 mM potassium phosphate, pH 7.4) or
50 ul water (determination of NQO1-dependent and NQO1-independent conversion), and
197 pl master mix (25 mM Tris/HCIL, 655 mg/l BSA, 9.9% Tween 20, 5 uM FAD, 1 mM
glucose-6-phosphate, 30 uM NADP, 300 mg/l 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 0.3 mU/ul glucose-6-phosphate dehydrogenase,
50 uM menadione) were mixed. The change in absorption caused by the reduction of
MTT by menadione was determined photometrically at 590 nm for a period of 5.5 min
(Plate photometer Synergy 2, Biotek Instruments, Bad Friedrichshall). The NQOI-
independent conversion (background activity determined in the presence of dicoumarol,

an NQOI inhibitor) was deducted from the total conversion (independent + dependent
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conversion determined in the absence of dicoumarol) to determine the NQOI1 activity

(dependent conversion). Calculation was based on the Lambert-Beer’s law.
TrxR1

The thioredoxin reductases 1 (TrxR1) activity was measured based on the protocols of
Amér et al. (1999) and Gromer et al. (2002). Reaction buffer (200 ul; 100 mM potassium
phosphate, 2 mM EDTA, pH 7.4) and 15 pl DTNB (50 mM in DMSO) were added to
10 pl cell lysate. The reaction was started by adding 25 pl NADPH (2 mM in reaction
buffer). The values of an unspecific conversion of DTNB (reaction without NADPH,
independent reaction) were deducted from the determined conversion by adding NADPH
(independent + dependent reaction). The increase in absorption was determined
photometrically at 412 nm at the first two minutes of the chemical reaction based on the
Lambert-Beer’s law. To calculate the enzyme activity [mU/mg protein] the protein
content in the cell lysate was determined after a method of Bradford (1987). Ten ul cell
lysate and 200 pl staining solution (diluted 1:5, Bio-Rad, Miinchen) were incubated for
10 min at room temperature. The extinction was determined photometrically at 630 nm.
The protein concentration was quantified by a standard curve of BSA (Protein Assay

Standard II, Bio-Rad).
Genotoxicity assays

The genotoxicity tests were conducted in the presence of myrosinase, unless specified
otherwise. The protocols correspond to those previously used with 1-methoxy-3-
indolylmethyl glucosinolate (neoglucobrassicin). This glucosinolate had provided clear
positive results in all three test systems (Baasanjav-Gerber et al., 2011b; Glatt et al.,

2011).
Gene mutation assay in Salmonella typhmurium: Ames test

Mutagenicity was determined using a liquid-preincubation version of the assay described
by Maron & Ames (1983) with modifications given in Baasnajav-Gerber et al. (2011a).
Salmonella typhimurium strains TA100 and TA104, both substitution-mutated strains
(TA100: hisG46 mutation; TA104: hisG428 mutation), were used, as they were

responsive to the mutagenic action of various glucosinolates (Baasanjav-Gerber et al.,
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2011a). In this article the mutagenicity of Rhamno-Benzyl-GS and Ac-Isomer-GS III
(final glucosinolate content on plate: 0, 100, 200, 400, 800, 1200, 1800, 2500 nmol) on
the two S. typhimurium strains was analyzed. Briefly, glass tubes (10 ml) containing
400 pl buffer (150 mM KCl and 10 mM sodium phosphate buffer, pH 6.4), with or
without myrosinase (30 mU), and bacterial suspension (100 pl; 5—10x 10° colony-
forming units per ml) were warmed to 37 °C in a water bath for 2 min. Then, the test
compound dissolved in 100 pul water was added. After incubation for 60 min at 37 °C,
2 ml warm soft agar (6 mg/ml agar, 6 mg/ml NaCl, 50 uM L-histidine, 50 uM D-biotin,
50 uM L-tryptophan in 25 mM sodium phosphate buffer, pH 7.4) was added. The mixture
was poured onto Petri dishes containing 24 ml minimal agar (15 mg/ml agar in Vogel-
Bonner E medium with 20 mg/ml glucose). After incubation for 2 — 3 days at 37 °C in
the dark, colonies (his" revertants) were counted. Incubations containing glucosinolates
were carried out in triplicate. Higher numbers of replicates were used for the negative
controls (9 cultures for TA100 and 6 cultures for TA104). The result was classified
positive, if the number of the revertants (mean value at any dose level) was increased at
least 2-fold in strain TA100 or 1.7-fold in strain TA104 (which has a higher spontaneous
mutation rate) with a plausible dose—response relationship. It was also classified positive
if the increase was at least 1.5-fold (TA100) or 1.3-fold (TA104) and confirmed in a

repeat experiment.
HPRT gene mutation assay in V79 cells: HPRT assay

Chinese hamster V79 cells were grown in Dulbecco’s modified Eagle medium (DMEM,
Gibco), supplemented with fetal bovine serum (5%, Sigma-Aldrich), penicillin
(100 units/ml, Gibco), and streptomycin (100 pg/ml, Gibco). The cultures were
maintained at 37 °C in a humidified atmosphere containing 5% CO». Acquisition of
resistance towards 6-thioguanine (involving inactivation of the X-chromosomal HPRT
gene) was used to study the induction of gene mutations in V79-derived cell lines. A
detailed protocol for the mutagenicity assay has been described elsewhere (Glatt et al.,
1991). The protocol was slightly modified to the needs of glucosinolates. Briefly,
1.5 x 10° V79 cells were added to 30 ml medium (DMEM) in a 15 cm Petri dish. After
18 h, myrosinase (10 mU/ml, final concentration) and the test compound (dissolved in

100 pl water, or water only) was added. Eight negative control cultures and four cultures
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for each glucosinolate concentration were used: Rhamno-Benzyl-GS (0, 25, 50, 75,
100 uM). The exposure was terminated after 72 h, and the cells were detached by
treatment with trypsin. Their number, expressed as a percent of the corresponding value
of the solvent control cultures, was used as a measure of the cytotoxicity of the treatment.
The cells were then subcultured (3 x 10 cells per plate) in normal medium for 3 days and
then subcultured again using 6-thioguanine-supplemented (7 pg/ml) medium for the
selection of mutant (10cells perl5 cm Petri dish, six dishes) and normal medium for
determining the total number of colony-forming cells (100 cells per 6 cm Petri dish, three
dishes.). After 12 days, the cultures were fixed in ethanol and stained with Giemsa. The
colonies were counted and mutant frequencies were calculated for each original culture.
The results are evaluated following standard criteria of the laboratory. A test is considered
negative if the mean mutant frequency of no group treated with any concentration of the
test compound was increased by < 10 mutants per 10° cells. It is considered positive if
the treatment with at least one concentration of the test compound led to an increase in
mutant frequency by >40 x 10 with a plausible concentration-response curve. In all
other cases, the evaluation is based on statistical analysis (p < 0.05, Students t-test) if the
number of cultures per group is > 4 (which was the case in the present study) or repeat

experiments are conducted (if the number of cultures per treatment group is low, 2 - 3).
Induction of sister-chromatid exchange in V79 cells: SCE-assay

The assay was performed as described previously (Glatt et al., 2005) with minor
modification. A total of 1.67 x 10° V79 cells and 10 ml medium were added to each
25 cm? Petri dish. After 19 h, myrosinase (10 mU/ml, final concentration), the test
compound (dissolved in 100 pl of 100 mM ammonium acetate in water, or the solvent
only) and 5-bromo-2-deoxyuridine (5 pg/ml) were added. The final concentrations of the
glucosinolates were 0, 10, 30, 100 and 300 uM. Two separate cultures were used for each
treatment. After a further 32-h period, colcemid was added in a final concentration of
0.25 pg/ml. Four hours later, the cells were harvested, treated with hypotonic KCl
solution (40 mM) for 20 min at room temperature, fixed in methanol:acetic acid (3:1,
v/v), stored at 4 °C overnight, and dropped on ice-cold glass slides. The slides were air-
dried and stained according to the fluorescence plus Giemsa technique. A total of 25

metaphases containing 20 to 23 chromosomes were scored for SCE per culture. The
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number of SCE per metaphase was standardized to 22 chromosomes. The results for both
parallel plates were pooled. The frequency of SCE in treatment groups was compared
with that observed in the solvent controls using the Mann-Whitney U test. Concurrently,
the proliferation index (proportion of cells in first division + 2 x proportion of cells in
second division + 3 x proportion of cells in higher than second division) was determined

and used as a measure for cell cycle delay.

Results

The different assays were conducted in the presence of myrosinase, unless specified

otherwise. Thus, the glucosinolates were hydrolyzed enzymatically in situ.
Cell viability measured by NRU assay

HepG2 cells were stimulated with hydrolyzed sinalbin, glucoraphanin, Rhamno-Benzyl-
GS, or Ac-Isomer-GS III in the presence of myrosinase. The NRU assay revealed a strong
influence of aromatic M. oleifera glucosinolates as well as the aliphatic 4-
methylsulfinylbutyl glucosinolate on cell viability (Figure 1). The cell viability was
significantly decreased at concentrations higher than 15 uM hydrolyzed M. oleifera
glucosinolates. For glucoraphanin, concentrations from 20 uM significantly decreased
cell viability, whereas hydrolyzed sinalbin had no influence on the cell viability of HepG2
cells at concentrations up to 100 uM (Figure 1). Overall M. oleifera glucosinolates
exhibit higher toxic effects compared to glucoraphanin. The ECso values of Rhamno-
Benzyl-GS and Ac-Isomer-GS III were 18.4 uM and 17.4 uM, respectively, whereas the

value for glucoraphanin was 49.3 uM.
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Fig. 1: Viability of HepG2 cells treated with different concentrations of four hydrolyzed

glucosinolates
Luciferase reporter gene assays

According to the NRU-assay, the concentration of 5 pM was identified as the highest
possible concentration for usage with no influence of the four tested glucosinolates on the
viability of HepG2 cells. Therefore, a concentration of 5 uM was chosen for the reporter
gene assays performed. The stimulation of the promoter regions of the genes encoding
for NOOI, GPx2, and Srxnl by hydrolyzed glucosinolates was analyzed. All three gene
promoter activities were significantly increased by adding glucoraphanin, Rhamno-
Benzyl-GS, or Ac-Isomer-GS III (Figure 2). Here, the activities of both, NOOI and
Srxnl, promoters increased with increasing concentrations of glucoraphanin, Rhamno-
Benzyl-GS, and Ac-Isomer-GS III up to 5 uM (significant differences shown in Figure 2,
lower case letters). In the case of GPx2, the maximum promoter activity was already
reached at 2.5 uM. In contrast, sinalbin did not show any influence on the activities of the

different gene promoters. For each concentration level, the Moringa glucosinolates led to
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a higher increase in promoter activity, which in most cases was significant, followed by

glucoraphanin and sinalbin (significant differences shown in Figure 2, capital letters).
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Fig. 2: Stimulating effect of four hydrolyzed glucosinolates on the entire promoters of
NAD(P)H:quinone oxidoreductase 1 (NQOI; pGL3bas-hNQOI-1080+20),
glutathione peroxidase 2 (GPx2; pGL3bas-hGPX2-2111+1), and sulfiredoxin 1
(Srxni; pGL3bas-mSRXNI-795+217) (Tukey’s HSD test, p <0.05, lower case
letters: significant differences between concentrations within one glucosinolate,
capital letters: significant differences between glucosinolates within one

concentration)

Since the analyzed genes are Nrf2 target genes, the extent to which the selected ARE
motif of the NOO!I promoter had an influence on the promoter activity was examined.
The XRE motif was also included in the analysis to clarify whether the effects of Moringa

glucosinolates on promoter activities were mediated through the XRE motif as an
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indicator for a stimulation of the aryl hydrocarbon receptor (AhR) signaling pathway. A
stimulatory effect of hydrolyzed glucoraphanin and the M. oleifera glucosinolates via the
NQOI-ARE element was observed; however, in the case of Ac-Isomer-GS III the
increase was not significant (Figure 3). Glucobrassicin had no influence on the promoter
activity mediated by the NOOI-ARE element when compared to the control. None of the
tested glucosinolates stimulated the NQOI-XRE element. Thus, the M. oleifera
glucosinolates activated the NOQO! promoter primarily via the ARE motif.

control

» glucobrassicin

(3]

glucoraphanin

a 4-o-rhamnopyranosyloxy-benzyl
glucosinolate

Promoter activity

—_
|

acetyl-4- a-rhamnopyranosyloxy-
benzyl glucosinolate Isomer III

pGL3enh-hNQOI-ARE — pGL3enh-hNQOI-XRE

Fig. 3: Stimulating effect of 5 uM of four hydrolyzed glucosinolates on the luciferase
promoter activity via the ARE or XRE motif of the NAD(P)H:quinone
oxidoreductase 1 (NQOI) gene promoter alone (pGL3enh-hNQO1-ARE, pGL3enh-
hNQOI-XRE); Tukey’s HSD test, p < 0.05, capital letters: significant differences
between different glucosinolates within pGL3enh-hNQO1-ARE, lower case letters:

significant differences between different glucosinolates within pGL3enh-hNQO1-
XRE

To investigate whether docking of the response factor on the response element can be
prevented, the pGL3-basic vectors with a mutation in the ARE or XRE motif (Table 1)
were used for further studies. In comparison with the stimulating effects of the

glucosinolates on the wild type GPx2 promoter, the mutated ARE significantly prevented
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stimulation of the GPx2 promoter by all glucosinolates tested (Figure 4, lower case
letters, Tukey’s HSD test, p < 0.05). The reduction of promoter activity was significantly
higher in ARE mutated promoters in comparison to XRE mutated promoters for all
glucosinolates tested. All glucosinolates enhanced the promoter activity in the reporter
genes including the whole GPx2 promoter and including the GPx2 promoter with the
mutated XRE motif (Figure 4, capital letters, Tukey’'s HSD test, p < 0.05). Thus, the ARE

motif had a much stronger influence on GPx2 promoter activity than the XRE motif.

= control

glucoraphanin

» 4-g-thamnopyranosyloxy-benzyl
glucosinolate

= acetyl-4- a-rthamnopyranosyloxy-benzyl
glucosinolate Isomer IIT

Promoter activity

PGL3 basic PGL3 basic PGL3 basic
(mut. ARE) (mut. XRE)

Fig. 4: Stimulating effect of four hydrolyzed glucosinolates on the promoter activity of
glutathione peroxidase 2 (GPx2; pGL3bas-hGPX2-2111+1), of a GPx2 promoter
with a mutated ARE motif (pGL3bas-hGPX2-mutARE), and a GPx2 promoter
with a mutated XRE motif (pGL3bas-hGPX2-mutXRE). (one-way ANOVA
followed by Tukey’s HSD test, capital letters: significant differences between
different glucosinolates within on vector, lower case letters: significant

differences between different vectors within one glucosinolate, p < 0.05)
Analysis of RNA expression by real-time PCR

The influence of M. oleifera glucosinolates on the expression of different selected genes
was also investigated (Table 2). Here, in addition to NQOI, GPx2, and TrxRI as Nrf2
target genes, the expression of three different genes from the CYP gene family as well as
genes for transcriptions factors or cancer influencing genes were analyzed.
Glucoraphanin, Rhamno-Benzyl-GS, and Ac-Isomer-GS III significantly increased the
expression of NOOI, GPx2, TrxR1, and Keapl in HepG2 cells (Table 2). No significant
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effect was detected for Nrf2, AhR, and CYP1AI. The expression of CYP3A44 and CYP2E]

was significantly decreased by Rhamno-Benzyl-GS and Ac-Isomer-GS III.

Tab. 2: Expression (on RNA level) of different genes in HepG2 cells after incubation with
5 uM of four hydrolyzed glucosinolates

Control | Sinalbin | Glucoraphanin ]fel:;;il((;-s Acé;olliller-

Nrf2 target genes
NQOI 1(a) 1.10(a) 2.33(b) 2.48(b) 2.50(b)
GPx2 1(a) 1.10(a) 1.85(b) 1.98(b) 1.82(b)
TrxR1 1(a) 1.16(a) 6.99(b) 9.36(b) 8.13(b)

CYP gene family
CYP344 1(ab) 1.15(a) 0.69(bc) 0.62(c) 0.64(c)
CYPIAI" 1(a) 1.21(a) 1.03(a) 1.00(a) 0.85(a)
CYP2EI" 1(a) 0.81(ab) 0.75(ab) 0.64(b) 0.79(b)
Keapl 1(b) 0.98(b) 1.58(a) 1.76(a) 1.44(a)
Nrf2 1(a) 0.98(a) 1.09(a) 1.06(a) 1.00(a)
AhR 1(a) 0.97(a) 1.09(a) 1.46(a) 1.40(a)

* low averaged number of copies

significant differences within each gene, Tukey’s HSD test, p < 0.05

GS = glucosinolate, Rhamno-Benzyl-GS = a-4-rhamnopyranosyloxy-benzyl glucosinolate, Ac-
Isomer-GS III = acetyl-a-4-rhamnopyranosyloxy-benzyl glucosinolate Isomer I11

Enzyme activity

Glucoraphanin, Rhamno-Benzyl-GS, and Ac-Isomer-GS III increased the activity of
NQOI1 and TrxR1 in HepG2 cells (Figure 5). The activity of both enzymes was
significantly higher than in the control and in cells incubated with sinalbin. Being a
selenoprotein, the activity of TrxR1 was dependent on the availability of selenium,

whereas the addition of sodium selenite did not show any effect on the activity of NQO1.
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Fig. 5: Stimulating effect of hydrolyzed sinalbin (SNB), glucoraphanin (GRA), a-4-
rhamnopyranosyloxy-benzyl glucosinolate (Rhamno-Benzyl-GS), and acetyl-a-
4-rhamnopyranosyloxy-benzyl glucosinolate Isomer III (Ac-Isomer-GS III) on
the activity of NAD(P)H:quinone oxidoreductase 1 (NQO1) and thioredoxin
reductases (TrxR1) in HepG2 cells +/- selenium (sodium selenite; 50 nM).
(Tukey’s HSD test, p < 0.001, significant differences within enzyme and selenium

treatment and between glucosinolates)
Genotoxicity investigations

In general, relatively high quantities of test compounds are required in genotoxicity tests
if maximally tolerated concentrations are used. Since the amounts of purified Rhamno-
Benzyl-GS and Ac-Isomer-GS III were limited, some compromises had to be made. For
this reason, in the first experiment (Suppl. Figure 1) total M. oleifera glucosinolate extract
was used, while single glucosinolates were used for in-depth analysis (Figure 6, Tables 2

and 3).
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Thus, the initial bacterial mutagenicity test, conducted in S. typhimurium TA104, was
carried out with a mixture of Rhamno-Benzyl-GS and Ac-Isomer-GS III (molar ratio 4:1)
(Suppl. Figure 1). A total of 15 different dose levels, ranging from 30 - 3000 nmol/plate,
were used. The M. oleifera glucosinolates did not show any indication of any mutagenic
activity in strain TA104. However, they demonstrated clear bacteriotoxicity at doses
> 1000 nmol per plate in the presence of myrosinase, as indicated by a decrease in the
number of revertant colonies (his” colonies) and microcolonies in the background lawn
(his™ surviving cells) compared to the negative control. The subsequent experiment in
strain TA100, found to be more responsive for many glucosinolates (Baasanjav-Gerber
et al., 2011a), was conducted with the separate M. oleifera glucosinolates, Rhamno-
Benzyl-GS and Ac-Isomer-GS III. The selected dose was based on the results in strain
TA104, in particular the toxicity findings. Therefore, the dose range was narrowed to
100 — 2500 nmol per plate. There was no indication of mutagenicity of Rhamno-Benzyl-
GS and Ac-Isomer-GS III in strain TA100 (Figure 6). Again bacteriotoxicity was noticed
at high doses of each compound (> 1800 nmol/plate) in the presence of myrosinase.
Sinalbin was concurrently used as a positive control compound (Figure 6, right panel).
As in our previous study (Baasanjav-Gerber et al., 2011b), it was mutagenic in the

presence, but not in the absence of myrosinase.

Then, genotoxicity tests were conducted in mammalian target cells. The SCE test has the
advantage that only modest numbers of cells and incubations volumes (and therefore
quantities of test compound) are required. Moreover, many genotoxicants provide a
positive result for this endpoint even at very low concentrations (Glatt et al., 2005). 1-
Methoxy-3-indolylmethyl glucosinolate (Glatt et al., 2011) and various other
glucosinolates, including glucotropaeolin and glucoraphanin (H. R. Glatt, unpublished
result) had demonstrated positive results in the SCE test in V79 cells. However, Rhamno-
Benzyl-GS and Ac-Isomer-GS III gave negative results, when tested up to the limits given

by toxicity (Table 3).
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Fig. 6: Mutagenicity test with Moringa oleifera glucosinolates and sinalbin in Sa/monella
typhimurium TA100 (presence (m) and absence (O) of myrosinase, 10 mU; o-4-
rhamnopyranosyloxy-benzyl glucosinolate (Rhamno-Benzyl-GS); acetyl-o-4-

rhamnopyranosyloxy-benzyl glucosinolate Isomer III) (Ac-Isomer-GS III)

Tab. 3: SCE test with Moringa oleifera glucosinolates in Chinese hamster V79 cells

Treatment ? Proliferation index ° SCE per metaphase ©
Negative control 2.04 £0.01 6.3 £0.4 (50)
Rhamno-Benzyl-GS
10 uM 2.16 £0.05 8.1£0.5(50)™
30 uM 1.98 4 93+1.025%9™
100 uM —° —°
300 uM —¢ —°
Ac-Isomer-GS 111
10 uM 2.12+0.03 7.0+0.4 (50)"
30 uM 2.05+0.01 6.4+0.4 (50)™
100 uM ¢ —°
300 uM ¢ —°

*  Myrosinase (10 mU/ml) was present in all treatment in groups.

Proliferation index (determined from 100 metaphases per culture), mean + half range of two cultures.

¢ Number of SCE per metaphase (normalised to 22 chromosomes) + SE of indicated number of

metaphases. ns, not statistically different from negative control (Wilcoxon’s rank test, p > 0.05).

Due to a technical error only one culture could be evaluated.

¢ Treatment with 100 uM or 300 pM Rhamno-Benzyl-GS and Ac-Isomer-GS III was very toxic.
Insufficient cells were available for determining proliferation index or SCE frequencies.

a-4-Rhamnopyranosyloxy-benzyl glucosinolate (Rhamno-Benzyl-GS)

Acetyl-a-4-rhamnopyranosyloxy-benzyl glucosinolate Isomer III (Ac-Isomer-GS III)

The HPRT gene mutation test in V79 cells requires much higher quantities of test
compound than the SCE test. Therefore, it could only be performed with Rhamno-Benzyl-
GS. The result was clearly negative (Table 4).
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Tab. 4: HPRT gene mutation test with 4-a-rhamnopyranosyloxy-benzyl glucosinolate

(Rhamno-Benzyl-GS) in Chinese hamster V79 cells

Relative cell number at

Mutant
Rhamno-Benzyl-GS, uM *  subculture after treatment, weants

per 10 cells ©

% b
Experiment 1
0 100 + 10 (8) 1.4+0.5(8)
6.25 100 + 3 (4) 24+07@4)"
12.5 114 £2 (4) 3.5£074)°
25 111+ 11 (4) 33+£22(4)"™
50 79 £ 5 (4) 20+26@3 9™
Experiment 2
0 100 + 3 (8) 5.1+0.8(8)
25 93 +7 (4) 31+£0.7 (4™
50 88 + 1 (4) 33£0.6(4H)™
75 64 + 3 (4) 62+2.5(4)"™
100 41+ 11 (4) 74+14@)"™

& Myrosinase (10 mU/ml) was present in all groups.

The mean number of cells in the control culture was set to 100%. Values are mean + SE of the number
of cultures indicated in parentheses.

¢ Values are mean and SE of the number of cultures indicated in parentheses. Results of the treatment
groups were statistically compared with the negative control group using Student’s t-test: * 0.01 >p >
0.05; ns, not statistically different from negative control (p > 0.05).

Due to a technical error only three cultures could be evaluated.

Discussion

The NRU, reporter gene, gene expression, and enzyme activity assays provided evidence
that hydrolyzed Rhamno-Benzyl-GS and Ac-Isomer-GS III from M. oleifera exert
cytotoxic effects on HepG2 cells and may have a potential to protect against inflammatory
stimuli and carcinogens. While Nrf2-target genes (NQOI, GPx2, TrxRI) were up-
regulated and genes of the CYP gene family were not influenced or down-regulated, other
genes, related to play a role in carcinogenesis, were not significantly affected (Nrf2, AhR)
or up-regulated (Keapl). The Ames test did not indicate any mutagenicity of Rhamno-
Benzyl-GS and Ac-Isomer-GS III but demonstrated bacteriotoxicity at high doses in the
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presence of myrosinase. SCE and HPRT assays provided no indication for genotoxicity

of the hydrolyzed M. oleifera glucosinolates in mammalian target cells.

Whereas some glucosinolates show adverse effects, the glucosinolates of M. oleifera did
not. Baasanjav-Gerber et al. (2011a) described mutagenic and bacteriotoxic effects of
various glucosinolates (including neoglucobrassicin and sinalbin) in S. typhimurium
strains in the presence of myrosinase. All analyzed glucosinolates (including
glucoraphanin) tested by Baasanjav-Gerber et al. (2011a) formed DNA adducts; however
single, weak adduct spots were detected with aliphatic as well as aromatic glucosinolates
and highest adduct levels were found for indole glucosinolates. Detected DNA adducts
are formed by complexing of reactive metabolites of genotoxic substances with DNA
resulting in lesions which could lead to DNA mutations. Furthermore, other factors like
the stage of cancer or selenium availability were able to influence the effects of
glucosinolates. Krehl et al. (2012) observed a toxic potential of sulforaphane when
selenium was restricted, attributing to a missing antagonism by selenoproteins like GPx2.
Higher number of tumors, increased apoptosis in the colonic crypt, as well as higher
inflammations scores were found in azoxymethane/dextran sodium sulfate-treated mice
if sulforaphane was applied under limited selenium supply compared to selenium

adequacy (Krehl et al., 2012).

The NRU assay revealed that the two M. oleifera glucosinolates significantly reduced the
cell viability of HepG2 cells when their concentrations exceeded 15 uM (Figure 1).
Therefore, a maximum concentration of 5 uM was used for analysis of gene expression

and enzyme activity to avoid cell damaging effects in the bioassays.
M. oleifera glucosinolates stimulate the Nrf2 pathway

Based on previous findings that hydrolyzed glucoraphanin-derived sulforaphane is a
potent inducer of NOOI and GPx2, it was proposed that Rhamno-Benzyl-GS and Ac-
Isomer-GS III have similar effects. Indeed, hydrolyzed Rhamno-Benzyl-GS and Ac-
Isomer-GS III stimulated the promoters of NOQO1, GPx2, and Srxnl with an efficacy even
higher than that of the positive control glucoraphanin (Figure 2), indicating a putative
capacity of hydrolyzed M. oleifera glucosinolates to stimulate the Nrf2 pathway. In

contrast, the promoters of the mentioned genes were not activated by hydrolyzed sinalbin.
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Furthermore, no stimulating effects were identified for the intact glucosinolates of
M. oleifera (without adding myrosinase), as also found for glucoraphanin (Haack et al.,
2010), since only hydrolyzed (activated by myrosinase) glucosinolates become bioactive.
Whereas our examinations reveal an increase in RNA levels of the Nrf2 target genes
NQOI, GPx2, and TrxR1, the RNA of Nrf2 itself was not influenced by M. oleifera
glucosinolates (Table 2). One explanation could be a higher export rate of Nrf2 negative
regulators out of the nucleus (Niture et al., 2014) or a modification of reactive cysteines
in Keapl which prevents degradation of Nrf2 and in consequence stabilizes newly
synthesized Nrf2 (Kasper et al., 2009). In detail, a modification of cysteine thiol groups
could change the confirmation of Keapl leading to a sole binding of Nrf2 on the ETGE
motif (normally two-sites binding of Nrf2 via DLG and ETGE motif). This leads to a
prevention of Nrf2 for ubiquitination and therefore stabilization (Brigelius-Flohé¢ et al.,
2011). Normally, inducers, like sulforaphane, could react with cysteines and cause
dissociation of the Nrf2/Keapl complex thereby ensuring the translocation of Nrf2 into
the nucleus (Dinkova-Kostova et al., 2002). Furthermore, the gene expression of Keapl
was increased significantly by the M. oleifera glucosinolates (Table 2), possibly resulting
in a preservation of Nrf2 via the Nrf2/Keapl complex at an increased cytosolic level, in
our opinion. Interestingly, Keap! has an ARE in its promoter, known as an autoregulatory
loop (Lee et al., 2007). Therefore, it is conceivable that dissociated Nrf2 binds not only

on the promoter of NOOI and other target genes, but also induces transcription of Keap1.

M. oleifera glucosinolates activate the expression of Nrf2 targets via the ARE motif,

but not XRE

Both M. oleifera glucosinolates stimulate the reporter promoter driven by the ARE motif
of NOOI (pGL3enh-hNQOI-ARE), but not via the isolated NOO! XRE motif (pGL3enh-
hNQOI1-XRE; Figure 3). The XRE motif seems not to be necessary for activation of the
expression of Nrf2 target genes. Furthermore, if ARE was mutated in the GPx2 promoter
(pGL3bas-hGPX2-mutARE), none of the tested glucosinolates was able to stimulate the
expression of the reporter gene (Figure 4). This shows that no other motif can compensate
for the loss of ARE, indicating again that XRE may play no or a less important role. In
addition, mutation of the XRE element (pGL3bas-hGPX2-mutXRE) leads to a slightly
but not significantly lower stimulation of the GPx2 promoter (Figure 4). Thus again, the
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XRE present in the GPx2 promoter might not be involved in its stimulation by the

M. oleifera glucosinolates.

Stimulation of the respective promoter by the ARE motif alone was significant (Figure 3),
but not as high as with the entire NOQO! promoter (Figure 2). These results suggest the
involvement of probably multiple ARE motifs as also postulated by Nioi & Hayes (2004)
for the promoter of NQO!, and by Banning et al. (2005) for that of GPx2. However, just
one motif shows the core sequence and was therefore used in our analysis. Nonetheless,
it is conceivable that similar ARE motifs interact with the Nrf2/Maf complex to mediate

an enhanced promoter activity. This has to be further investigated.

Based on the described results, an interaction of Nrf2 and AhR is not involved in the
M. oleifera glucosinolates-mediated activation of the measured targets. In contrast, Haack
et al. (2010) observed a negative crosstalk, as far as the glucoraphanin mediated
stimulation of the promotors of NOO!I and GPx2 (ARE/Nrf2) was inhibited by hydrolysis
products of neoglucobrassicin (XRE/AhR). Kalthoff et al. (2010) showed an induction of
UDP-glucoronosyltransferases (UGTs) via AhR (by xenobiotics) and via Nrf2 (by
oxidative metabolites). The authors demonstrated a functional interaction of Nrf2 and
AhR, since gene induction of UGTI1A8 and UGT1A10 caused by tert-butylhydroquinone
(Nrf2) and TCDD (2,3,7,8-tetrachlordibenzo-p-dioxin; AhR) was completely lost by a
knockdown of Nrf2 or AhR. Also Bonnesen et al. (2001) reported an interaction between
AhR and Nrf2. To obtain a TCDD mediated induction of NOQOI by TCDD, AhR has to
be present. They conclude a formation of a protein complex of TCDD with AhR and Nrf2.

In contrast to our findings with the glucosinolates of M. oleifera, other glucosinolates
have stimulatory effects on the XRE/AhR signaling pathway. Metabolites of
neoglucobrassicin, e.g.  N-methoxyindolyl-3-carbinol, inhibited  hydrolyzed
glucoraphanin-induced activation of the NOOI or GPx2 promoter mediated by the
activation of an XRE binding site in the promoters (Haack et al., 2010). Furthermore, in
contrast to aromatic glucosinolates like the M. oleifera glucosinolates and aliphatics like
glucoraphanin, indole glucosinolates were found to induce CYPIA enzymes, members of
the CYP superfamily (Bonnesen et al., 1999; Wang et al., 2013). These phase I (and AhR

induced) enzymes metabolize some procarcinogens into ultimate carcinogens and, thus,
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are associated with carcinogenesis. Such a function can be ruled out for the M. oleifera
glucosinolates investigated here, at least for the XREs present in NOQO! and GPx2. This
conclusion is reinforced by the results of the gene expression analysis of the M. oleifera
glucosinolates (Table 2). The RNA expression of CYP344 and CYP2E] significantly
decreased when cells where stimulated with hydrolyzed glucoraphanin, Rhamno-Benzyl-
GS, as well as Ac-Isomer-GS III. The expression of CYPIAI was not significantly
influenced. These results seem to be comprehensible as far as various studies found that
glucoraphanin-derived sulforaphane reduces CYP activity on RNA or enzymatic level or
decreases former induced CYP activity (reviewed by Elbarbry & Elrody, 2011).
Nakajima et al. (2001) showed an inhibiting effect on diverse members of the CYP gene
family by gluconasturtiin derived phenylethyl isothiocyanate. Skupinska et al. (2009)
further conclude that the translocation of AhR into the nucleus (and therefore the
expression of AhR target genes like the CYPs) can be blocked by isothiocyanates. Based
on the finding that the mRNA level of CYPs did not change but protein level did, an
alternative assumption is that other intracellular molecules, for example estrogen
receptors, can regulate CYP activity (Han et al., 2005; Skupinska et al., 2009). Hence, it
is not surprising that the transcription of AhR was not influenced significantly by

glucoraphanin and the M. oleifera glucosinolates (Table 2).

Second to the fact that the influence of glucosinolate hydrolysis products on enzyme
activity depends on the type of cell and enzyme, the isothiocyanate structure seems to be
crucial for their stimulating effects (Conaway et al., 1996; Skupinska et al., 2009).
Experiments performed by Skupinska et al. (2009) demonstrated that a structural
modification of sulforaphane can influence the inhibitory potential on CYP enzyme
activity. 2-Oxohexyl isothiocyanate and 5-methylsylfinyl-n-amyl isothiocyanate, slightly
chemically modified molecules in comparison to sulforaphane, decreased the CYP1AI
activity much stronger than sulforaphane. For 2-oxohexyl isothiocyanate, this was
attributed to a change in the electrostatic properties (Skupinska et al., 2009). Additionally,
an elongation of the CHz chain in the isothiocyanate molecule — as demonstrated by 5-
methylsylfinyl-n-amyl isothiocyanate - leads to an increased inhibitory potency
(Conaway et al., 1996; Skupinska et al., 2009). Based on findings from literature, sinalbin,

glucoraphanin, and the M. oleifera glucosinolates were degraded to isothiocyanates by
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myrosinase (structural formulas in Suppl. Figure 2). Matusheski & Jeffery (2001) defined
the breakdown products of glucoraphanin as sulforaphane and sulforaphane nitrile
depending on the conditions with a much higher chemoprotective potential of
sulforaphane. The hydrolysis product formed from Rhamno-Benzyl-GS was identified as
Rhamno-Benzyl-Isothiocyanate (Galuppo et al., 2014). Next to 4-hydroxybenzyl cyanide
(lower pH), 4-hydroxybenzyl isothiocyanate was determined as sinalbin hydrolysis
products (Galuppo et al., 2014). Interestingly, the authors further found a rapid conversion
of 4-hydroxybenzyl isothiocyanate to 4-hydroxybenzyl alcohol in aqueous solution after
a few hours. Despite the structural differences between M. oleifera glucosinolates and
glucoraphanin, the effects on detoxifying enzymes were similar or stronger for the
M. oleifera glucosinolates. In contrast, no effects were determined for sinalbin, as it is
structurally similar to the M. oleifera glucosinolates. It can be assumed that differences
in gene up-regulation of detoxifying enzymes may be attributed to the instability of 4-
hydroxybenzyl isothiocyanate. Furthermore, the additional sugar, rhamnose, in the
glucosinolate molecule, can be a possible explanation of the high efficiency of the
M. oleifera glucosinolates. Our conclusion is supported by Cham (2007), who found that
rhamnose is involved as a key molecule in interaction with tumor cells. The author
demonstrated that solamargine, a glycoalkaloid with bound sugars (especially rhamnose),
showed a high cytotoxicity for cancer cells in the NRU assay. Cham & Daunter (1990)
found that the binding of solamargine on tumor cells (murine sarcoma 180) can be
mediated through the rhamnose residue. Whereas solasodine (alkaloid without bound
sugars) had no effect on the survival rate of cancer cells, solamargine strongly decreased
the survival rate (Cham, 2007). Furthermore, the sugar alone had no anticarinogenic
potential (Cham, 2007). These findings seem to be analogous to the results found in the
present study. Whereas no influence on cell viability (HepG2) was found for 4-
hydroxybenzyl glucosinolates (structurally similar to the M. oleifera glucosinolates, but
without rhamnose) and rhamnose alone (data not presented), the hydrolyzed M. oleifera
glucosinolates exhibit cytotoxic effects. Due to four OH-groups in the rhamnose
molecule, the glycosylated M. oleifera glucosinolates are more polar than the
corresponding compound without sugar. Consequently, solubility changes.
Isothiocyanates show different polarity and water solubility. Whereas sulforaphane is a

very polar and hydrophilic molecule, benzyl isothiocyanate (structural similar to the
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M. oleifera glucosinolates) is poorly soluble in water (Wilson et al., 2011). Therefore, it
is conceivable that M. oleifera glucosinolates have a higher water solubility, possibly
leading to an increased anticancer or chemoprevention property. However, since cancer
prevention studies exist for all main glucosinolate structure groups (aliphatic, aromatic,
indolic) and their respective breakdown products (isothiocyanate, nitrile, and indole
compounds) as reviewed in detail by Watson & Peedy (2010), and on account of the fact
that aglycones of flavonoids are generally more bioactive than their glycosylated forms
(Xiao, 2015), it is not possible to conclude from glucosinolate structures anything

regarding effectiveness.
Cytotoxicity

In addition to the induction of detoxifying enzymes and the lack of mutagenic potential
of the M. oleifera glucosinolates, cytotoxic effects were identified in NRU, SCE, and
HPRT assays (Figure 6, Supp. Figure 1, Table 3 and 4). This cytotoxicity of M. oleifera
glucosinolates was determined in HepG2 cells and V79 cells (for genotoxicity
investigations) in our studies. The performed assays do not provide hints for a selective
cytotoxicity on the analyzed cells. A putative selectivity for neoplastic cells remains to
be analyzed. Furthermore, it remains to be investigated whether cytotoxicity and
induction of detoxifying enzymes by M. oleifera glucosinolate hydrolysis products can
be found in vivo. If anticancer effects are to be tested, the time of application, the stage
of cancer, and the state of health of the organism, or species (genetic constitution) has to

be considered (Haack et al., 2010; Ramadoss et al., 2005).

Conclusion

M. oleifera appears to contain glucosinolates which exhibit a protective but not mutagenic
potential. The two tested glucosinolates of M. oleifera induced genes of the phase I and
defense system in HepG2 cells through the Nrf2-Keap1-ARE signaling pathway when
myrosinase was present. It should be particularly emphasized that detoxifying enzymes
were induced with glucosinolate concentrations without toxicity for HepG2 cells. Based
on these findings, M. oleifera glucosinolates can be added to the group of Nrf2 activators.
In conclusion, the health promoting effects of the plant material or substance mixtures

(see introduction) described in the literature can be attributed to the breakdown products
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of M. oleifera glucosinolates. Therefore, the glucosinolates of M. oleifera may possess

health promoting effects. Further in vitro and in vivo studies appear to be advisable to

examine potential anticarcinogenic effects.

Supplemented Figures

Revertants per plate

300 | -
200 - 0
—®— 10 mU myrosinase, Exp. 1
100 7 oe0---- 1o myrosinase, Exp.1 1
—8— 10 mU myrosinase, Exp. 2
O, “ . . . i
0 10 100 1000
Moringa glucosinolates, nmol
Suppl. Fig. 1: Mutagenicity test with Moringa oleifera glucosinolates in Salmonella

typhimurium TA104 (mixture

of 0-4-rhamnopyranosyloxy-benzyl

glucosinolate and acetyl-a-4-rhamnopyranosyloxy-benzyl glucosinolate

Isomer III was used, molar ratio 4:1)
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glucoraphanin and their respective isothiocyanates
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Diskussion

Obwohl M. oleifera ein tropischer/subtropischer, tiefwurzelnder, nicht kélteresistenter
Baum ist, konnte ein Bestand an verschiedenen M. oleifera-Okotypen in Tiefbeeten im
Gewéchshaus in Deutschland etabliert werden. Diese Pflanzen waren die Grundlage fiir
die Durchfiihrung aller in der vorliegenden Dissertation dargestellten Versuche und
Analysen. Auch wenn in dieser Arbeit viele Fragestellungen wissenschaftlich bearbeitet
und beantwortet werden konnten, bleiben einige Sachverhalte offen und miissten in
weiterflihrenden Untersuchungen analysiert werden. Im Folgenden sollen drei dieser

Themenkomplexe diskutiert werden.
Genetische Diversitiit verschiedener Okotypen/Akzessionen von M. oleifera

Fir die durchgefiihrten Untersuchungen dieser Arbeit wurden Akzessionen von
M. oleifera aus den USA (TOT 4880), Thailand (4893, 4951, 4977, 5028, 5077, 7266),
Indien (7267), Tansania (7270), sowie aus vom Fachgebiet selbststindig durchgefiihrten
Sammlungen in Taiwan und den Philippinen verwendet, wobei lediglich ausgewéhlte
Vertreter flir die Datenerhebungen in den jeweiligen Artikeln einbezogen wurden.
Trotzdem diese Herkiinfte fiir die vorliegende Arbeit unter annidhernd identischen
Bedingungen im Gewéchshaus angebaut wurden, zeigten sich Unterschiede hinsichtlich
thres Wachstums und ihres Sekundarmetabolitprofils (Forster et al., 2015a). Auch
Patricio et al. (2012) konnten nachweisen, dass sich 18 verschiedene Akzessionen von
M. oleifera unterschiedlich bei dhnlichen Anbaubedingungen entwickelten. So zeigten
die auf den Zentral-Philippinen angebauten Herkiinfte, urspriinglich aus Indien, Laos,
Philippinen, Taiwan, Tansania, Thailand und den USA stammend, eine unterschiedliche
Samenkeimfahigkeit, Pflanzenhohe, Stammdurchmesser, Triebanzahl, Blattbiomasse
und Schotenproduktion. Patricio et al. (2012) konnten auch feststellen, dass 15 der 18
untersuchten Herkiinfte einen periodischen wassergesittigten Zustand des Boden
iberlebten, obwohl M. oleifera sehr empfindlich gegeniiber Staunésse reagiert und dies
bei lingerem Anhalten meist eine Wurzelrotte zur Folge hat. Weiterhin beobachteten
Abubakar et al. (2011) bei verschiedenen M. oleifera-Herkiinften aus Nordnigeria
morphologische/anatomische Unterschiede des Blattes. Neben Untersuchungen von
morphologischen Parametern wie Blattlinge, Fiederblattlinge, Fiederblattbreite und

Blattfliche, fiihrten sie auch anatomische Studien durch und bestimmten die
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Diskussion

Stomataldange und —breite der Blattepidermis. Abubakar et al. (2011) stellten Variationen
zwischen den untersuchten Herkiinften fest, zeigten allerdings auch in einer
Clusteranalyse, dass anhand der untersuchten Parameter keine regional spezifischen
Gruppierungen vorgenommen werden konnen. Nach den Autoren deutet das darauf hin,
dass zumindest innerhalb von Nordnigeria keine genetische Isolierung der geografischen
Herkiinfte besteht, der Austausch von genetischen Informationen, ob durch
Windbestiubung oder menschliche Ubertragung, also stattfindet. Weiterhin stellen die
Autoren heraus, dass Variabilitdten in der Blattmorphologie auf evolutiondre Prozesse
auf niedrigstem Niveau hindeuten (Abubakar et al., 2011). Palada & Chang (2003)
berichteten von einem unterschiedlichen Wachstumsverhalten sowie Blatt-, Bliiten- und
Schotencharakteristika verschiedener M. oleifera-Akzessionen, welche in Taiwan
angebaut wurden. Die Autoren empfahlen Anbauern lokal adaptierte Herkiinfte zu
verwenden, um in Plantagen moglichst einen hohen Ertrag mit gesundem Blattmaterial
sowie einer schellen Regeneration nach dem Riickschnitt erzielen zu konnen (Palada &
Chang, 2003). Die Auspridgung von unterschiedlichem Wuchsverhalten sowie eines
abweichenden Sekunddrmetabolitprofils der M. oleifera-Akzessionen unter gleichen
Anbaubedingungen deutet auf eine genetische Variabilitdt hin, welche von den bisher

zitierten Autoren jedoch nicht spezifisch untersucht wurde.

Seit dem Jahr 1999 beschéftigten sich verschiedene Autoren verstirkt damit die Diversitét
von M. oleifera mittels DNA basierter Marker zu analysieren. In Untersuchungen zur
genetischen Variabilitit von M. oleifera-Herkiinften aus verschiedenen Populationen aus
Indien, Malawi und Kenia stellten Muluvi et al. (1999) fest, dass signifikante genetische
Unterschiede zwischen den Regionen und Populationen nachgewiesen werden konnen.
Die Autoren fiihrten dies auf einen durch die geografische Isolation eingeschrinkten
Genfluss zuriick. Weitere Faktoren stellen nach Muluvi et al. (1999) die Populationsgrofe
(korreliert mit genetischer Vielfalt) sowie der herrschende Selektionsdruck dar.
Clusteranalysen mittels RAPD-Marker an kultivierten und nichtkultivierten Herkiinften
von M. oleifera von der Kiistenregion Tansanias zeigten einen Trend zur genetischen
Separation zwischen kultivierten und nichtkultivierten Herkiinften auf (Mgendi et al.,
2010). Die Autoren fiihren dies auf die Anforderungen an ihre jeweiligen Umgebungen
zuriick. Wiahrend kultivierte Herkiinfte bei optimalen Umweltbedingungen angebaut

werden sowie der Schidlingsbefall unter Kontrolle ist, sind die Wildtypen stindig
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variierenden Umweltfaktoren unterworfen und miissen sich diesen schnell anpassen
(Wettbewerb, natiirliche Selektion), um zu iiberleben. Saini et al. (2013) analysierten
genetische Variabilititen von acht unterschiedlichen in Indien gesammelten, kommerziell
angebauten Kultivaren von M. oleifera. Es konnte eine groBle genetische Diversitit
zwischen den Kultivaren gefunden werden, jedoch ohne ein erkennbares geografisches
Muster, was die Autoren auf hohe Genflussraten durch Fremdbestdubung sowie eine
weite Verteilung des Pflanzenmaterials zuriickfiihrten. Shahzad et al. (2013) bestétigten
die Ergebnisse der anderen Autoren, in dem sie 161 M. oleifera-Herkiinfte aus Asien,
Afrika, Nord- und Siidamerika sowie von den Karibischen Inseln untersuchten und eine
breite genetische Diversitdt von M. oleifera, besonders der aus den Wildsammlungen von

Pakistan, einem Ursprungsgebiet von M. oleifera, stammenden Herkiinfte, feststellten.

Zusammenfassend kann man festhalten, dass die genetische Diversitit von M. oleifera
sehr  hoch ist.  Abhdngig von  Verbreitungsmustern,  Populationsgrofle,
geografischer/genetischer Isolierung und Selektionsdruck haben sich Herkiinfte
(gesammelt als Akzessionen zur Erhaltung in einer Genbank oder anderen Sammlungen)
in unterschiedlichem Maf3e genetisch voneinander separiert. M. oleifera-Herkiinfte haben
sich an unterschiedliche 6kologische Lebensbedingungen und damit Umweltanspriiche
angepasst und konnen sich daher folglich genetisch sowie physiologisch gering
voneinander unterscheiden. Die von uns in dieser Arbeit genutzten M. oleifera-Herkiinfte
(Akzessionen vom AVRDC sowie zwei Wildsammlungen) zeigten unter gleichen
Anbaubedingungen hohe Variabilitdten in der Biomasse- und
Sekundédrmetabolitproduktion. Die in dieser Arbeit genutzten Herkiinfte werden daher als

M. oleifera-Okotypen bezeichnet.

Die Nutzung verschiedener Okotypen fiir einen Anbau auf Standorten mit
unterschiedlichen klimatischen oder pedologischen Gegebenheiten scheint ratsam. In der
vorliegenden Arbeit konnte gezeigt werden, dass die Okotypen auf Trockenstress sowie
Schwefeldiingung in ganz unterschiedlicher Weise hinsichtlich ihrer Biomasse- und
Sekundirmetabolitproduktion reagierten. Die Effekte der Anbauparameter waren stark
okotypabhiingig. Zeigen einige Okotypen z. B. bei wiederholtem, miBigen Trockenstress
im Vergleich zur Kontrollvariante kaum Unterschiede in Biomasse und

Glucosinolatgehalt, wiesen andere einen starken Abfall von Biomasse und/oder Anstieg
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der Glucosinolatgehalte auf. Schlussfolgernd sollte beim Anbau von M. oleifera darauf
geachtet werden, dass zum einen Herkiinfte/Okotypen verwendet werden, welche optimal
an die Standortverhidltnisse angepasst sind. Zusitzlich sollte jedoch, wie von einer
Vielzahl an Autoren postuliert (u. a. Mgendi et al., 2010; Saini et al., 2013; Shahzad et
al., 2013), der Genpool gesichert werden, um die genetischen Ressourcen von Wild-
sowie Kulturformen von M. oleifera zu erhalten. Dieser sollte/kann als Basis fiir

zukiinftige Selektionen sowie Ziichtungsprogramme genutzt werden.

Die in dieser Arbeit gewonnen FErkenntnisse beziehen sich lediglich auf
Gewichshausversuche. Es erscheint absolut notwendig das generierte Wissen auf
Feldversuche zu transferieren. Hier ist zu empfehlen, dass verschiedenene M. oleifera-
Okotypen in ihrem derzeit natiirlichen Verbreitungsgebiet sowie fernab von diesem
angebaut werden. Parameter, wie Biomasseproduktion, Pflanzenhohe, Schoten- bzw.
Samenproduktion und Glucosinolatgehalt, sollen erhoben werden, um ermitteln zu

kénnen wie sich die Okotypen an die natiirlichen Gegebenheiten anpassen kdnnen.
M. oleifera-Glucosinolate in situ und in vitro

Ein Untersuchungsgegenstand dieser Arbeit war es nach einer erfolgreichen Etablierung
und Vermehrung von M. oleifera in vitro zu testen, ob die Moglichkeit besteht die
Glucosinolate dieser Pflanze im Glas anzureichern und folgend zu isolieren. Schon bei
ersten Vorversuchen stellte sich heraus, dass das Glucosinolatprofil von M. oleifera in
vitro ein anderes als in situ ist. So setze sich im Kallusgewebe der Glucosinolatgehalt aus
Benzylglucosinolat (68,2 %) und Rhamno-Benzyl-GS (30,4 %) zusammen. Ac-Isomer-
GS III bildete lediglich 1,4 % des Anteiles. Auf MS-Medium etablierte intakte
M. oleifera-Pflanzen wiesen zwar immernoch Benzylglucosinolat als Hauptglucosinolat
auf (60,6 %), zeigten jedoch auch nachweisbare Anteile aller anderen fiir diese Pflanze
charakteristische Glucosinolate (Rhamno-Benzyl-GS 19,4 %, Ac-Isomer-GS 1 2,9 %,
Ac-Isomer-GS II 2 %, Ac-Isomer-GS III 12,6 %) sowie p-Hydroxybenzylglucosinolat
(Sinalbin; 2,5 %). Ein Zusatz von Aktivkohle im Ndahrmedium und damit Abdunkeln des
Wurzelbereiches sorgte fiir keine Anderung des Glucosinolatprofils. Mit Uberfiihrung der
in vitro-Pflanzen auf sterile Erde nahm der Anteil am Benzylglucosinolat am
Gesamtglucosinolatgehalt deutlich ab, der Anteil an Rhamno-Benzyl-GS hingegen zu
(Sinalbin 6,3 %, Benzylglucosinolat 34,2 %, Rhamno-Benzyl-GS 41,2 %, Ac-Isomer-
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GS 13,6 %, Ac-Isomer-GS 11 2,3 %, Ac-Isomer-GS III 12,3 %). Bennett et al. (2003) und
Forster et al. (2015a) detektierten in adulten aus Sdmlingen im Gewéchshaus oder
Freiland aufgezogenen M. oleifera-Pflanzen nur Rhamno-Benzyl-GS sowie die drei
acetylierten Isomere, jedoch kein Sinalbin oder Benzylglucosinolat. Diese Erkenntnisse
legen nahe (wie auch von Graaf et al. (2015) fiir Noccaea caerulescens beobachtet), dass
Sinalbin eine Art Prékursor fiir Rhamno-Benzyl-GS darstellt. Umgekehrt konnten Forster
et al. (2015b) feststellen, dass die Isomere sowie das Rhamno-Benzyl-GS schnell
hydrolysieren. Auflerhalb des pflanzlichen Organismus wurde ein Verlust von zunéchst
der Acetylgruppe und anschlieBend der Rhamnose festgestellt. Sinalbin entstand als
Folge der Degradation. Auch wenn Forster et al. (2015b) diesen Zerfall nachweisen
konnten, gehen Graaf et al. (2015) davon aus, dass die Bindung von Rhamnose an der
Seitenkette des Isothiocyanates (Hydrolyseprodukt des Glucosinolates) das Molekiil
stirker wasserloslich sowie chemisch stabiler gegeniiber dem Isothiocyanat ohne
Rhamnose machen. Gesicherte Analyseergebnisse zur Glykosylierung/Stabilitit der
M. oleifera-Glucosinolate bzw. deren Isothiocyanate in Zellen oder lebenden Organismen
gibt es allerdings nicht. Fiir Flavonoide ist die Glykosylierung am besten untersucht, da
sie mit einer Vielzahl an medizinischen Effekten (siehe Review von Xiao, 2015) in
Verbindung gebracht wird. Vila-Real et al. (2011) geben an, dass multi-glykosylierte
Flavonoide schlechter absorbiert werden als mono-glykosylierte Formen oder Aglykone.
Xiao (2015) erwdhnt in seinem Review, dass eine O-Glykosylierung die Bioaktivitit von
Flavonoiden generell (Ausnahmen z. B. Anti-HIV-Aktivitdt, Anti-Allergie-Aktivitit)
senkt. Aufgrund ihrer Grof3e und ihrer hohen Polaritit gelten glykosylierte Flavonoide als
zu hydrophil, um passiv durch biologische Membranen zu diffundieren (Schmitt-Schillig
et al.,, 2005). Weiterhin wiesen glykosylierte Flavonoide eine ldngere mittlere
Verweildauer im Blut auf als ihre Aglykone (Jiang et al., 2008; Review in Xiao, 2015).
Ktizkova et al. (2009) untersuchten den Einfluss der glykosylierten Flavonoide
Isoquercetin und Rutin und ihrem Aglykon (Quercetin) auf die Expression von
Cytochrom P450 (CYP’s). Es stellte sich heraus, dass Isoquercetin die CYP’s am
effektivsten induzierte. Aufgrund der dargelegten und noch vieler weiteren kontroversen
Untersuchungsergebnisse diverser Autoren konnen keine generellen Aussagen
hinsichtlich der Absorption, des Stoffwechsels sowie der Verfiigbarkeit von Flavonoiden

(glykosyliert sowie nicht glykosyliert) gemacht werden (Ktizkova et al., 2009). Xiao
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(2015) nimmt sogar an, dass in vitro- und in vivo-Untersuchungen zur Bioaktivitit

unterschiedliche Resultate hervorbringen konnen.

In Anlehnung an die vielen Untersuchungen mit Flavonoiden kann {iber die Entstehung
von multi-glykosylierten Glucosinolaten in M. oleifera nur spekuliert werden. Graaf et
al. (2015) geben an, dass die Umwandlung von Sinalbin zu Rhamno-Benzyl-GS durch
ein einzelnes Enzym erfolgen kann. Mit einer einzelnen Genmutation und folgendem
Funktionsverlust des Enzymes ist es der Pflanze nicht mehr moglich die glykosylierten
Formen der Glucosinolate zu synthetisieren (Graaf et al., 2015). Ein Enzym, welches im
Zusammenhang mit der Ubertragung von Rhamnose auf sekundire Inhaltsstoffe
diskutiert wird, ist die Rhamnosyltransferase. Rhamnosyltransferasen gehoren zu den
Glykosyltransferasen und katalysieren die Ubertragung von Zucker auf andere Molekiile
wie z. B. Xenobiotika oder Sekundéirmetabolite wie Coumarine oder Flavonoide. Fiir
Arabidopsis wurde gezeigt, dass das Enzym UGT78D1 (eine Uridindiphosphat(UDP)-
Glykosyltransferase) UDP-Rhamnose als Donor nutzt und den Zucker an die Akzeptoren
Kaempferol, Quercetin und Isorhamnetin binden kann (Yonekura-Sakakibara et al.,
2008). Nach Roy et al. (2016) findet die Glykosylierung besonders an molekularen
Ringstrukturen mit enthaltenen Hydroxylgruppen statt. In M. oleifera wurden lediglich
aromatische Glucosinolate, also solche mit Benzylring, identifiziert. Der Fakt, dass
Sinalbin als Prakursor fiir die multi-glykosylierten Glucosinolate gilt und die Rhamnose
an der Hydroxygruppe des Benzylrings gebunden ist, verstirkt die Vermutung, dass die
M. oleifera-Glucosinolate unter enzymatischer Einwirkung von Glykosyltransferasen in
der Pflanze gebildet werden. Interessanterweise erweist sich die Nutzung von
kommerziell erwerbbaren Enzymen wie die Naringinase (Enzymkomplex aus a-L-
Rhamnosidase und f-D-Glucosidasen), welche zur Deglykosylierung genutzt wird, als
konventionelle chemische Methode zur Produktion von teuren mono-glykosylierten
Flavonoiden aus gilinstigen Ausgangsstoffen und bietet daher ein grof3es Potential fiir die
die Lebensmittelindustrie sowie Pharmazie (Vila-Real et al., 2011). Die Enzymaktivitit
kann durch Temperatur und pH-Wert beeinflusst werden (Vila-Real et al., 2011). Die
Autoren schlussfolgern anhand ihrer Ergebnisse weiter, dass die Wahl des verwendeten
Puffers fiir die Versuche entscheidend ist, um selektiv Enzymaktivititen herabzusetzen.
Auch in unseren Versuchen konnten wir mit dem Einsatz von Ammoniumacetatpuffer

Zerfalls- und Umformungsprozesse der M. oleifera-Glucosinolate authalten (Forster et
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al., 2015b). Auch dies bestirkt die Annahme, dass Enzymaktivitidten fiir die Bildung
sowie den Zerfall der multi-glykosylierten Glucosinolate in M. oleifera verantwortlich

sind.

Bioverfiigharkeit der M. oleifera-Glucosinolate sowie Ubertragbarkeit der

biologischen Aktivitit auf den Menschen

In der Pflanze werden Glucosinolate in ihrer glykosylierten stabilen Form in den
Vakuolen der meisten Pflanzengewebe oder auch wie bei Arabidopsis thaliana in
spezifischen Schwefel ,,S-Zellen“, welche sich zwischen Phloem und Endodermis
befinden, gespeichert (Koroleva & Cramer, 2011). Gentrennt von diesen sekundéren
Pflanzeninhaltsstoffen  enthdlt die Pflanze in den  Myrosinzellen der
glucosinolatproduzierenden Gewebe die Myrosinase (B-Thioglucosidase), ein Enzym,
welches die intakten Glucosinolate bei Zusammenfithrung hydrolysieren kann.
Myrosinase und Glucosinolate konnen damit zwar in der gleichen Zelle lokalisiert sein,
sind aber durch die Speicherung in verschiedenen Zellkompartimenten voneinander
abgegrenzt (Koroleva & Cramer, 2011). Wenn die Zelle zerstort wird, z. B. durch
Zerkauen oder Zellverwundung, treffen Glucosinolat und Abbauenzym aufeinander.
Nach der Nahrungsaufnahme werden die Glucosinolate partiell intakt durch die Magen-
Darm-Schleimhaut absorbiert. Der grote Anteil wird allerdings in den Darmlumen
metabolisiert (Barba et al., 2016). Hierbei werden im Diinndarm die Glucosinolate durch
die pflanzeneigene Myrosinase iiber ein instabiles Zwischenprodukt, dem
Thiohydroximat-O-Sulfonat, zu verschiedenen  Hydrolyseprodukten, wie
Isothiocyanaten, Nitrilen, Epithionitrilen, Oxazolidine-2-Thionen oder Indol-3-
Carbinolen umgewandelt, welche dann absorbiert werden. Welches dieser
Abbauprodukte entsteht, hdngt u. a. von der Seitenkettenstruktur des Glucosinolates, von
myrosinase-assoziierten (modifizierende Proteine) und myrosinase-bindenden Proteinen
(Kuchernig et al., 2012) sowie vom herrschenden pH-Wert und der Eisenverfiigbarkeit
ab. Nicht hydrolysierte Glucosinolate gelangen in den Dickdarm und werden dort mittels
bakterieller Myrosinase hydrolysiert und die Abbauprodukte absorbiert oder
ausgeschieden (Barba et al., 2016). Geht die Myrosinaseaktivitéit z. B. durch Erhitzung
verloren, gibt es lediglich die Darmbakterien, welche die Hydrolyse durchfiihren und die

bioaktiven Glucosinolatabbauprodukte entstehen lassen konnen. Die Glucosinolate
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durchqueren aufgrund ihrer Hydrophilie das Verdauungssystem dann intakt bis zum
Darm, wo sie von der intestinalen Mikrobiota (Darmflora) hydrolysiert werden (Barba et
al., 2016). So konnten Cheng et al. (2004) zeigen, dass Bifidobacterium-Stimme der
humanen Darmflora Glucosinolate in vitro zu Nitrilen metabolisieren kénnen. Luang-In
et al. (2015) zeigten, dass ein aus menschlichem Kot isolierter Escherichia coli-Stamm
das Glucosinolat Sinigrin zum Allyl-Isothiocyanat hydrolysiert. In simulierten
Verdauungsversuchen mit Glucoraphanin (unter Abwesenheit von Myrosinase und
Darmbakterien) konnte gezeigt werden, dass nur geringe Mengen von intakten
Glucosinolaten wahrend des Verdauungsprozesses verloren gehen. So wurden von
Maskell & Smithard (1994) 2 —-23 % Verlust im Magen und weitere 7 —28 % im
Diinndarm in in vitro-Versuchen ermittelt. Zusammenfassend konnte jedoch gezeigt
werden, dass nur ein sehr geringer Teil der intakten Glucosinolate intakt absorbiert
werden kann. Fiir eine effektive Isothiocyanatdosis erscheint daher die pflanzliche
Mpyrosinase essentiell (Angelino et al., 2015), da nur ein sehr geringer Teil der intakten
Glucosinolate von spezifischen Darmbakterien hydrolyiert werden kann. So zeigten
verschiedene Studien (u. a. Saha et al., 2012; Vermeulen et al., 2008), dass nur ein
Bruchteil der Isothiocyanate nach Kochen des Brokkolis (Inaktivierung der Myrosinase)
im Vergleich zum Verzehr von Rohmaterial im Blut nachgewiesen werden konnte. Li et
al. (2011) schlussfolgerten, dass eine regelmiBige Aufnahme von Brassica-Gemiisen das
Mikrobiotaprofil im Darm verdndert und damit ein hoherer Anteil von
glucosinolatmetabolisierenden Bakterien vorhanden ist. Die Bioverfligbarkeit von
Glucosinolathydrolyseprodukten ist nicht nur von der Glucosinolataufnahme abhingig,
sondern auch von ihrer Umwandlung in bioaktive Hydrolyseprodukte bis hin zur Passage
durch die Darmwand (Angelino & Jeffery, 2014). Um die Bioverfiigbarkeit von
Glucosinolaten bewerten zu kdnnen, miissen Informationen zur Verdauung, Absorption,
der Metabolisierung, der Gewebeverteilung sowie der Bioaktivitit eingeholt werden
(Deng et al.,, 2015). Die Bioverfiigbarkeit der Glucosinolate hingt nach Holst &
Williamson (2004) von folgenden wesentlichen Punkten ab: 1) Vorkommen und
Konzentration von Glucosinolaten im Pflanzenmaterial, 2) Hydrolyseprozesse im
Pflanzenmaterial wéhrend Lagerung und Verarbeitung, 3) Eigenschaften des
Pflanzenmaterials, 4) Loslichkeits- sowie physikalisch-chemische Eigenschaften,

4) Stabilitdt, 5) Ausmall der Zellzerstorung  wihrend des  Kauens,
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6) Verdauungsprozessen im Magen und Diinndarm und 7) Fermentierungsprozessen im
Dickdarm. Die Bioverfligbarkeit der Glucosinolate ist somit u. a. abhidngig von der
Wasserloslichkeit, Ionisierbarkeit und Lipophilitdt. So wird z. B. angegeben, dass die
Absorption im Darm bei einem log P-Wert (Wert fiir Membranpermabilitit) zwischen
0,5 -2 optimal ist (Holst & Williamson, 2004). Dieser hdngt jedoch stark von der
Seitenkettenstruktur sowie vom Vorhandensein der Sulfatgruppe (Glucosinolat oder
Isothiocyanat) ab. So hat Benzylisothiocyanat einen berechneten Log P-Wert von 3,31,
Sulforaphan hingegen von 0,72 (Glucoraphanin bei -3,81). Auch wenn die Isothiocyanate
der M. oleifera-Glucosinolate strukturell sehr &hnlich zum Benzylisothiocyanat sind, liegt
die Vermutung nahe, dass der zuséitzlich gebundene Zucker am Molekiil (Rhamnose +/-
Acetylgruppe) die Loslichkeit des Molekiils entscheidend beeinflusst. Nach Graaf et al.
(2015) ist das Isothiocyanat durch die Rhamnose starker wasserldslich. Ob dies ein Vor-
oder Nachteil fiir die Bioverfiigbarkeit der Abbauprodukte der M. oleifera-Glucosinolate
ist, kann man ohne weiterfiihrende Untersuchungen nicht abschitzen. Holst &
Williamson (2004) korrelieren eine bessere Loslichkeit mit einer verringerten
Permeabilitdt. Der Membrantransport muss daher aktiv erfolgen und ist nicht mehr passiv
moglich. Allerdings beziehen sich die Autoren bei ihren Angaben auf den Vergleich
zwischen intakten Glucosinolaten (wasserloslich durch gebundenen Glucose) und

Isothiocyanaten.

Am besten untersucht ist die Bioverfiigbarkeit von Glucoraphanin, einem Glucosinolat
aus Brokkoli. Hier wird das intakte Glucosinolat zunichst oxidiert (zu Glucoerysolin)
oder reduziert (Glucoerucin) und dann mit Hilfe der Myrosinase in der Leber oder im
Darm in die Abbauprodukte Erucin, Erucin-Nitril, Sulforaphanin-Nitril oder Sulforaphan
umgewandelt (Angelino & Jeffery, 2014; Saha et al, 2012). Sulforaphan, ein
Isothiocyanat von Glucoraphanin, in hohem Mafe bioverfiigbar ist, da es schnell
absorbiert, metabolisiert und wieder ausgeschieden wird. Verschiedene Studien zeigten,
dass Sulforaphan iiber die Darmwand aufgenommen wird, dort mit Glutathion m. H. der
Glutathion-S-transferase konjugiert und passiv oder aktiv (Multidrug Resistance-
Associated Protein 1) weitertransportiert wird (Traka & Mithen, 2009; Zhang &
Callaway, 2002). Der Isothiocyanat-Glutathion-Komplex wird iiber den Mercaptursiure-
Stoffwechselweg weiter metabolisiert und iiber den Urin ausgeschieden (Traka & Mithen,

2009). Nach 24 h konnte 74 % der aufgenommenen Menge an Glucoraphanin in
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Brokkolisprossen als Sulforaphan im Urin nachgewiesen werden (Cramer & Jeffery,
2011). Wird der Isothiocyanat-Glutathion-Komplex jedoch z. B. durch die Glutathion-S-
Transferasen wieder aufgeldst, werden die Isothiocyanate frei und kdnnen biologisch
aktiv werden (Phase I-, Phase II-Metabolismus) (Traka & Mithen, 2009). Die
Isothiocyanate von Glucoraphanin sind hoch reaktiv und zeigten in in vivo Studien, dass
sie iiber den Nrf2/ARE-Signalweg Phase II- sowie antioxidative Enzyme induzieren
konnen (u. a. Review von Hayes et al., 2008; Traka & Mithen, 2009) oder auch Apoptose
in humanen Tumorzellen einleiten konnen. Analysen von Platz et al. (2016) zeigten, dass
auch Glucotropaeolin und dessen Hydrolyseprodukt Benzylisothiocyanat schnell im
menschlichen Korper metabolisiert werden. So konnten 1 — 5 h nach oraler Aufnahme
von Kapuzinerkresse (Tropaeolum majus) maximale Konzentrationen von
Benzylisothiocyanat-Metaboliten, wie Benzylisothiocyanat-Cysteinyl-Glycin  oder
Benzylisothiocyanat-Glutathion, im Blut festgestellt werden (Urin 4 — 6 h). Auch wenn
die Glucosinolate von M. oleifera dhnliche Effekte wie Glucoraphanin in Zellversuchen
in vitro zeigten (Forster et al., 2016) und sie strukturell &hnlich zum Benzylglucosinolat
sind, ldsst sich daraus nicht schlussfolgern wie bioverfiigbar sie sind. Dies miisste in
weiterfiihrenden Studien untersucht werden. Galuppo et al. (2014) zeigten, dass aus den
in den M. oleifera-Samen enthaltenen Rhamno-Benzyl-GS durch den enzymatischen
Abbau mit Myrosinase bei neutralen Bedingen zu tiber 99 % Rhamno-
Benzylisothiocyanat entsteht. Weiterhin wurde von Faizi et al. (1994) neben dem
genannten Isothiocyanat die Entstehung von zwei Nitrilglykosiden (Niazirin und
Niazirinin) sowie zwei Thiocarbamate (Niaziminin A und B) beschrieben.
Wihrenddessen die Thiocarbamate sowie das Rhamno-Benzylisothiocyanat
blutdrucksendend wirkten, war dieser Effekt fiir die Nitrile nicht nachweisbar (Faizi et
al., 1994). Guevara et al. (1999) zeigten ein antikarzinogenes Potential des
Thiocarbamates Niazimicin aus M. oleifera. Die Autoren wiesen zum einen
aktivitditshemmenden Effekt auf das Epstein-Barr-Virus (EBV-EA) in vitro und zum
anderen eine tumorhemmende Wirkung im Mausmodell (spétere Bildung von Papillomen
auf der Maushaut, verringerte Hiufigkeit und Anzahl an Papillomen pro Maus) nach. Es
lasst sich daher vermuten, dass das Rhamno-Benzylisothiocyanat sowie die
Thiocarbamate die biologisch aktiven Hydrolyseprodukte der Blattglucosinolate von

M. oleifera sind. Mit der Bestimmung der Log P-Werte dieser Abbauprodukte sowie der
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intakten Glucosinolate konnten erste Vergleiche der Bioaktivitit zu anderen bereits

gepriiften Glucosinolaten sowie deren Hydrolyseprodukte angestellt werden.

Viele in vitro- sowie in vivo-Studien fokussierten sich auf einzelne Glucosinolate. So
wurden insbesondere am Beispiel von Glucoraphanin bzw. Sulforaphan Analysen zu
antioxidativen, antikarzinogenen oder toxischen Effekten durchgefithrt bzw.
Umwandlungs- und Abbauprozesse im Tier oder menschlichen Kdrper untersucht. Auch
die Analysen, die in Forster et al. (2016) prisentiert wurden, fokussierten auf die zwei
Hauptglucosinolate in den Bléttern von M. oleifera: Rhamno-Benzyl-GS and Ac-Isomer-
GS III. Hier wurden antioxidative sowie antikarzinogene Effekte der isolierten
Glucosinolate in vitro untersucht. Synergistische sowie antagonistische Effekte sind
jedoch in Studien selten festgestellt und gezielt beobachtet worden. In einem grof3en vom
BMBF geforderten Verbundprojekt ,,Verbesserte Gewinnung und Verarbeitung
didtetischer Glucosinolate sowie die Charakterisierung ihrer potenziellen Funktion in der
Pravention von Darmkrebs, wurden u. a. Mduse mit glucosinolatarmen und —reichen
Brokkoli- sowie Pak Choi-Didten gefiittert. Die Verabreichung der glucosinolatreichen
Pak Choi-Didt fithrte im Vergleich zur glucosinolatarmen zu einer Steigerung der
Reportergenaktivitdt von Nrf2-regulierten Enzymen. Dies konnte die verminderte Colitis,
reduzierte Tumorinzidenz sowie Tumoranzahl/Tier im Colon der Versuchstiere erkléren
(Lippmann, 2013). Lippmann (2013) fiihrt dies auf das in der glucosinolatreichen Pak
Choi-Diédt in hoheren Gehalten enthaltene Gluconapin zurlick. Im Gegensatz zu
Neoglucobrassicin und Progoitrin induzierte dies in hydrolysierter Form die
Reportergenaktivitit Nrf2-regulierter Enzyme. Haack et al. (2010) identifizierten
antagonistische Effekte von Glucosinolaten. Nach den Autoren verringerten die
Hydrolyseprodukte von Neoglucobrassicin die von Glucoraphanin induzierte
Promotoraktivitdt von NQOI und Gpx2. Folglich sind neben der Pflanzenmatrix an sich,
auch die Glucosinolatzusammensetzung sowie —konzentration entscheidende Faktoren
fiir die Regulierung von Nrf2-assoziierten Enzymen. Da sehr viele Faktoren den
Verdauungs- und Absorptionsmetabolismus der Glucosinolate und deren
Hydrolyseprodukte beeinflussen und damit auch die Ausscheidungswege und Verteilung
in Geweben, besteht hier noch sehr viel Forschungsbedarf (Barba et al., 2016). So zeigten
z. B. Roland et al. (1996), dass Ballaststoffe die Glucosinolatassimilation modulieren

konnen.
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Interessanterweise  sind  viele auf dem  Markt erwerbbare  Brokkoli-
Nahrungserginzungsmittel reich an Glucoraphanin, aber enthalten keine Myrosinase. Die
Bioverfiigbarkeit von Sulforaphan sowie Erucin aus diesen Produkten als bioaktive
Substanzen ist sehr gering und kdnnte nur mit einer externen Zugabe von Myrosinase
erhoht werden (Clarke et al., 2011). Auch Fahey et al. (2015) stellten fest, dass bei einer
oralen Aufnahme von Brokkolisprossen oder —samen eine Inaktivierung der endogenen
Myrosinase eine 3 —4-fache Verringerung der Bioverfiigbarkeit zur Folge hatte.
Analysen von d&hnlichen Nahrungsergéinzungsmitteln von M. oleifera an unserem
Fachgebiet zeigten sogar, dass in diesen Pulvern keinerlei Glucosinolate nachgewiesen
werden konnen. Vermutlich ist dies auf den Herstellungsprozess der Pulver
zuriickzufiihren. Schon wéhrend des Trocknungsprozesses konnten die instabilen
Glucosinolate aus den Bléttern von M. oleifera zerstért und somit im Endprodukt nicht

mehr detektiert werden.
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Sehr viele Wissenschaftler arbeiten an diversen Forschungsthemen zu M. oleifera.
Fragestellungen zum optimalen Anbau, Inhaltsstoffzusammensetzung sowie
erndhrungsphysologische- und gesundheitsférdernde Effekte von M. oleifera auf Mensch
und Tier stehen bei diesen Arbeiten im Vordergrund. Auch die vorliegende Arbeit
untersucht wertgebende gesundheitsfordernde Inhaltsstoffe in den Bléttern von
M. oleifera sowie deren gezielte Beeinflussung durch Verdnderung von
Kulturbedingungen. Trotzdem ist es notwendig einige dieser Forschungsschwerpunkte

noch detaillierter zu bearbeiten.

Im Zuge dieser Arbeit konnte in Gewéchshausversuchen festgestellt werden, dass sich
die M. oleifera-Akzessionen morphologisch sowie hinsichtlich ihres Inhaltsstoffprofils
unter gleichen Anbaubedingungen voneinander unterscheiden. Wir sprechen daher von
Okotypen. Es wurden zwei Okotypen identifiziert, welche eine starke Wiichsigkeit mit
gleichzeitig hohen Gehalten an Glucosinolaten und Flavonoiden aufweisen. Bei diesen
zwei Okotypen war es mdglich unter den im Gewichshaus festgelegten
Kulturbedingungen viel Blattmaterial mit hohem erndhrungsphysiologischen und
gesundheitsfordernden Potential mehrfach im Jahr zu ernten. Da sich die Ergebnisse der
vorliegenden Analysen lediglich auf die durchgefiihrten Gewéchshausversuche beziehen,
ist es ratsam die Okotypen in Freilandversuchen in den Herkunftsgebieten bzw. in
natiirlichen Verbreitungsgebieten von M. oleifera zu testen. So wird derzeit im Rahmen
einer vom DAAD-geforderten Dissertation am Fachgebiet der Urbanen Okophysiologie
der Pflanzen an der Humboldt-Universitit zu Berlin untersucht wie sich klimatische
sowie pedologische Faktoren in drei agro-dkologische Zonen in Ghana auf das Wachstum

sowie das Sekundidrmetabolitprofil von zwei M. oleifera-Akzessionen auswirken.

Die genetische Diversitit von M. oleifera ist sehr hoch, da sich die Herkiinfte iiber die
Zeit genetisch voneinander separiert haben. Mehrere Forschungsgruppen beschiftigen
sich damit Diversititen von M. oleifera mit Hilfe von DNA-basierten Markern zu
analysieren. Ziel ist es hier genetische Ressourcen zu sichern und als Grundlage fiir
zukiinftige Selektionen sowie Ziichtungsprogramme zu nutzen. Zukiinftige Genanalysen
konnten darauf abzielen M. oleifera-Okotypen zu identifizieren, welche optimal an

bestimmte Standorte (Trockentoleranz/-resistenz, Kdéltetoleranz/-resistenz) angepasst
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sind. Umfangreiche Anbauversuche wiren damit nicht mehr nétig. Ebenfalls konnte
untersucht werden, ob Synthesewegsgene fiir Sekundidrmetabolite in M. oleifera, wie fiir
Glucosinolate oder Flavonoide, mittels Marker detektiert werden konnen. Auch konnte
die Aktivitdt von Genen bestimmt werden. Zum einen wire es damit moglich das
Vorhandensein von spezifischen sekundéren Inhaltsstoffen zu prognostizieren und zum
anderen konnten Genaktivititen mit den Inhaltsstoffgehalten in der Pflanze korreliert
werden. Eine gezielte Auswahl geeigneter Okotypen fiir ein bestimmtes Anbaugebiet,
welche auf die jeweiligen Anforderungen angepasst sind, konnte so ohne aufwendige und

umfangreiche Anbauversuche getroffen werden.

Obwohl die Glucosinolate in den Blittern von M. oleifera bereits identifiziert sind, ist es
bis zum jetzigen Zeitpunkt nicht mdglich die drei Ac-Isomer-GS den jeweiligen Peaks im
HPLC-Chromatogramm zuzuordnen. Wir wissen zwar, dass eines der drei Isomere (in
unserem Fall das Ac-Isomer-GS III) das Hauptisomer darstellt, allerdings konnen wir
nicht sagen, an welcher Position die Acetylgruppe bei diesem Isomer an die Rhamnose
gebunden ist. Da die Position der Acetylgruppe die Struktur des Glucosinolates verindert,
kann nicht ausgeschlossen werden, dass durch die drei Ac-Isomer-GS unterschiedliche
bioaktive Effekte vermittelt werden. Zum einen konnte daher in weiterfithrenden
Untersuchungen  mittels  Kernspinresonanzspektroskopie ~ (NMR-Spektroskopie)
aufgekldrt werden, welches der drei Isomere sich hinter den jeweiligen Peaks verbirgt.
Weiterhin konnten diese dann fraktioniert und, dhnlich zu den in dieser Arbeit
durchgefiihrten Tests, auf ihr antioxidatives, antikarzinogenes Potential untersucht
werden. Es wire somit moglich Ahnlichkeiten oder Unterschiede der drei Isomere

hinsichtlich ihrer Bioaktivitat zu identifizieren.

Auch wire die Anwendung des ,,Activity Profiling eine weitere Moglichkeit um
potentielle medizinische Wirksamkeiten der Sekundidrmetabolite in M. oleifera zu
identifizieren. Hierbei wird mit Hilfe eines Computermodells gepriift, ob die Struktur
einer  chemischen = Verbindung in  Proteinstrukturen = passt  (Protein-
Ligandeninteraktionsmodelle). Wenn die Funktion des Proteins bekannt ist, kann mit
einer Passfdhigkeit auf eine potentielle medizinische Wirksamkeit der untersuchten
Struktur geschlossen werden. Aktivititen oder Inaktivititen von chemischen

Verbindungen konnen mit Hilfe dieser Modelle vorhergesagt werden. Aufbauend
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konnten dann gezielt in vitro- und spiter in vivo-Versuche angesetzt werden, um die

vermuteten Wirksamkeiten explizit in Zellversuchen oder am Lebewesen nachzuweisen.

147

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



Zusammenfassung

Moringa oleifera Lam. wird neben der Verwendung der Blitter als Nahrungsmittel
besonders in den Tropen und Subtropen, als pflanzliches Arzneimittel vielféltig in der
traditionellen und Stammesmedizin genutzt. Auf Basis von Stammeswissen und
miindlichen Uberlieferungen von Wirksamkeiten wiesen eine Vielzahl an Autoren in
wissenschaftlichen Studien u. a. antibiotische, antimikrobielle, antiinflammatorische,
antioxidative und antikarzinogene Effekte von M. oleifera nach. Ob das antioxidative
und/oder antikarzinogene Potential auf die in den Blittern von M. oleifera in hohen
Konzentrationen vorhandenen multi-glykosylierten Glucosinolate bzw. deren
Abbauprodukte zuriickgefiihrt werden kann, war Forschungsgegenstand der vorliegenden

Arbeit.

Um Ausgangsmaterial fiir die Bioaktivitidtsanalysen zu generieren, wurden sechs
verschiedene M. oleifera-Okotypen im Gewichshaus angebaut. Zwischen den Okotypen
konnten Unterschiede im Sekundidrmetabolitprofil (Glucosinolate, Phenolsduren,
Flavonoide) sowie in der Biomasseproduktion festgestellt werden. Zwei Okotypen,
TOT4880 (Herkunft USA) und TOT7267 (Herkunft Indien), zeigten gleichzeitig einen
hohen Sekundéirmetabolitgehalt sowie Biomassezuwachs und wurden folglich unter den
herrschenden Anbaubedingungen im Gewichshaus als ,,Top-Okotypen* identifiziert.
Ebenfalls wurde untersucht wie sich Anbaubedingungen, am Beispiel von Trockenheit
und Schwefeldiingung, auf das Pflanzenwachstum und die sekundéren Inhaltsstoffe
auswirken. Auch wenn die Effekte stark vom Okotyp abhingen, konnte generell gezeigt
werden, dass bei Wassermangel die Biomasseakkumulation abnahm, der
Glucosinolatgehalt dafiir zunahm. Mit Hilfe des Gewichshausanbaus war es auch
auBerhalb des natiirlichen Verbreitungsgebietes von M. oleifera méglich ausreichend
Blattmasse iiber die Vegetationsperiode im Jahr zu generieren. Mit Hilfe einer geeigneten
Okotypenauswahl sowie einer gezielten Kontrolle der Anbauparameter (z.B.
Bewisserung) zeigten die Blétter hohe Gehalte an Glucosinolaten. Im Gegensatz dazu
erwiesen sich in vitro etablierte Pflanzen von M. oleifera als nicht geeignete Quelle fiir
die Gewinnung von Glucosinolaten. M. oleifera konnte zwar unter Verwendung von
0,2% HgClx in vitro erfolgreich etabliert und auf MS-Medium mit 0,5 mg/l

Benzylaminopurin-Zusatz schnell vermehrt werden, jedoch war das detektierte
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Glucosinolatprofil in den Bléttern sowie im Kallus im Vergleich zu den im Gewichshaus
geernteten Bldttern vollig verdndert. Das Material konnte daher nicht fiir die
Extraktherstellung genutzt werden. Folglich dienten die geernteten Blitter aus dem
Gewichshaus als Grundlage fiir die Herstellung der Glucosinolatextrakte fiir diverse

Bioaktivitdtsuntersuchungen.

Nachdem sich die iibliche DIN-Extraktionsweise (Desulfoglucosinolate) als unbrauchbar
fiir die quantitative sowie qualitative Bestimmung der Glucosinolate von M. oleifera
herausstellte, wurde ein geeignetes Extraktionsverfahren fiir die Glucosinolate von
M. oleifera entwickelt. Umformungs- sowie Abbauprozesse der Glucosinolate konnten
m. H. der Extraktion der intakten Glucosinolate sowie unter Verwendung von gepufferten
Eluenten bei der HPLC-Analytik unterbunden werden. Auch konnte gezeigt werden, dass
bei der Herstellung von Standards einzelner M. oleifera-Glucosinolate (4-a-
Rhamnopyranosyloxy-Benzylglucosinolat,  Acetyl-4-a-Rhamnopyranosyloxy-Benzyl-
glucosinolat Isomer III) gepufferte Eluenten wéhrend des Fraktionierens genutzt werden
mussten. Nur so war es mdglich stabile Glucosinolatstandards fiir folgende

Untersuchungen in ausreichender Menge bereitzustellen.

Die  hergestellten  stabilen  Glucosinolatstandards  (Gesamtextrakt  sowie
Einzelsubstanzen) wurden verwendet, um potentielle medizinische Wirksamkeiten dieser
zu untersuchen. Unter Zugabe von Myrosinase konnten fiir die M. oleifera-Glucosinolate
keinerlei genotoxische sowie mutagene Effekte mittels Ames-Test, HPRT- und SCE-
Assay ermittelt werden. Reportergenstudien zeigten, dass die Promotoraktivitit von Nrf2-
Zielgenen, wie NOQOI und Gpx2, durch Glucosinolathydrolyseprodukte von M. oleifera
bereits bei Glucosinolatkonzentrationen, welche nicht zytotoxisch auf HepG2-Zellen
wirkten (1 —5 uM), signifikant erhoht wurde. Diese Gene des Phase-II- sowie
Abwehrsystems in HepG2-Zellen wurden {iber den Nrf2-Keapl-ARE-Signalweg
induziert. Zusammenfassend konnte mittels der durchfiihrten Analysen festgestellt
werden, dass die Abbauprodukte der Glucosinolate von M. oleifera detoxifizierende
sowie antioxidative Effekte vermitteln und folglich ein interessantes Objekt fiir
vertiefende Bioaktivitdtsstudien darstellen. Die Ergebnisse werden als Hinweis auf ein

antikarzinogenes Potential der Glucosinolate von M. oleifera gewertet.
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