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Abstract

Secondary plant metabolites are the most ethnic medicative agents. If taken up by nutrition
for steady health promotion or ingested aimed during an acute disease, their major
effectiveness is mediated trough the epithelial of the gastrointestinal tract. Two candidates as
representatives for a pharmacological drug and a food component were investigated in this
work due to its curative potential employing in vitro models of the small intestine. Thereby, the
major volatile compound of eucalyptus oil (Eucalyptus spec.), cineole was focussed as being
an established medication in respiratory diseases. Regarding the health impact of a daily
green tea diet, the prime secondary plant metabolite of Camellia sinensis, epigallocatechin
gallate (EGCG) was selected as the infusion of this plant represents the second most
consumed beverage globally next to water.

Porcine cell lines as IPEC-J2 (jejunal) and IPI-2I (ileal) served as monogastric models of the
intestinal epithelium. By employment of gas chromatography-mass spectrometry (GC-MS)
initial metabolization of cineole in the small intestine, immediate to absorption was evaluated.
Appliance of electric cell-substrate impedance sensing (ECIS) further monitored the herbal
influence by means of toxicity and in general processes on cellular level. For questioning the
locally mediated immune response to both investigated secondary plant metabolites reverse
transcriptase quantitative real time polymerase chain reaction (RT-gPCR) based gene
expression analysis was applied. For a better understanding of involved molecular drug
targets the cell culture models were physiologically manipulated by adenoviral induced RNA
interference (RNAI) in terms of loss-of-function studies. In particular therewith the EGCG and
also metastasis related membrane bound 67 kDa laminin receptor (67LR) was examined, as
well as its involvement in TLR4 signaling. Additionally for the tea catechin the scope was
extended to epigenetic level and its potential to alter inherit methylation patterns was
measured using luminometric methylation assay (LUMA).

The outcome reveals distinct cytotoxicity parameters within the in vitro approach as well as
for cineole dosage by determining a sharp cell detaching concentration level. Noteworthy for
the pharmacological compound no measurable corresponding immune reactions could be
assigned close to this threshold. In contrast, considering primary pathways of innate
immunity EGCG evoked cytokine up-regulations on mRNA level independently from predicted

molecular pathways in concentrations as evaluated for tea beverages, as well as applied in
Il



much lower doses. Consecutive considerations of anti-tumorigenic properties of EGCG
showed its potential to alter global methylations and further, related to the 67LR, could show
a significant suppressive potential in synergy with regulatory small RNAs even in very low
concentrations.

In this view the measurable intestinal health promotion through the focussed secondary plant
metabolites in this work is ambivalent. The immediate benefit of cineole applied orally for cure
of respiratory diseases could not be assigned to physiological activities within the small
intestine epithelium. For EGCG a promising new gateway in metastasis prevention is
accessed what calls for follow up studies employing cancer cell lines, not only of the

gastrointestinal tract.



Zusammenfassung

Sekundare Pflanzenstoffe stellen die urspriinglichste Art medikativer Anwendungen dar. Ob
fur eine stetige Gesundheitsférderung mit der Nahrung aufgenommen, oder als gezielte
Einnahme im akuten Krankheitsfall, wird ihre primare Wirksamkeit Uber das Epithel des
Gastrointestinaltrakts vermittelt. Zwei sekundére Pflanzeninhaltsstoffe wurden wéahrend dieser
Arbeit als Vertreter eines pharmakologischen Wirkstoffes, beziehungsweise eines
Nahrungsbestandteiles, beztglich ihrer heilsamen Eigenschaften in in vitro Modellen des
Dinndarms untersucht. Einerseits wurde Cineol untersucht welches Hauptbestandteil des
Ols der Eukalyptuspflanze (Eucalyptus spec.) ist und als gebrduchliche Medikation bei
Erkrankungen der respiratorischen Organe eingesetzt wird. Andererseits wurde hinsichtlich
des Einflusses einer taglichen Didt der Hauptmetabolit des Sekundérstoffwechsels der
Teepflanze (Camellia sinensis), Epigallochatechin gallate (EGCG) ausgewahlt, da griner Tee
das weltweit am zweit haufigsten konsumierte Getrank nach Wasser darstellt.

Die porcinen Zellinien IPEC-J2 (jejunum) und IPI-2] (leum) dienten dabei als Modelle
monogastrischer Darmepithelien. Durch Gaschromatographie-Massenspektrometrie (GC-MS)
wurde die eingangige Verstoffwechselung von Cineol unmittelbar nach der Aufnahme im
Dunndarm untersucht. Weiterhin wurden mittels Electric Cell-substrate Impedance Sensing
(ECIS) Pflanzeninhaltsstoff induzierte Einflisse auf Zellularer Ebene aufgezeichnet, sowie die
im Modell verursachte Zytotoxizitat untersucht. Zur Fragestellung nach den lokal im
intestinalen Epithel vermittelten Immunantworten beider Sekundarer Pflanzenstoffe wurden
Reverse Transkriptase quantitative Echtzeit Polymerase Kettenreaktion (RT-gPCR) basierte
Genexpressionsanalysen durchgefuhrt. Zum besseren Verstandnis der tangierten molekularen
Ziele der Drogen diente die physiologische Manipulation der Zellkulturmodelle mit Hilfe von
adenoviral vermittelter RNA Interferenz (RNAI) fur Funktions-Verlust-Analysen. Im Speziellen
stand dabei der sowohl mit EGCG als auch mit Metastasenbildung in Verbindung stehende
67 kDa Laminin Rezeptor (67LR) im Mittelpunkt. Im Weiteren wurde die Beteiligung dieses
Proteins an der TLR4-Signaltransduktion untersucht. Um die Beeinflussung epigenetischer
Methylierungsmuster durch das Teecatechin zu untersuchen wurde der Luminometric
Methylation Assay (LUMA) herangezogen und somit die Betrachtung auf die epigenetische

Ebene erweitert.



Es zeigten sich pragnante Zytotoxizitdtsparameter sowohl verursacht durch den in vitro
Versuchsansatz selbst als auch durch die Cineolgabe, wobei sich dabei ein scharf definiertes
letales Konzentrationsniveau ermitteln lies. Bemerkenswerterweise verursachte der
Arzneistoff nahe dieses Grenzwertes keine damit zusammenhangende, messbare Immun-
Reaktion im Zellkulturmodell. Dahingegen rief die EGCG-Gabe den angeborenen
Immunstoffwechsel betreffend verstarkte Zytokin Expression auf mRNA Ebene hervor, welche
unabhangig von postulierten Stoffwechselwegen zu beobachten war. Diese Effekte waren
unter EGCG-Konzentrationen messbar welche wie auch hier gezeigt denen von frisch
aufgebrihtem grunen Tee entsprechen, als auch in sehr viel geringeren Dosen.
AnschlieBende Untersuchungen zu der Tumorbildung entgegenwirkenden Eigenschaften von
EGCG konnten ein die globale Methylierung veranderndes Potenzial zeigen. Im
Zusammenhang mit dem 67LR konnte auBerdem flr sehr niedrige Konzentrationen ein
signifikantes Vermdgen von EGCG festgestellt werden in Synergie mit regulierenden small
RNAs die 671.R Expression zu supprimieren.

Im Anbetracht der Ergebnisse ergeben sich ambivalente Befunde bezlglich der gesundheits-
fordernden Eigenschaften der hier untersuchten Sekundaren Pflanzenstoffe vermittelt im
Dunndarmbereich. Ein unmittelbarer positiver Effekt durch die orale Einnahme von Cineol bei
respiratorischen Erkrankungen kann nicht klar an eine Wirkungsvermittlung Uber das
Dunndarmepithel gekoppelt werden. Dahingegen er6ffnet EGCG einen viel versprechenden
neuen Ansatz fur die Forschung zur Pravention von Metastasenbildung welcher Folgestudien

an nicht nur dem Verdauungssystem entsprungenen Krebszelllinien nahelegt.
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Background

Secondary plant metabolites and gut health

Long before mankind was aware of molecules the effectiveness of plants on human health
was discovered. With rising knowledge and more elaborate analytical methods the detailed
composition of medications containing herbal ingredients was elucidated. Today, modern
drug screening reveals numerous candidate molecules derived from plants all over the world
which serve as leads for the pharmacological industry. This field gets particularly interesting if
a potentially active agent of a traditionally used plant extract is characterized and can then
retrospectively be assigned to its physiological function in health promotion.

Weather ingested directly with the food or more specifically by pharmacologically processed
preparations, the most common path of drug delivery for herbal administrations is the oral
intake. Accordingly the interest in how natural products contribute to the improvement or
development of gastric well being is immense. Thereby, by means of immunity the most
important section of the gastrointestinal tract is the small intestine. Located between the
stomach and the large intestine (Figure 1) the small intestine represents that part of the
digestive system where nutrients are depleted from the previously chemically and
enzymatically down broken ingested matter. Hence the small intestine represents the major
epithelium for selective absorption of extracorporeal substances into the organism. This
circumstance carried along that during evolution this body interior interface developed a

crucial role in immunity (Groschwitz & Hogan 2009).
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Along with the daily food intake not only primary nutrients but also secondary plant
metabolites, anorganic compounds and withal a multitude of microbes enter our body. All
enclosed pathogens which pass the stomach without degradation by the gastric acid
continue their noxious passage into the small intestine. In case of an injury on the surface of
the body that breaks the physical lining of the outer epithelium a local inflammation is induced
as reaction of the innate immune system to concomitant bacterial infections. Secondary
responses of the acquired immune system are then mediated outgoing from the body wide
network of lymph nodes to the peripheral located lesion. Immune cells including
macrophages, dendritic cells (DCs), B-cells and T-cells are recruited, activated and
dispatched to act upon the site of infection (Ley et al. 2007). In case of the body interior lining
epithelial where a permanent changing microbial environment must be separated from the
desired nutrients determined for absorption, a more specialized tissue has developed.
Enclosing it is called gut-associated lymphoid tissue or GALT. This assemblage of epithelial
and immune cell linages represents a partially autonomous acting part of the immune system.
Among the basic intestinal epithelial cells (IECs) reside embedded paneth cells, goblet cells,
enterocytes and enteroendocrine cells (Abreu 2010) and thus form the mucosal coated
physical boundary of the small intestine. Characteristically positioned within the sub-section
of the ileum the follicular structures of the peyer's patches perform a locally mediated
humoral immune response by processing antigens directly out of trans-epithelial
phagocytosed and digested pathogens through microfold cells (M-cells) (Owen 1999). Pro-
inflammatory cytokine/chemokine signaling what includes primary (IL13, TNFa) (Galley &
Webster 1996) and secondary (IL6, IL8) (Pitman & Blumberg 2000) mediators leads to the
recruitment of macrophages and DCs and in turn T-cells and B-cells which initiate
Immunoglobulin A (IgA) production in the underlying lamina propria (Fagarasan & Honjo 2003;
Underdown & Schiff 1986). Beneath minor influence on obsonization processes and
complement system activation, the subsequent secretion of IgA into the gut lumen then
primarily prevents the mucosa of bacterial colonization. Recognized pathogens get coated
with IgA and consecutively flushed out.

In the more worse case when microorganisms pass the mucosal barrier and intrude the
underlying tissue another defense mechanism becomes effective. On both apical and
basolateral surfaces of the gut epithelium as well as on the membrane of macrophages and

DCs within the tissue Pattern Recognition Receptors (PRRs) are expressed. Those receptor
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bind Pathogen Associated Molecular Patterns (PAMPs) which represent small molecular
conserved motifs present on the surface of microbes (Akira et al. 2006). A prominent
candidate which triggers the bacterial Lipopolysaccaride (LPS) is the Toll like receptor 4
(TLR4). The subsequent cast cascade leads to the expression of genes signaling an acute
inflammation. In case of TLR4 the bound LPS two crucial MyD88- and TRIF-dependent
physiological pathways are involved: The MAPK-Pathway and the Nfxkb-Pathway (Akira
2009). By activation of transcription factors and further their translocation into the nucleus
Cytokines like IL13, IL6, IL123 and TNFa indicating an acute inflammation are produced (Platt
& Mowat 2008). By the LPS induced signal also T-Cells can be attracted to PAMP activated
DCs what is depending on expression of membrane proteins (CD40, CD80 & CD86) and
simultaneous antigen presentation (lwasaki & Medzhitov 2004). Accordingly the TLR-Pathway
represents a crucial link between innate and acquired immunity what expand the importance

of the GALT for the whole immune system.

However already beyond the active threat by microbial attacks the gastrointestinal tract takes
a key role basic physical condition of an organism. Its physical constitution determines
between healthiness or chronic illness. When the pre-processed chymus reaches the small
intestine it contains beside microbial contents still a variety of secondary plant metabolites
originating from the food. Dietary habits often carry along a self-imposed monotony. This may
carry along an amplification of weak herbal originated physiological effects over time and
result in health promotion or insidious toxification.

The basic functionality of the intestinal mucosa is based on permanent renewal what
becomes apparent in one of the quickest turnover rates of all tissues. This balance between
growth and mortification is distinct regulated by the interplay of proliferation, differentiation
and finally apoptosis (J. N. Rao et al. 2010). By maintaining the programmed cell death the
signaling through of initiator-caspases (like Casp9) and in turn effector-caspases (like Casp3)
regulates the IEC-homeostasis (Earnshaw et al. 1999).

Regarding in further context disorders like inflammatory bowel disease or gastrointestinal
cancer, the question if proliferation or contrarily apoptosis promoting factors are affected by
the constant impact of nutritionally or medicatively ingested matter becomes crucial. Beside a
role in Crohn's disease (Maclachlan 2008) the expression of Cyclin D1 is related to

uncontrolled G1/S phase transition and thus develops an oncogenic function (Fu 2004).
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Considering the second cell cycle checkpoint prior to mitosis entry the regulation of Cyclin B1
takes a similar position related to gastric cancer (Begnami et al. 2010). Fatally disorders of
cytokine mediated regulation via the transforming growth factor beta (TGFB) are even

supposed link the state of chronic inflammation to cancerogenesis (Hong 2010).

The common entity of all these processes is that they all act locally in the GALT. Hence the
impact from locally enriched physiologically active compounds of herbal origin is self-evident.
Therefore this work is dedicated to the investigation of two secondary plant compounds
which evolve their health promoting potential in the gut.

A popular medical administration traditionally and indeed applied orally in respiratory diseases
therapy is cineole or containing preparations. The impact on epithelial development, its
immunomodulatory potential as well as the immediate metabolisation by IECs are examined
here in a combinatory methodical approach.

Green tea is ubiquitous consumed almost all over the world. Therefore the second candidate
chosen is epigallocatechin gallate, the major flavonoid of the tea plant. This compound was
object of multiple studies concerning health promoting effects mediated through gut

epithelium.



Background Jakob Mdller - Technische Universitat Mdnchen

Cineole, respiratory therapy in the gut

Cineole or 1,8-cineole (see Figure 2) is a cyclic monoterpenoid (IUPAC-nomenclature: 1,3,3-
trimethyl-2-oxabicyclo[2.2.2]octane) and a secondary plant metabolite also known as
eucalyptol, what refers to its major natural source, the eucalyptus tree (Eucalyptus spec.). Oil
from this plant can contain up to 84% of the volatile compound (Sadlon & Lamson 2010).
Cineole is a colorless and liquid lipophilic volatile aroma compound with a density of 0.93 g/
cm3 (at 20 °C) and can be dissolved in water with up to 3.5 g/L (at 21 °C). It has a melting
point of 1 - 2 °C, a flash point of 49 °C and a boiling point of 174 - 177 °C. The empirical

formula of cineole is C1oH180O at a molecular weight of 154.25 g/mol.

CHs
®
CHs
HaC

Figure 2 Cinecle (1,3,3-trimethyl-2-oxabicyclo[2.2. 2]octane)

However, other plants like laurel (Laurus spec.), oregano (Origanum spec.), basil (Ocimum
spec.), rosemary (Rosmarinus spec.), thyme (Thymus spec.), sage (Salvia spec.) or
cardamom (Elettaria spec.) commonly used as cuisine herbs also contain this substance but
in far fever amounts (Sertel et al. 2011; Asbaghian et al. 2011; Ben Farhat et al. 2009). Once
ingested orally the metabolization of cineole is maintained by the cytochrome P450 system in
the mammalian liver as studies revealed (Duisken et al. 2005; Miyazawa et al. 2001).
Australian scientists could identify a multitude of urinary cineole metabolites (2,9-Dihydroxy-,
2,10-dihydroxy-, 2a,4-Dihydroxy-, 2a,7-dihydroxy-, 7,9-Dihydroxy-, 7-Hydroxy-1,8-cineole
and 7-cineolic acid) from brushtail possums (Trichosurus vulpecula) feed with a cineole rich
diet (Boyle et al. 2000; Carman & Klika 1992; Bull et al. 1993) (& follow up studies). Similar
results were gained from human plasma or urine samples after experimental application of
sage tea (2-hydroxy-, 3-hydroxy-, 7-hydroxy- and 9-hydroxy-1,8-cineole) (Horst & Rychlik
2010).



Background Jakob Mdller - Technische Universitat Mdnchen
Actually the employment of cineole is manifold. Beneath seasoning, cosmetical or even
cleaning issues the use as pharmacological agent has a long tradition in many cultures as the
Australian or Chinese (Whitehouse et al. 1998; Chiang et al. 2005). Nowadays, cineole has
gained a distinct role all around the world as non-prescription mucolytic medication in
disorders like Bronchitis, Sinusitis or Chronic Obstructive Pulmonary Disease (COPD)
(Juergens et al. 2003; Worth et al. 2009). Described more abstract in the context of mucosal
epithelial affection. Customary well known products in Germany are Soledum® (Klosterfrau
Healthcare Group, Koln, Germany) or GeloMyrtol® (G. Pohl-Boskamp GmbH & Co,
Hohenlockstedt, Germany) for example. Both preparations have in common that they are
applied orally as enteric coated capsules, and hence evolve their curative potential beyond
their passage through the stomach within the small intestine.

The development of an expectorant effect of cineole by inhalation through the respiratory
tract is empirically proven and a major application. Conventional preparations like
Transpulmin® (MEDA Pharma GmbH & Co. KG, Bad Homburg v.d. Hohe, Germany) can be
either used by straight slathering onto the torso or direct inhaling with steaming water.
Concomitant physiological impacts are scientifically examined. An inhibitory effect for
cytokines TNFa, IL1[3, IL6 and IL8 on cultured human lymphocytes and monocytes has been
described (Juergens et al. 2004) as well as on a murine macrophage cell line (Chao et al.
2005). Further anti-inflammatory and anti-nociceptive activities of cineole were evaluated in

vivo by inflammation experiments in rats (F. A. Santos & V. S. Rao 2000).

The rising question is now, if cineole is applied orally, what effects are mediated locally in the
gut epithelium? Antimicrobial activity of 1,8-cineole or containing oils is described manifold
(Nascimento et al. 2000; Prabuseenivasan et al. 2006). Cytotoxicity in cancer cell culture
models is also evident (Foray et al. 1999; Loizzo et al. 2007). Is it thus health promoting or
harmful? What dose is lethal for IECs and what effects arise before? Are regulatory factors
determining the destiny of an epithelial cell affected by cineole or thereout metabolized
molecular compounds? May immunomodulation trough cineole in the GALT have far more

impact on an organism than curing a cold?
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Green tea, epigallocatechin gallate and its receptor

Flavonoids are a very versatile class of secondary plant metabolites which provide a variety of
marvelous skills. Popular members like the anthocyanidins provoke the color of leaves and
fruits, what shields from damage caused by ultraviolet radiation and at the same time attract
auxiliary insects for pollination. Another abundant member of the flavonoids are the catechins
(or flavan-3-ols, see Figure 3) which are capable to act allelopathic, what means they harm
other competing or hostile species (Baldwin 2003). However, following Paracelsus famous
principle, the dose makes the poison, these catechins do not affect malicious only. A
characteristic of all flavonoids is the phenolic core scaffold (Mota et al. 2009) that makes
them potent antioxidants (Valcic et al. 1999). This is utilized positively for the plants protection
against oxidative stress, as well as for the plants consumer. Therefrom many healthy effects
are assigned to enriched consumption of this compound class or containing vegetal food

respectively.

; 4 OH

Figure 3 Catechin core scaffold (Flavan-3-0)

If we now face the question what the richest source of Flavonoids is, the basic worldwide
consumption of a particular aliment must be considered. Hence, due to be the second most
drank liquid on earth, tea and within its quantitatively major secondary plant compound
Epigallocatechin gallate (EGCG) contributes with most substantial impact. According to a
study of the U.S. Department of Agriculture (USDA) wherein an extensive database of
flavonoid containing habitual biomaterials was compiled (Government 2011) the EGCG
content of green tea (Camellia sinensis) is only exceeded by the carob fruit (Ceratonia siliqua)
(Figure 4), but carob is certainly far less consumed. Other food plants, like red berries, apples

or nuts which have still noteworthy EGCG contents follow distant by several powers of ten.
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Epigallocatechin gallate content
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Figure 4 Epigallocatechin gallate content of al comprising vegetal biomaterials listed in the USDA-

database.

from: U.S. Department of Agriculture - "USDA Database for the Flavonold Content of Selected Foods" (Release 2.1 - January 2007),

URL: http:/Awwwwy.nal.usda.gov/fnic/foodcomp/Data/Flav/Hav02-1 . pdf
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The EGCG molecule itself (Figure 5) is a white solid salt. Its empirical formula is CooH18011 at
a molecular weight of 458.37 g/mol. The prefix Epi- refers to the diasterecisomeric
enantiomes which are present throu C atoms 2 & 3 of the C ring, whereas -gallo- marks an
extra hydroxyl group at the 3" C atom of the B-ring of the catechin scaffold that is esterified
with gallic acid at C atom number 3 of the C-ring. When EGCG is solved in water the color
turns to a brownish, greenish yellow (Flavonoid originates from latin, flavus meaning yellow)
and tastes bitter, attended by an adstringent effect similarly as a green tee infusion (Kielhorn &

Thorngate 1999).

OH
iIOH
HO O o
. OH
\QQJ'%O Figure 5 Epigallocatechin gallate
OH o OH ((2R,3R)-2-(3,4,5-Trinydroxyphenyl)-3,4-dinydro-1(2H)-
on enzopyran-3,5,7-trol-3-(3,4,5-trihydroxylbenzoat))
OH

Green and black tea are both made from the same plant, Camellia sinensis. Green tea is
immediately steamed and roasted what prevents it from fermentation. Exactly this is what is
desired in black tea production. The characteristic darker, more orange or brown color of
black tea rises from enzymatic oxidation and hydrolysis of catechin constituents of the tea
leaves. The result is the formation of theaflavins (Figure 6) which are polycyclic polyphenols
formed by quinonic condensation of the catechin molecules (Tanaka & Kouno 2003) and
which evoke the unique flavor of black tea (H. N. Graham 1992). The lighter color of green tea
compared to black tea get comprehensible by comparing the catechin patterns of both tea

preparations as shown in Figure 7 (Government 2011).

OH

OH
Ho\@oj““\\ OH

OH o)
‘‘‘‘‘ \OH
Figure 6 'heaflavin
HO (3,4,5-trinydroxy-1,8-bis[(2R,3R)-3,5,7 -trihydroxy-2-
OH

chromanyl]-6-benzo|7]annulenone)
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Flavan-3-ol composition (including Theaflavin) in Camelia
sinensis dry leaves and infusion, raw (green) or fermented (black)

Green tea (dry)

02510 %
13 %

(+)-Gallocatechin
Theaflavin

Green tea (brewed)

Theaflavin

Black tea (dry)

(+)-Catechin
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Figure 7 Major catechin (Flavan-2-ol) composition of green and black tea, dry matter or brewed.

from: U.S. Department of Agriculture - "USDA Database for the Flavonold Content of Selected Foods" (Release 2.1 - January 2007);

URL: http:/A ‘nal.usda.gov/fnic/foodcomp/Data/Hav/HavO2- 1 pdf
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Several intermediate processing levels are known today as the so called semi-fermented
Oolong teas or specially treated tea specialities. Among these are for example the Pu-Erh tea
which is extra microbial treated black tea that ferments for several years at room temperature
(Q. Wang et al. 2011) or preparations like the Kombucha what is made by using a
combination of bacterials and yeasts applied on pre-sweetened black tea (Greenwalt et al.

2000).

Evaluating the innumerable studies on tea polyphenols, for healthy issues the consumption of
green tea is supposed to have more positive effects compared to black tea (Cheng 2006). An
obvious reason is the higher antioxidant potential which is, measured in Vitamin C
equivalents, 1.8 times higher for unfermented tea than for fermented (K. W. Lee et al. 2002a).
Another reason may be the enriched caffeine content in black tea, what rises parallel and
reciprocal to the oxidative degradation of EGCG in the tea leafs during the fermentation
processes (Y.-S. Lin et al. 2003). Concretely many findings reporting health promoting
properties of tea consumption including issues of cardiovascular diseases, referring to total or
LDL cholesterol levels (Deka & Vita 2011), the potential to prevent obesity by influencing
adipogenesis (Moon et al. 2007) and counteractions in various vicious viral induced diseases,
among Hepatitis C (Dhiman 2011) and Herpes simplex (Isaacs et al. 2011) as well as
inhibitory activities on the life cycle of the HI-virus (Yamaguchi et al. 2002; S. Li et al. 2011) or
its infectivity (Hauber et al. 2009).

The worldwide per capita consumption of green tea is approximated with 120 mL/day (Babu
& D. Liu 2008). Accordingly the alimentary aspects of green tea or EGCG intake and further
diseases related to the gastrointestinal tract are obvious. Statistically, no other secondary
plant metabolite should have a more consequential influence by means of steadiness and
moderate dosage. Interestingly, regarding the initial impact in the consumer’s mouth, an
epidemiological study could show that the potential to develop esophageal cancer was
reduced dependent on the drinking temperature of tea (Wu et al. 2009) and recommended
lukewarm drinking. On the proximate passage through the gastrointestinal tract EGCG is
more or less unchallenged as studies show that only weak down breaking activity can be
observed by saliva (Tsuchiya et al. 1997) or within the stomach due to the non-oligomeric

character of this particular class of polyphenols (Spencer et al. 2000).
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Commonly flavanoids in nature are conjugated to [3-glycosidic carbohydrates what requires
B-glycosidase activity prior to absorption. Exceptionally flavan-3-ols are mostly present non-
glycosylated. Hence their uptake for further circulation through the mesenteric tissue
proceeds immediately in the small intestine (Spencer 2003). With regard to local disorders like
mucosal ulcers or lesions, healing properties could be attributed to tea catechins in animal
studies (Hamaishi et al. 2006; Sato et al. 2002). The more general syndrome of Inflammatory
bowl disease (IBD) is mediated by alteration of the pattern of resident microbes interacting
with the intestinal mucosa and the consequential interplay of environmental and/or host
factors (Xavier & Podolsky 2007). Antibiotic and probiotic properties balancing the gut flora
(Su et al. 2008) were assigned to green tea consume and further it has already been
recommended as a therapeutical appliance concerning Crohn's Disease (Alic 1999). The IBD
underlying pathways follow LPS induced activation of the adaptive immune system, what
recruits dendritic cells and macrophages via TLR4 signaling, whereupon the transcription
factors Nfkb and AP1 become effective (Akira & Takeda 2004). In consequence as described
above (see chapter “Secondary plant metabolites and gut health®) the inflammatory cytokine
cascade is initiated. Thereby an immunomodulatory role of EGCG by affecting not only the
involved leukocytes (Ahn et al. 2004; Wilkins et al. 2011) but also the epithelial cells of the
small intestine (F. Yang et al. 2001) through inhibition of the Nfkb effector kinase Ikkb has

already been described.

If these inflammation pathways are chronically stressed an enhanced risk for development of
intestinal cancer is given (Angel & Karin 1991; Eferl & Wagner 2003; Dolcet et al. 2005; Akira
2009). In this context manifold publications report and review the preventive potential of
EGCG in probably all kinds of cancer, but especially by molecular targeting and inhibition of
the Nfkb- and MAPK pathways (J. K. Lin et al. 1999; Chung et al. 1999; Kazi et al. 2002; J.-
K. Lin 2002; Donaldson 2004; Beltz et al. 2006; Shankar et al. 2007; C. S. Yang & H. Wang
2011; C. S. Yang et al. 2011; Yuan et al. 2011). What remains despite of all studies unclear,
are the distinct mechanisms of how EGCG effects the oncogenic targets. The question is
how the interaction is mediated.

A potential milestone in all EGCG research was the postulation of a membrane-embedded
receptor by Hirofumi Tachibana in 2004, that specifically reacts to EGCG contact, but not to

other close related catechins (Tachibana et al. 2004). His discovery refers to a quite
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ambiguous gene which has been mainly linked to metastasis formation so far (Liotta 1986;
Castronovo 1993). The 67kDa laminin receptor (67LR), also known as LAMR1, RPSA and
with multiple other names. This gene is peculiar indeed as it poses a mystery around its
processing during expression. Derived from a genomic sequence, encoding a 32.8 kDa
protein, it is translated into a 37 kDa precursor and subsequently appears as a 67 kDa
protein. Further it is conspicuous because of its high redundancy. Found as conserved
sequence almost allover the five kingdoms it emerges everywhere: intra-nuclear, cytosolic,
ribosomal, membrane-embedded although no typical transmembrane segment is present, as
well as secreted into the surrounding media (Castronovo et al. 1991; Montuori & Sobel 1996;
Nelson et al. 2008). By means of gastric cancer and in particular metastasis it has been
shown that the expression level of this gene positively correlates with enhanced progression
of the disease (W. A. Lee et al. 1996; L. Liu et al. 2010). Thereby, in its nature as laminin
receptor, the 67LR mediates over-expressed in the membrane of circulating cancer cells

through specific surface binding while target tissue invasion, as briefly reviewed (Mller n.d.).

The question now s, if the above cited molecular targets involved in multiple intestinal
inflammatory disorders are stimulated by EGCG autonomously, via the 67LR, or on another
and still ambiguous way? What represents the detailed mode of action on molecular pathway
level? Ahead follows the task to deal with the issue evolving when the anti-cancerogenic
potential of the green tea polyphenol EGCG faces the interplay with a so far metastasis
correlated receptor. Does the 67LR act separately by a novel signaling linked to EGCG, or
emerges a new synergy, not preconceived without being aware of the ligand/receptor
relation? Maybe the observations referring to EGCG as cancer preventive agent made until

today must be viewed in a different light.
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In vitro approach

The scientific analysis of secondary plant metabolite induced effects on physical health in
particular mediated through the initial reactions following the uptake in the immuno-linked
gastrointestinal system requires an abstract model. Therefore cell culture provides a potent
and convenient application for basic research, not only indicating the final effects post
application, but also allowing more specified and isolated considerations of molecular-
physiological issues. The pig as a monogastric animal matches best the physiology of the
human being. Hence the utilization of a porcine epithelial cell line represents a very universal
model to provide information valuable for diverse interest groups. There among animal health
as an economic factor as well as human health as ubiquitous demanded.

Accordingly the epithelial cell lines used in this work, IPI-2| (leum) and IPEC-J2 (jejunum),
being progenies of porcine small intestine tissues provide a versatile platform for analysis of
both, initial metabolization of secondary plant compounds by the small intestine and resulting

immunomodulatory effects which affect biochemical pathways.

Non-invasive online monitoring via electric cell-substrate impedance sensing

Studying physiological processes in an isolated manner requires enhanced methods.
Metabolite profiles raised by GC-MS-analysis or RT-gPCR expression patterns can be
acquired following an application after the desired incubation time by posterior sampling of
tissue or cells respectively. More diagnostic information needs monitoring of the kinetics
decrypting the proceeding effects after an application. Therefore in regard to the cell culture
based in vitro approach this study employs the electric cell-substrate impedance sensing
technology (ECIS) (Giaever & Keese 1984).

This method utilizes a device that functions as impedance meter (as described in section
Experimental). Electrodes and counter-electrodes implemented into the substrate area of
special cell culture dishes or “arrays“ measure the change in impedance through the inserted
media. Co-applied cells which settle onto the surface alter the signal in dependence from the
adjusted frequency of the applied current. The present frequency allows to catch events in
different heights above the ground what provides more specified insights into different cell
activities. Among cell migration and proliferation (Lo et al. 1993; Lundien et al. 2002) signal
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transduction (Reddy et al. 1998), cell attachment (Giaever & Keese 1984), invasion or
extravasation (Keese et al. 2002), the barrier function of cell layers (Tiruppathi et al. 1992) or
even the cell behavior under a continuous media flow (DePaola et al. 2001).

The output is a visualization mirroring all changes over time expressed as normalized
impedance. However, information must be interpreted by consulting microscopy and cell
counts for example in order to evaluate what the signal shift corresponds to. If finally the data
curves are assigned to a certain cell state detailed real time data of how a treatment develops
its physiological potential over time can be acquired. Toxicity levels of applied treatments, if
intended or provoked by technical side effects can be determined in a dose dependent
manner (Muller et al. 2011; Almstétter et al. n.d.). Lethality establishing over a certain time
under a certain dosage of a substance is measured not only at the end point but already at

the onset of toxicity what reflects the cellular situation true-to-life.

Switching physiological pathways by RNA interference

Real time recording of the events of cellular level is one grave conception, but to reveal the
underlying principles on molecular level requires a more sophisticated assay set up. Applying
a treatment is dedicated to evoke an effect. After emergence it can be recorded and
evaluated due to the desired parameters. However, when analyzing biochemical pathways
the more meaningful knowledge lies within the black box between the stimulus and the
reaction. Therefore, with regard to metabolic questions the identification of the bottleneck
within a regulatory pathway is the key target of investigation. The necessary tool is an
application that can block such a physiological relay in order to identify the effector drug
target.

For this task the method of choice, when working in cell culture models and also in this study,
is RNA interference (RNAI). This evolutionarily conserved and ubiquitous phenomenon in
eukaryotes and in protists (Cerutti & Casas-Mollano 2006; Marraffini & Sontheimer 2010) was
first described in 1998 by the group of the two scientists Andrew Zachary Fire and Craig
Cameron Mello (Fire et al. 1998). Nowadays the underlying mechanism which induces
posttranscriptional gene silencing is assigned as a natural protection against viral or

transposonal threat (Buchon & Vaury 2005).
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The process of RNAI is initiated by exogenous double strained shRNA inside the nucleolus.
These shRNA-precursors, normally of viral origin, are initially recognized by an enzyme called
Drosha (Y. Lee et al. 2003; Han et al. 2006). This ribonuclease finds the loop secondary
structure and subsequently cleaves the precursor producing a 3™-prime two nucleotide
overhang (see Figure 8). The so pre-processed ribooligonucleotide is then transferred outside
the nucleolus via GTP dependent Exportin V (Zeng & Cullen 2004). In the cytosol this small
ShRNA is in turn recognized by a second ribonuclease called Dicer. Therefrom the whole
processing is called “dicing“. The target detection is “cis-acting“ actuated, what means it is
driven by recognition located on the same molecule (Y. Wang et al. 2007). In this step the
loop is removed determining the second end of the remaining now so called small interfering
RNA (siRNA). Likewise a 5™-prime two nucleotide overhang is produced (Myers et al. 2003). In
following events a cumulative process starts wherein a couple of proteins, among members
of the argonaut family or the dsRNA binding protein R2D2 play an important role (Q. Liu et al.
2003; Song et al. 2003). They are recruited and assemble an Enzyme complex called RISC
(from RNA-induced silencing complex) (Schwarz et al. 2003; Pham & Sontheimer 2005). Now
the siRNA-duplex is selectively unwinded and the 5-prime thermodynamic more labile RNA
fragment is incorporated into the RISC as “guide strand“ (Khvorova et al. 2003). With this
siRNA loaded the RISC can bind its mRNA target derived from the same progenitor and thus
faces its enemy. Thereupon the messenger transcript is cleaved and subsequently degraded,
how the silencing effect is initiated (Ameres et al. 2007). This perfect matching siBNA can be
recycled within the RISC and evokes more RNA interference (Murchison & Hannon 2004).

Since its discovery in 1998 RNA interference has been developed to a practicable
biotechnological tool based on the discovery of the German scientist Thomas Tuschl and his
colleagues (Elbashir, Harborth, et al. 2001a). Anterior problems in transferring the
phenomenon by applying siRNAs or inducing its expression arouse from unintended random
interferon reactions of host organisms to “longer® shRNA constructs. In 2001 Tuschl's
workgroup could show that employment of explicitly 21 base pair “short* constructs leads to
absence of the disturbing immune responses (Tuschl 2001). Today the derived technology
has further developed and is now even utilized for approaches of therapeutical gene silencing

(Bumcrot et al. 2006).
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Figure 8 Small RNA pathways. Figure made 2008 by Jakob Muller with information from literature
research (Krinke & WuUIff 1990; Zhang & Nicholson 1997 Hiippov et al. 2000; Elbashir, Lendeckel, et
al. 2007b; Hammond et a. 2001; Nykanen et al. 20071, Blaszczyk et al. 2001, Conrad & Raunhut
2002; Hannon 2002; Y. Lee et al. 2002b; Hutvagner & Zamore 2002; Myers et al. 2003; Y. Lee et
al. 2003; Q. Lu et al. 2003; Schwarz et al. 2003; Lingel et al. 2003; Yan et al. 2003; Song et al.
2003; Zeng & Culen 2004; Y. S, Lee et al. 2004b; Pnam et al. 2004 Lingel et al. 2004; Murchison
& Hannon 2004, Joshua-Tor 2004, Y. Lee et al. 2004a; Landthaler et al. 2004; Pham & Sontheimer
2005; Han et d. 2006; Y. Wang et al. 2007; van Rooij & Olson 2007; Kapadia et al. 2008;

Grosshans & Hlipowicz 2008).
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A task within this work is to examine how the secondary tea compound EGCG contributes to
the health state of an organism and in particular how it establishes its positive effect within
the small intestine epithelia or GALT. In this context based on cell culture models, RNAi can
auxiliary be applied for drug target screening by designing “loss-of-function®-studies. As
described above (Chapter “Background®) the pathogen related structure molecule LPS is a
potent inductor of an acute immune responses which occur causally in the small intestine
due to its nature as interface for nutrient absorption and likewise protective lining. The
triggered signaling is described to runs via two pathways, engaging the transcription factors
AP1 and Nfkb and induce primary mediators of the inflammatory cascade namely TNFaq,
IL1B, IL6 and IL12B3. Within these pathways the expression of the transcription factors is
crucial for signal transduction. In regard of the objective drug, the green tea polyphenol
EGCG the known effector is Nfb. Further the postulation of the membrane-embedded
EGCG receptor (67LR) (Tachibana et al. 2004) complements the analytic setting (see Figure
9). By questioning if a LPS induced immune signal stops provoking an immune response
when one of these key players (Nfkb, AP1, 67LR) is blocked, or loses its functionality through

RNAI silencing, the detailed role of EGCG in intestinal inflammation can be distinguished.

@\ 67LR

RNAi
KnockDown

—

RNAi
KnockDown

TNFa, IL6,
ILIB,ILI2B

\

MAPK

RNAi
KnockDown

Figure 9 | oss-of-function scenario. Figure made 2012 by Jakob Muler with information from the
KEGG pathway database (Kyoto Encyclopedia of Genes and Genomes; hittp.//vwwwy.genome.jo/
kega/) and from literature (Angel & Karin 19971, Karin 1995, Takeuchi & Akira 20071 Fujihara et al.
2003; Karin et al. 2004, Tachibana et al. 2004, Akira et al. 2006, Akira 2009).
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Extending scope to epigenetic level

The RNAI mediated knockdown model described in the precedent chapter provides a test
system for elucidation of drug targets involved in inflammation within the porcine small
intestine cell culture. The basic principle is to switch physiological pathways by inhibiting the
functionality of key genes within and thus evaluate the pursued path of signal transduction by
absence of expected effects induced by the treatment. In this manner, for more information
about how the objective secondary plant metabolites affect, another kind of gene silencing
can be utilized. It insists in the alteration of present methylation patterns by an analyte.
Generally to such processes is referred as epigenetics (Berger et al. 2009). Methylation
occurs covalent bound to genomic DNA, thereby causing stable inherited phenotypes but
without changing the DNA sequence itself. These patterns are mounted, removed and
maintained by a group of enzymes called the DNA methyltransferases (DNMTs). Subspecies
are the DNMT 1 which is postulated to perform general maintenance work (Mortusewicz et al.
2005; T. Chen & E. Li 2006) and DNMTs 3a & 3b which are meant to be essential de novo
methylators (Okano et al. 1998). By means of physiological pathways these enzymes gain
more and more importance linked to cancerogenesis (Esteller 2007). Abnormal
hypomethylation of promotor regions of tumor-suppressor genes results in cancer promaotion
due to awakened expression. Accordingly a disturbance in DNMT activity can result in pro- or
anticancerogen effects. A potent inhibitor of the DNMTs is decitabine (Flotho et al. 2009). This
compound represents a cytidine analog (Figure 10) that evolves its inhibitory functionality
when phosphorylated to a triphosphate nucleotide and then incorporated into the DNA (Szyf
2010).

NH,

N~ XN

1oy o
o

OH Figure 10 Decitabine (5-aza-2'-deoxycytiding)
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When DNMTs interact with the genomic DNA, they form stable complexes with the cytosine
analogs and thus enzymes are trapped (Christman et al. 1985). Reactivation of silenced
tumor suppressor genes has already been shown to inhibit cell growth in various cancer cell
lines (F. P. S. Santos et al. 2010; M.-Y. Chen et al. 2011). Logically the effectivity is coupled to
the basic cell turnover as being induced during proliferation.

As described above there are manifold findings of anticancerogenic or at least cancer
preventive properties of EGCG (see chapter “Green tea, epigallocatechin gallate and its
receptor*). As further described the 67LR might provide the missing link by playing a double
role, as EGCG receptor as well as in target tissue recognition during metastasis. Recently it
has been reported that the anticancerogene potential of EGCG might originate from a direct
interaction and inhibition of the DNMTs with the tea catechin. DNMTs can provoke DNA
demethylation comparable to decitabine and in turn can provoke tumor suppressor gene
reactivation in cancer cell lines (Fang et al. 2003).

Hence, in regard of the intestinal cell culture model an add-on approach for physiological
analyses concerning the health promoting effects of EGCG is the investigation of evoked
alterations in methylation patterns. If this epigenetic aspect is paired with RNAI loss-of-
function scenarios targeting the different key players of DNA methylation on the one hand
and the metastasis plus EGCG related 67LR on the other, we face an approach bearing a
high potential of new discoveries. Complemented with decitabine as a control inhibitor the
potential oncogenic signaling network between the EGCG-receptor and epigenetic regulation
of tumor suppressors by DNA methyltransferases might be elucidated and provide more

insights in how Epigallocatechin gallate acts in cancer (Figure 11).
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@ \ RNA.i
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cited In chapter "Extending scope to
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Aim of the study

The studies intend to deliver more insights in how secondary plant metabolites act in health
promotion through the small intestine epithelium. Inherently positive effects of the here
investigated substances cineole and epigallocatechin gallate are already empirically proofed
or manifold attributed by scientific, clinic and epidemiological studies. However, what misses
is detailed knowledge of specifically attended physiological pathways or triggering
intermediate metabolites. Therefore the aim of this study was to employ in vitro models which
can be manipulated on demand in order to establish clarifying test settings for distinct
screening of molecular drug targets and thereby provide the necessary physiological
conditions to attain and evaluate a near in vivo drug turnover.

The epithelial cell lines IPI-2I (leum) and IPEC-J2 (jejunum) as progenies of porcine small
intestine tissues supply a versatile platform for analysis of both, intestinal metabolization and
subsequent immunomodulatory effects induced by secondary plant compounds. By
appliance of nutritional, pharmacological and in order to obtain magnified effects overbid
concentrations, the cells are stimulated, resulting metabolite profiles are assessed and
potential drug targets are scheduled to be identified by permutation of loss-of-function

scenarios in a combined methodical approach.
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Experimental

Cell culture

Basic maintenance

All cell cultures in this work were maintained at 37°C, 100% humidity and 5 % CO2. Cells
were subcultured all 72 h at 80 % of confluence. For routine passaging 75 cm? (250 mL) cell
culture dishes (Greiner Bio-One, Frickenhausen, Germany) served as platform. Therefore cells
were washed with pre-warmed (37 °C) Phosphate buffered saline (PBS) and subsequently
detached with pre-warmed (37 °C) 0.25 % trypsin/EDTA (PAA, Pasching, Austria). Only cells
passaged less than ten times were used. Three different kinds of cells were applied using

different medias:
IPI-2]

Dulbecco’s modified eagle medium (DMEM) (PAA) supplemented with 10% fetal bovine
serum (FBS) (PAA), 4 mM L-glutamine (PAA), 0.024 U/mL insulin (Sigma-Aldrich, St. Louis,
USA) and 100 U/mL penicillin/streptomycin (PAA). The IPI-2I are porcine jejunal epithelial cells
transformed with the SV40 plasmid (pSV3-neo) for immortalisation (Kaeffer et al. 1993) and

derive from an adult miniature male boar. They were supplied by Health Protection Agency

Culture Collections, Salisbury, UK.

IPEC-J2

DMEM/Ham’s F-12 (1:1) (PAA) supplemented with 5 % FBS (PAA), 2 mM L-glutamine (PAA)
and 100 U/mL penicillin/streptomycin (PAA). The IPEC-J2 are non-transformed porcine ileal

epithelial cells (Schierack et al. 2006) and originate from a neonatal unsuckled piglet. They

were generously supplied by Dr. Karsten Tedin (FU Berlin).
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HEK-293

DMEM (PAA) supplemented with 10% FBS (PAA), 4 mM L-glutamine (PAA) and 100 U/mL
penicillin/streptomycin (PAA). The Hek-293 are human kidney cells (F. L. Graham et al. 1977)
cells were originally drawn by Cell Lines Service (Eppelheim, Germany) but supplied by

SIRION-BIOTECH GmbH (Martinsried, Germany).

Metabolite assays

Metabolite profiling

For assessment of the metabolisation of cineole by the gut epithel 1x10°% IPEC-J2 cells were
seeded in 75 cm? (250 mL) cell culture dishes (Greiner Bio-One) containing 20 mL of cell
culture medium. After 72 h the medium was renewed when the cells attained a confluence
level of 95 %. Subsequently the cells were treated by adding 1 mL or 100 pL of the cineole
stock solution so that the resulting final concentrations were 0.1 g/L and 1.0 g/L. The cineole
stock solution was continuously stirred due to weak solubility of cineole in water. The different
treatments were performed in duplicates. After incubation for O h, 3 h, 6 h, 9 h and 24 h the
cells were detached using a cell scrapper together with the surrounding medium and
transferred into a glass separating funnel.

Immediately the harvested cells were mixed with 20 mL of dichloromethane (1:1) and an
internal standard (tri-fold deuterated 2-a-hydroxy-1,8-cineole, 400 ng/mL) was added. By
mixing and separating the hydrophilic and hydrophobic phases the extraction was carried
out. This procedure was carried out tree times under repeated addition of 20 mL of
dichloromethane.

Subsequently the samples were stored at -20 °C until Solvent assisted flavor evaporation
(SAFE) (Engel et al. 1999) processing and microdistillation (Bemelmans & Land 1979)
previous to Gas chromatography-mass spectrometry analysis (see chapter “Gas

chromatography-mass spectrometry®).
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Physiological profiling

For the question if cineole may alter the expression pattern of epithelial gut cells a approach
on a smaller platform was chosen. 1x10° IPEC-J2 cells were seeded in 48 well cell culture
dishes (Greiner Bio-One) 600 pL of cell culture medium. After 48 h , at 80 % confluence the
medium was changed when and subsequently washed with 600 uL of PBS. Then cineole in
three different concentrations (0.0 g/L, 0.1 g/L and 1.0 g/L) was applied mixed with fresh cell
culture media. All treatments were performed in triplicates. Thereafter the cell culture returned
into the incubator. After O, 3, 6, or 9 h wells were sampled by aspirating the supernatant and
washing the cell layer with pre-warmed PBS and proximate addition of lysis buffer RLT
(RNeasy® Mini Kit, Qiagen, Hilden, Germany). Then RNA was extracted according to the

manufacturers manual and stored at -80 °C.

Knockdown assay

For knockdown studies a cell culture assay based on 48-well tissue culture plates (Greiner
Bio-One) was established. Therefore 500 uL of a homogenized cell suspension containing 1 x
10° cells (IPEC-J2 or IPI-2]) was applied per well. After 48 h of settlement the cell culture
medium was removed and the cell layer was washed with 600 uL of pre-warmed (37 °C)
PBS. Subsequently 500 pL of treatment containing medium was added to the cells what
represents the starting point of the incubation time or the virus infection. The incubation times
were fitted to the particular issue of an assay. All treatments were performed in triplicates
(three wells).

If multiple treatments were inserted during one assay at different points of time the first
treatment was applied with 350 pL (e.g. EGCG) and the second treatment with another 150
uL (e.g. LPS) of cell culture medium.

With elapsing of the particular incubation time the cell layer was washed with another 600 pL
of PBS and 350 L of pre-warmed lysis buffer RLT (RNeasy® Mini Kit, Qiagen) was applied
with regard to the following total RNA extraction. If the extraction was not carried out recently
the lysis buffer treated 48-well plates were sealed with Parafilm® (Pechiney Plastic Packaging

Company, Chicago, USA) and then stored at -20 °C until extraction.
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Virus application

Adenoviral vectors were stored as glycerol stocks at -80 °C in 30 pL aliquots. For application
in the assays an aliquot was thawed on ice and then a pre-dilution in cell culture medium was
mixed in order to minimize the pipetting error. Using this pre-dilution the working solutions
containing the desired MOI for the particular assay were prepared.

For determination of the need amount of virus each assay plate contained “count-wells®.
These were extra wells mounted with the same cell suspension as all other wells in an equal
volume. They were harvested with 400 pL of trypsin solution post to the PBS washing step.
In this manner exclusively vital cells still attached to the substrate were obtained and then
counted using a Neubauer Hemocytometer. For that cell count always three wells were
pooled for an average result representing the mean cell number over the tissue culture plate
at the time of treatment.

After virus application the cell culture wells were incubated for 48 h until an optimal RNA
interference gene knockdown was established (see chapter “Adjusting the effector to firm
parameters”) or incubation time was fitted to the particular issue of an assay (indicated in
results if altered). Then another PBS washing step was implemented and subsequently

further treatments were applied.

Drug treatments

50 mg of solid EGCG (Sigma-Aldrich) were solved in 10 mL H2O and stored in aliquots at -20
°C. From this stock solution the working solutions for the cell culture assays were prepared in
medium.

For induction of the cells 10 mg of LPS (Sigma-Aldrich) were solved in 10 mL cell culture
medium and stored in stock solution aliquots at -20 °C.

The inserted final concentration of each applied substance is displayed in the plot for every

single experiment shown.
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Methylation assays

Alteration of methylation patterns by manipulation of physiological pathways

For the methylation experiments 1x10° IPEC-J2 cells were seeded into 6-well tissue culture
plates (Greiner Bio-One) containing 3 mL of cell culture medium. After 48 h the medium was
aspirated and the cells were washed with 2 mL of PBS. Along with 3 mL of fresh medium the
virus application was applied at a MOI of 400. If knockdown viruses for several genes were
added simultaneously into one well each virus was inserted with a MOI of 400. Accordingly
the negative control virus (Ad5-UBstop) was applied in an equal amount what means
summing up the total viral dose for one particular well. That way all wells obtained the same
viral load in order to potentially bear equal side-effects caused by the viral infection.

After the virus infection the cells were cultivated for another 24 h, allowing expression of the
transfected shRNA and manifestation of the knockdown. At this point of time cells were
treated with 2 mg/L, 20 mg/L EGCG or 5 uM DAC (Sigma-Aldrich). Therefore 100 uL of a
stock solution were added to the 3 mL medium. As both, EGCG and DAC was solved in H20O
control wells in this assay were treated with H>O only. Each treatment was performed in
triplicates.

After 72 h the cells were harvested and used for RNA or DNA extraction (see “Nucleic acid
analysis* & “Luminometric methylation assay*). RNA was used for RT-gPCR to confirm gene
knockdown and analyze gene expression alterations induced by different treatments. DNA

was employed for global methylation analyses.

Methylation inhibition by physiological active substances

For DNMT inhibitor treatment experiments without any gene knockdown a slightly different
approach was used. 5x10* IPEC-J2 cells were seeded in 12-well tissue culture dishes
(Greiner Bio-One) applying 2 mL of cell culture medium. After 24 h of incubation the cells
were treated with EGCG (20 mg/L), DAC (5 pM) or H20 as control. The cells were harvested
after another 72 h and RNA respectively DNA was extracted.
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Nucleic acid analysis

Virus titration by absolute quantification of whole adenoviral particles

This chapter deals with the question how to titrate virus preparations in an accurate and time
efficient way. The applied method (Mdller et al. 2011) was developed during this doctoral
work and is therefrom not cited by external publications. The titration procedure includes the
targeted extraction of encapsulated adenoviral genomes which are subsequently quantified

selectively among the DNA yield by quantitative real-time PCR.

Extraction of intact viral genomes

The aim of this step is to gain all unharmed genomes among the total DNA present in a
sample of an adenovirus preparation (The preparation procedure is described in chapter
“RNA Interference®). Therefore a virus aliquot is initially DNase | (New England Biolabs GmbH,
lpswich, USA) digested in order to degrade all free adenoviral genomes present out of broken
viral particles. After thermal and chemical inactivation of the nuclease the sample is
proteinase K treated what triggers the capsids of the remaining intact viral particles and
releases the included viral genomes into the reaction vessel. Proteinase is inactivated
afterwards. The overall DNA concentration of the so processed samples is then in the first
instance quantified using the NanoDrop® ND-1000 spectrophotometer (PEQLab
Biotechnologie GmbH, Erlangen, Germany). Due to DNase | being a endonuclease that
amount finally differs from the effective content of viral genomes which are hypothesized to

correlate viral particles in this titration method.

Quantitative real-time polymerase chain reaction (QPCR)

Proximate to the selective extraction procedure the adenoviral genomes inhered in the
gathered total DNA undergo an absolute quantification versus a standard curve. Thereby a
plasmid based standard is deployed derived from pAd/PL-DEST (Invitrogen, Karlsruhe,
Germany). This plasmid was also used during the production process of the adenoviral

vectors as described in chapter “RNA Interference®).
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The gPCR triggers the Ad5-pTP-Gene (see Primers in Table 1) a genus-common gene for
Adenoviridae involved in DNA replication (Davison et al. 2003). The average yield measured
from virus preparations done during this work is 1 x 108 VP/uL (CV = 42 %). Evaluation of the

accuracy of this method is included in the corresponding publication (MUller et al. 2011).

Relative quantification of gene expression levels

Total RNA extraction and quality control

All RNA samples in this work were extracted according to the manufacturers guidelines using
the RNeasy® Mini Kit (Qiagen). Doing the final step of this kit the RNA was eluted from the
column using 53 pL of RNase free H-O and subsequently concentration was determined
using the NanoDrop® ND-1000 spectrophotometer (PEQLab). In regard to the RT-gPCR
measurements the RNA concentration was adjusted to 10 ng/pL in H20.

Precedent small aliquots of higher concentrations (3-5 pL a 50-100 ng/uL, depending on the
RNA-yield) were saved for RNA quality control. Therefore the 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA) with a RNA nano LABchip (Agilent Technologies, Santa
Clara, USA) was utilized. The mean RIN value for RNA spot test from cell cultures was 9.45

(SEM = 0.09, n = 80). RNA was stored until further measurements at -80 °C.

Reverse transcription quantitative real-time polymerase chain reaction (RT-gPCR)

For all RT-gPCR experiments the Corbett Rotorgene 3000 (Corbett Life Science, Sydney,
Australia) served as platform in combination with the SuperSkript® Il Platinum® SYBR®
Green One-Step gRT-PCR Kit (Invitrogen). The used sample volume was 10 pyL containing
38ng RNA, 5 L SYBR-Mix and 10 pmol primermix (forward + reverse primers) (Eurofins
MWG Operon, Ebersberg, Germany).

The cycler program included a 10 min reverse transcription reaction at 50 °C followed by a 5
min denaturation step at 95 °C. Under continuous fluorescence measurement 40
amplification cycles (denaturation 95 °C/10s, annealing 60 °C/10 sec, extension 72 °C/15
sec) and a subsequent melting curve from 40 °C to 95 °C (in 0.5 °C steps with a dwell time
of 2 sec) were recorded.
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All RT-gPCR measurements were performed in duplicates. The data was collected with
Rotor-Gene 6 software (Corbett) and subsequently relative change in gene expression was

determined under the terms of the AACg-method (Livak & Schmittgen 2001) versus stable

expressed reference genes (see Table 1).
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Table 1 FPrimers used during this work

gene name abbreviation primer sequence fragment accession number
refernce Actin, beta ActB fwd AACTCCATCATGAAGTGTGAC 234 NM_173979.3
genes rev GATCCACATCTGCRGGAAGG

Glyceraldehyde-3-phosphate dehydrogenase GAPDH fwd AGCAATGCCTCCTGTACCAC 187 NM_001206359.1

rev AAGCAGGGATGATGTTCTGG

Histone H3 H3 fwd ACTGGCTACAAAAGCCGCTC 232 XM_003356519
rev ACTTGCCTCCTGCAAAGCAC

Ubiquitin uQ fwd AGATCCAGGATAAGGAAGGCA 198 XM_003358301
rev GCTCCACCTCCAGGGTGAT

target  Caspase 3 Casp3 fwd GCAACGTTTCTAAAGAAGACCATAG 64 NM_001077840
genes rev CCATGGCTTAGAAGCACACAAATAA
Caspase 9 Casp9 fwd CTGACTGCCAAGCAAATGG 104 XM_003127619

rev GCCTGACAGCCGTGAGAG

Cyclin B1 CycB1 fwd GGATCACCAGGAACACGAAA 187 NM_001170768
rev GCTTCCTTTTTCAGAGGCAGT

Cyclin D1 CycD1 fwd GACGAGCTGCTGCAAATG 188 XM_003480653
rev GAAATGAACTTCACGTCTGTGG

Interleukin 1 beta IL1b fwd AGAAGAGCCCATCGTCCTTG 139  NM_001005149
rev GAGAGCCTTCAGCTCATGTG

Interleukin 5 IL5 fwd TGGAGCTGCCTACGTTAGTG 105 NM_214205
rev TCGCCTATCAGCAGAGTT

Interleukin 6 IL6 fwd GCAATGAGAAAGGAGATGTGT 138 XM_003357471
rev. GCAGGTCTCCTGATTGAACC

Interleukin 8 IL8 fwd GGCAGTTTTCCTGCTTTCTGC 153  XM_003361958
rev CAGTGGGGTCCACTCTCAAT

Transforming growth factor beta 1 TGFb fwd ACGTCACTGGAGTTGTGCGG 159 XM_002701901
rev TTCATGCCGTGAATGGTGGCG

tumor necrosis factor-alpha TNFa fwd CCCCTGTCCATCCCTTTATT 200 NM_214022
rev AAGCCCCAGTTCCAATTCTT

Ribosomal protein SA 67LR fwd AGCGAGCTGTGCTGAAGTTT 257 NP_001032223.1
rev GTGAGCTCCCTTGTTGTTGC

IKBKB kKb fwd GGCGAACAGAGATTAATACACAAA 256 NM_001099935.1
rev. GTGCCGAAGCTCCAGTAGTC

C-JUN protein cJdun fwd ATGACTGCAAAGATGGAAACG 310 NM_213880.1
rev. TCACGTTCTTGGGGCACA

(cytosine-5-)-methyltransferase 1 DNMT 1 fwd GAAAAGGCGAGCTGAAAGG 204  NM_001032355.1
rev. GGCTGTTGACAAACCTCACA

(cytosine-5-)-methyltransferase 3 alpha DNMT 3a fwd GAATCGCTACAGGGCTTCTG 164 NM_001097437.1
rev CTGGATATGCTTCTGCGTGA

(cytosine-5-)-methyltransferase 3 beta DNMT 3b fwd GCAAGTTCTCCGAGATACCA 136 NM_001162404.1
rev CGTATCCTGGCTTTCTCCAG

pTP [Human adenovirus 5] Adb-titer2 fwd CTGCTCGATTTGATAAACATCCT 102 AP_000203.1

rev CAGGCTAAGCATGGAATAGTTGAT

cloning pAd forward fwd GACTTTGACCGTTTACGTGGAGAC
primers pENTR forward fwd TGACTGATAGTGACCTGTTCG
PENTR reverse rev GGTGTTTCGTCCTTTCCACAA
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Luminometric methylation assay

Genomic DNA extraction

For DNA extraction the “peqGOLD Tissue DNA Kit” (PEQLab) was used following the
manufacturer’s kit manual with minor variations. 400 yL DNA lysis buffer T and 20 pL
Proteinase K were applied. The Lysate was transferred into a 1.5 mL tube and incubated for
1 h at 50 °C. Thereafter 15 pL of RNase A were added incubated for another 30 min. DNA
was quantified using the NanoDrop® ND-1000 and qualified using the 2100 Bioanalyzer (see

chapter “Nucleic acid analysis*).

Measurement of global DNA methylation

Global DNA methylation was determined using luminometric methylation assay (LUMA)
(Karimi et al. 2006) slightly alternated (Furst et al. 2012). In two separate reactions 500 ng of
genomic DNA were digested for 20 min with isochizomere restriction enzymes: Hpall + EcoRl
or Mspl + EcoRlI (0.5 pL (10 U/uL) enzyme (Fermentas, St. Leon-Rot, Germany), 2 yL tango
buffer (Fermentas), in a total volume of 20 uyL H20). In regard to their common target
sequence CCGG Hpall is sensitive and Mspl insensitive for CpG methylation.

The LUMA mesurements were performed in a 96-well format using the PSQ96 MA system
(Qiagen) applying the corresponding data evaluation software. The Hpall/EcoRI respectively
Mspl/EcoRI ratios were calculated as (AGTP + dCTP)/dATP. The Hpall/Mspl ratio was
consulted for determination of DNA methylation at the investigated CCGG-sites (0 2 100 %

of DNA methylation, 1 2 0 % of DNA methylation).
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RNA interference

sh-Oligonucleotide design

The initial step in production of viral mediated gene knockdowns by RNA interference is the
design of the sh-oligonucleotide that is finally the template for the siRNA precursor expressed
by the target cell line induced by the UB-Promotor sequence. Therefore a 21 base pair long
(Tuschl 2001) siRNA sequence must be determined for the desired target. Based on the
knowledge gained from SIRION-BIOTECH GmbH (Martinsried, Germany) and further

literature fundamental criteria for selection emerge:

¢ 3"-end has lower thermodynamic stability than the 5-end (Khvorova et al. 2003)

e sequence must be BLAST®-checked (National Library of Medicine, Bethesda, USA) for
sequential complementarity less than 15 base pairs to other genes or in crucial regions
(Jackson et al. 2006; Chalk & Sonnhammer 2008)

e Potential splice variants must be considered

¢ The target sequence should have a GC-content of 40-55% (Chan et al. 2009)

¢ The whole inserted cloning cassette must not contain restriction sites of used enzymes

¢ Avoid stop signals for RNA-Polymerase Ill (2 TTTTT)

¢ The target sequence should be within the coding sequence (not within the 3-UTR)

o If several sequences for one target are designed they should not overlap

e Check for secondary structures that may disturb RNA interference (Shao et al. 2007)

Another aspect during the siRNA-sequence design process was interspecies compatibility.
The target species in this work was swine (IPI-2| & IPEC-J2, see “Cell culture®), but looking
ahead manual design opened up the possibility to choose 21-mers also complementary to
Sus scrofa, Bos taurus, Mus musculus and Homo sapiens.

Using the clustal W2 alignment algorithm (http://www.ebi.ac.uk/Tools/msa/clustalw?2/) not

only splice variants within one species were checked but also sequences from the species
above were compared.
Due to leak of reliable algorithms the first siBNA sequences were designed manually

considering the rules mentioned above. However with progression of research and
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publication of validated knockdown-kits by the industry further siRNA sequences were

designed using the following online tool:

BLOCK-IT™ RNAI Designer (Invitrogen)

(URL: http://rnaidesigner.invitrog

When a 21 base pair segment was identified as candidate the corresponding sh-oligo was
designed by embedding the siRNA-sequence into the need cloning cassette for plasmid

integration (see Figure 12 and chapter “Cloning*).

BbsI 21lmer (fwd) 21lmer (rev) STOP EcoRl
5" -ACCGGCCTACCATTGCTCTGTGTAA TTACACAGAGCAATGGTAGGCTTTTTG-3"
L1777 77777 7777777777777 777777777777777777777777777777777
3" -CGGATGGTAACGAGACACATT AATGTGTCTCGTTACCATCCGAAAAACTTAA-5"

Figure 12 siRNA-cloning cassette. This figure shows an exemplary cloning cassette (here bearing
the target sequence of 67LR; also see Tables 1 & 2) how it was used for siRNA-knockdown

adenovirus production.,

Subsequent the desired oligonucleotides for the cloning cassette were commissioned at Ella
Biotech GmbH (Martinsried, Germany). An overview of all siRNA-sequences designed and

processed for this work is given in Table 2.

The virus production is then divided in two steps. In a first phase the cassette is cloned into
the a plsmid vector which bears the adenoviral genome and then in a second phase viral
particles are generated by transfecting the cloning product into a production cell line. The

following two chapters deal with this whole procedure.
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Table 2 siRNA-sequences for RNA interfernence knockdowns

gene name abbreviation siRNA-sequence accession number

RPSA 67LR-1 GCCACTGAATGGGTAGGAACA NM_001037146.2
67LR-2 GCCTACCATTGCTCTGTGTAA

IKBKB IkKb-1 GGAAATGAAAGAACGGCTTGG  NM_001099935.1
IkKb-2 GCAAGGCGAACAGAGATTAAT
lkKb-3 GGGATCTGCGCAAGTACTTGA

C-JUN cJdun-1 GCAAAGATGGAAACGACCTTC  NM_213880.1
cdun-2 GAACTCGAGCGCCTGATAATC
cJun-3 GCCTGATAATCCAGTCCAGTA

DNMTH DNMT1-A GCTTCAGCGTGTACTGTAAAC  NM_001032355.1
DNMT1-B GCAGGAGAAGATCTACATAAG
DNMT1-C GCAGGATATCTCGTACAATGG

DNMT3A DNMT3a-A  GGACAAGAATGCCACCAAATC  NM_001097437.1
DNMT3a-B ~ GGCATCCACTGTGAATGATAA
DNMT3a-C ~ GCATCCACTGTGAATGATAAG

DNMT3B DNMT3b-A GCCTAAGCTCTTCCGAGAAAC NM_001162404.1
DNMT3b-B  GGTTTGGCGATGGCAAGTTCT

DNMT3b-C GGATGAACAGGTCTGTGATAG
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Cloning

The whole cloning procedure contains three sections. In a first step the cloning-cassette is
integrated into a first with 2.7 kbp relatively small and manageable plasmid, bearing a
kanamycin resistance for selection. It is a derivate of Invitrogen's pENTR™/U6 designed and
provided by SIRION-BIOTECH GmbH (Martinsried, Germany). Initially the two single stranded
oligonucleotides must be dissolved in H2O and annealed by heating and cooling (95 °C then
to room temperature) in order to built a cassette. Furthermore the plasmid is digested with
EcoR1 and Bbs1 (both from New England Biolabs GmbH). Subsequently the open ends of
the cassette are T4 Polynucleotide Kinase (New England Biolabs GmbH) treated for
dephosphorylation and the open ends of the plasmid are in contrast phosphorylated using
Alkaline Phosphatase, Calf Intestinal (New England Biolabs GmbH). With T4 DNA Ligase
(New England Biolabs GmbH) the cassette is then integrated and the recombinant plasmid is
amplified on selective LB-agar (kanamycin, Roth, Karlsruhe, Germany) using heat competent
Library Efficiency® DH5a™ (Invitrogen).

In a second step the new information within the first plasmid is exchanged to another
plasmid. Thereby the second plasmid (pAd/PI-DEST™, Invitrogen) bearing a ampicillin
resistance delivers the adenoviral genome and hence is with 34.9 kbp relatively big and
unmanageable. The exchange happens by homologue recombination using the Gateway®
LR Clonase® Il Enzyme mix (Invitrogen). Also this cloning product is amplified using selective
LB-agar (ampicillin, Roth) applying competent DH5a cells (Invitrogen).

In a third step the gained recombinant plasmid is digested with Pacl (New England Biolabs
GmbH). Thereby the circular DNA is linearized and the bacterial backbone is removed. The
now linear viral DNA precursor should be immediately transferred to the next section of the

virus production due to frequent auto-religation processes.

Virus production

The virus production is conducted in HEK-293 cells (see chapter “Cell culture®). This cell line
is transformed with fragments of the adenovirus type 5 (F. L. Graham et al. 1977) what serves
as viral vector for mediation of RNA interference knockdowns in this work. The vector
genome differs from the wildtype by gene deletions in the E1/E3 region (Davison et al. 2003)
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what evokes replication deficiency. These missing genes are supplemented by the HEK-293
cell line wherefrom it is used as production cell line for adenoviral vectors (Bett et al. 1994).
The production process itself is divided into two steps. First the linearized replication deficient
adenovirus genome from the previous chapter is transfected into the HEK-293 cells using
jetPEI™ (Polyplus-transfection™, llikirch-Graffenstaden, France). This happens in a relatively
small scale (6-well tissue culture plates, Greiner Bio-One). Subsequently the whole virus is
expressed for the first time why this step is also called “Rescue®.

When the first viral particles are gained they are used for secondary infection of HEK-293
cells in a bigger scale (15 cm diameter tissue culture plates, Greiner Bio-One) for virus
amplification. This virus preparation and ultimately the virus harvest is conducted applying
the ViraBind™ Adenovirus Miniprep Kit (Cell Biolaps Inc., San Diego, USA). Post production
the viral preparations are stored at -80 °C in the kit elution buffer supplemented by 10 %
glycerol.

The follow-up task is the virus titration. This procedure is described in chapter “Virus titration
by absolute quantification of whole adenoviral particles”. The common vyield from the here

described method is 1 x 108 VP.

Knockdown evaluation

Once a virus with its individual siRNA-sequence is generated and titrated it needs evaluation
in regard to the grade of knockdown this sequence evokes in the accordant target cell line.
Prior to that question two other aspects are of importance. The first question is if the target
cell line can be infected by the viral vector.

The efficacy of the transfection of the here used porcine target cell lines (IPI-21 & IPEC-J2, see
chapter “Cell culture®) by human adenovirus 5 can be evaluated using a pENTR derivate
bearing a GFP-sequence (pENTR-GFP1, SIRION Biotech GmbH). The nativity of the virus is
then checked using fluorescence microscopy. Positive infection events are then indicated by

comet shaped plagues (see Figure 13).

36



Experimental Jakob Mdller - Technische Universitat Mdnchen

Figure 13 CFP Plague. Typical dispersal of
an GFP-virus infection on a confluent
HEK-293 cell layer recorded with a Leica DM
IRB microscope (Leica Microsysterms GmioH,
Wetzlar, Germany) in combination with an
Olympus DP 72 (Oympus, Tokyo, Japan)

camera system in 50 x magnification.

If a cell line is transducible by the adenoviral vector the next question is, if despite of the gene
deletion the virus can replicate in the target cell line. Due to large occurrence of viral derived
genome sections in the untranslated regions of higher vertebrate genomes the possibility of
spontaneous reproduction exists. This incident then will lead to unrequested lysis of the
target cell line.

In order to check that problem the target cell line is seeded in tissue culture dishes and is
treated with the GFP-virus. After 48 hrs when infection events should be completed (MUller et
al. 2011) the media is changed and the culture is incubated for another 72 hrs. Then cells are
harvested using a cell scraper and undergo three frost taw cycles (N2gq vs. 37 °C) in order to
release potentially originated viral particles. This whole procedure is repeated another two
times. In the second or at least third passage absence of fluorescing plagues because of
consumption during infection events and concomitant dilution of remaining viral particles

should be observed, if no new viral particles are generated.

The next and crucial evaluation criterium in respect of the intended application is the gene
silencing efficiency of the particular integrated siRNA-sequence. This is checked using the
described knockdown assay (see chapter “Knockdown assay“). Thereby Ad5/UB-Stop
(SIRION Biotech GmbH), a special adenovirus 5 derivate serves as control in order to keep
the viral load on all cells constant. Having an empty cloning cassette this virus bears no
explicit sSiRNA sequence and hence only mediates infection side effects.

Applying the knockdown assay different normalization modes must be considered. The
underlying relative gene quantification (Logan & Edwards 2009; Livak & Schmittgen 2001)

requires a differential consideration of which samples are related as treatment and
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corresponding control. In the case of aiming for knockdown efficiency it is therefrom of
importance to exclusively correlate sample groups of one kind of secondary treatment. That
means if in an experiment are beneath several gene knockdowns also several different drug
treatments are applied the net outcome for the gene down-regulation is calculated by
normalizing knockdown treated samples versus ad5/U6-Stop samples separately within one
drug treatment group (Muller & Pfaffl 2012; Muller n.d.). That way side effects or synergetic
actions between the knockdown application and the drug treatments are regarded and thus
normalized, what exposes the net effect of gene silencing. A typical layout of a knockdown

assay with controls is demonstrated in Figure 14.
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Knockdown combination A
Knockdown combination B
Knockdown combination C
Knockdown combination D
Knockdown combination E
Knockdown combination F
Knockdown combination G
Knockdown combination H

2 different conditions for knockdown establishment

Drug treatment (EGCG)
Drug treatment (EGCG)
Drug treatment (EGCG)
Media control (DMEM)
Media control (DMEM)

Media control (DMEM)

8 different effects-scenarios for the drug appliance

Figure 14 Knockdown assay layout. Horizontally are applied different gene knockdowns (here AdS/
UB-Stop knockdown control & knockdown combinations A to H) and vertically different drugs (here
EGCG vs. DMEM). The color scheme discriminates different treatment groups. The grey shaded

colors represent the controls for their highlighted partners.
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Electric cell-substrate impedance sensing

For non-invasive online measurement of effects on cellular level Electric cell-substrate
impedance sensing (ECIS) was applied (Giaever & Keese 1984). The used platform was the
ECIS-1600 (Applied BioPhysics, Troy, USA) in combination with 8-well cell culture array plates
(BW10E by Applied BioPhysics, distributed by Ibidi GmbH, Martinsried, Germany) which have
a substrate area of 0.8 cm? (Figure 15). In this setup the current flow through the media filled

incubation vessel (cell culture conditions see chapter “Cell culture®) is detected by ten gold

micro electrodes (250 pm diameter).

Figure 15 S8\W10E-array. This Figure
shows a cel culture array used with
Applied BioPhysics ECIS-devices.
The magnified detail-picture  shows
the ground of one of the eight
Incubation vessels bearing ten micro

glectrodes.

After the requested cells are seeded into the array by injecting 300 uL of a homogeneous cell
suspension, current is applied and the experiment is cast at a frequency of 30 kHz and a
measurement interval of 60 sec. With these basic parameters all ECIS-experiments in this

work are conducted. The used cell lines, their cell density and the duration of the data

acquirement are adjusted according to the aim of the particular assay.

Viral cytotoxicity

For physiological studies in the manner of loss-of-function experiments adenoviral induced

gene knockdowns were applied in different cell culture settings (see chapter “Switching
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physiological pathways by RNA-interference” & “Knockdown evaluation). Concomitant titer
dependent cytotoxicity parameters of the applied adenoviral vectors were gathered using the
ECIS-device as described previously (Muller et al. 2011). In this study a viral load gradient
(including MOls of 100, 200, 400, 800 and 1600) was tested concerning the impact on
proliferation inhibition and detachment of IPI-2I cells. This experiment was designed in regard
to the progress of a viral infection, monitoring its incubation time and the establishment of

viral effects over a period of 72 h.

Drug effects

Lethal dose determination

To approach the question of potentially harmful effects induced by a cineole treatment on the
viability of epithelial gut cells the ECIS-technology was applied using the parameters as
described before (MUller et al. 2012). Thereby the minimal non-lethal dose of this secondary
plant metabolite for IPEC-J2 cells was titrated during a real time measurement.

Wound healing assay

Further for non-lethal cineole dosages the impact on cell morphology and wound healing
were investigated using the ECIS device as described by before (Almstatter et al. n.d.).

Thereby an injury of the cell layer is provoked by pointed application of an elevated electrical

field (6 'V, 20 sec) (Jumblatt & Neufeld 1986).
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Gas chromatography-mass spectrometry

As basic platform for gas chromatography-mass spectrometry (GC-MS) analysis served an
Agilent MSD quadrupole system (GC 7890A and MSD 5975C, Agilent Technologies,
Waldbronn, Germany) and a GERSTEL CIS 4C injection system combined with a GERSTEL
MPS 2 autosampler (GERSTEL GmbH & Co. KG, Duisburg, Germany). Data recording and
analysis were conducted using the MSD ChemStation E.02.00.493 software (Agilent
Technologies, Inc.). As analytical capillaries a DB-FFAP and a DB-5 were applied (30 m
length, 0.25 mm inner diameter, 0.25 pym film thickness, J&W Scientific, Fisons Instruments,
Mainz-Kastel, Germany).

The detailed GC-MS analytical setup and its full employment during the experiments for this
work had been described earlier (Muller et al. 2012). By all means two different aims were

focussed by in vitro metabolization assays with cineole treated epithelial gut cells:

Metabolite screening

Quallitative occurrence of 1,8-cineole metabolite patterns were compiled by comparison of
retention indices (Kovats 2004) from two analytical capillaries of different polarities (DB-FFAP

& DB-5) and further by comparison of El mass spectra versus synthesized references.

Metabolite quantification

Metabolization rates in samples of cell layers and media supernatants were quantified
relatively to the retrieval of an internal standard (deuterated 2-a-hydroxy-1,8-cineole) by
correlating the respective areas under the curve obtained from the corresponding ion
chromatograms. Thereby serial dilutions of deuterated 2-a-hydroxy-1,8-cineole served for the
assessment of several metabolites found, since the quantitative aspect was only intended for

a very rough estimation.
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Liquid chromatography-mass spectrometry

For quantification of EGCG in tea preparations the four green tea varieties , Yellow*® Tea,

Green North Tukvar, Wu Lu 'Fog Tea" and Bi Lo Chung (Greuther Teeladen,
Vestenbergsgreuth, Germany) were brewed with 80°C warm tap water and left to draw for 15
min. The obtained tea infusions were diluted as follows: tea in H2O 16.7 fold (600 pL tea to
1400 pL H20, then thereout 200 pL to 800 pL of H20) and then 500 uL of this aqueous
dilution to 500 pL of analytic Ethanol. Dilution factors served for back calculation of the EGCG

yield from the tea infusions. After dilution the samples were prepared for LC-MS analysis by

filtration (0.45 pm) and subsequently measured under the parameters shown in Table 3.

Table 3 Measurement parameters for high-performance liguid chromatography (HPLC) & mass

spectrometry (MS)

HPLC

Flow rate

Solvent A (aqueous)
Solvent B (organic)

0.3mL/min
90% 10mM ammonium acetate pH 7.4, 10% methanol containing 0.1% acetic acid
90% methanol, 10% 10mM ammonium acetate pH 7.4 containing 0.1% acetic acid

column Prontosil Bischoff C18 Ag (100x2mm, 3um)
Oven temp. 25°C
Autosampler temp. 15°C
DAD 540nm
320nm
280nm
scan 190-600nm (step width 2nm)
Injection volume 20uL
Solvent gradient Time [min] % B
0 0
3 70
6 100
11 100
12 0
20 0
MS
Source Multimode (ESI and APCI) - Polarity switch
Gas temp. 350°C
Vaporizer 200°C
Drying Gas 6L/min
Nebulizer 45psig
Capillary Voltage positive & negative 3000V
Corona positive & negative 2uA
Fragmentor positive & negative 100V
Charging Voltage 2000V

43



Results and discussion Jakob Muller - Technische Universitat Minchen

Results and discussion

Manipulation of cell physiology by adenoviral mediated knockdowns

The task to investigate how effects derived from secondary plant compounds act within the
physiological pathways of the small intestine epithelia requires isolated conditions in order to
set aimed molecular test parameters. Therefore epithelial cell culture provides a suitable
model. However, thereby utilized biotechnological tools must be evaluated due to its inherit
potential to influence the health state of the test object. As in this work gene knockdown
models are employed for elucidation of inflammatory and health questions based on

adenoviral vectors the evaluation of their physiological impact was mandatory.

Adjusting the effector to firm parameters

Initially, a very basic duty is to ascertain the amount of vector that is inserted and hence
affects the cells. Therefore a valid titration procedure for adenovirus was established. In
accordance to this method as described in chapter “Experimental” the harvested virus was
extracted selectively for still intact and hence infecting viral particles (VP). Subsequently these
particles were titrated via absolute quantification using RT-gPCR. The example in Figure 16
shows plots from the RT-gPCR part of a titration series wherein two adenovirus-preparations
were tested which were finally attributed to 6.34 x 10° VP/uL and 5.66 x 107 VP/uL
respectively. The method developed during this work delivers precise information with
evaluated minor faultiness as the analysis of mean errors of all steps during the titration
procedure from a multitude of titrations shows (MUller et al. 2011). When the titer is assigned,
the knockdown model must be adjusted. In respect to the epithelial cells, which should be
harmed as few as possible, the inserted viral load must be optimized. Thereby two
considerations are of importance. On the one hand a maximization of knockdown efficacy is
necessary, and in contrast on the other minimal noxious impact on the cell physiology is
essential. Furthermore the intended application in multi-gene loss-of-function scenarios
requires additionally the realization of parallel gene silencing without a potentially toxic and

disturbing viral overdosage. Hence the minimal effective MOI has to be assigned.
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@

Figure 16 (a) Absolute guantification of viral particles versus a plasmid standard curve. Green to blue
ines indicate the plasmid dilution (N = 3 RT-gPCR reactions) whereas yellow and red lines are the two

tested viruses (n = 3 extractions x 3 RT-gPCR reactions) (o) Derived standard curve (2 = 0.998).

As evaluated in the assay shown in Figure 17a, the needed time for maximal knockdown
development is approximately reached after 48 hours. In Figure 17b the followup assay,
incubated for now 48 hours post infection shows that with a MOI of 400 a knockdown level is
achieved that does not enhance determinatively when more virus is applied.

In accordance with these findings the next demand was accessed. For the need multi-gene
knockdown virus mixtures were prepared. Thereby for each desired knockdown a virus
quantity was contributed with the minimal MOI of 400. Figures 18 show the RT-gPCR
measurements from a knockdown assay where two viruses targeting different genes were

applied, both at the optimized conditions from above.
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(a) Knockdown kinetic (b) MOI adjustment

120% - 120% -

100% 100%
[= [=
2 S
& 80% - ® 80% -
2 <
% 609 g‘ 9
X 60% - % 60% -
o [
2 40% 2 40%
E 40 o E ]
e S

20% -| 20% -

0% ; ; ; 0% ; ; ; ; ‘
(] 20 40 60 80 0 200 400 600 800 1000
time [hrs] MOl

Figure 17 (a) Knockdown establishment over time at a MOl of 1000 in IP-21 cells (n = 3 cell cutture
wels x 2 RT-gPCR reactions). (o) Knockdown efficiency for different MOls 48 hours post infection in

IP-21 cels (n = 3 cell culture wells x 2 RT-gPCR reactions).
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Figure 18 Multi-gene silencing. RT-gPCR data from a knockdown assay (MOl 400, 48h post
infection, n = 3 cel culture wells x 2 RI-gPCR reactions) with IPEC-J2 cels and two viruses: (a)

target genes (green = 671K, pink = IKkBE), (b) reference genes (blue = UQ, orange = GAPDH);
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Thereby gets obvious that in Figure 18a the two target genes are measured and in Figure 18b
two reference genes. The array of curves deriving from a target gene separates into two sub-
arrays for each target gene (green or pink), whereas the array derived from a reference gene
remains as a single bundle (blue or orange). For the target genes the divided curve bundles

mark the particular gene knockdown.

A more general problem which must be discussed in the scope of RNAi knockdowns are the
inhered off-target effects. The approach of this work tries to evaluate specifically which drug
targets are affected in the used intestinal cell culture model by the RNAI mediated loss-of-
function scenarios. Within this in vitro setups we seem to be aware of random side effects, or
at least keep them in check by elaborately chosen controls. However, RNA interference as
silencing tool carries along fundamental problems. A siRNA-sequence specifically designed
for the desired target gene always bears the potential to bind off-target and co-silence
another genes (Jackson et al. 2003; Lim et al. 2005; Jackson et al. 2006). Therefrom, when
interpreting the outcome of an assay by means of physiological pathways at least the
considered genes should be checked for cross reactions derived from the particular applied
siRNA-sequence or RNAI mediating virus respectively. A principal component analysis (PCA)
based (Jolliffe 2002) screening method has been described earlier by me (see Appendix). The
underlying principle is that when data is edited according to this method and subsequently
analyzed via PCA the off-target-affected and thus accidentally down-regulated genes can be

filtered since they appear together with targeted genes in one data cluster (see Figure 19).
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Figure 19 PCA based off-target analysis. The

PC2
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data points on the two axis (green & red) contain

e exclusively genes affected by an identical
| ‘ knockdown effect. Grey triangles and squares
among are no targeted gens and thus bear an
2. : : : : : off-target effect (Muller & Plaffl 2012).
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Evaluate cytotoxic accessory symptoms

The precedent evaluation series was dedicated to create conditions which minimize the
technical impact that may influence the health state of the cell culture model redundantly.
Accordingly the minimal viral impact which still facilitates potent functional manipulations was
assigned to MOI 400 and 48 hrs. Nevertheless the viral mediated knockdown application
carries along the potential to harm the epithelial cells and thus disturbs the physiological
investigations. In order to evaluate this extend ECIS technology was consulted and a
cytotoxicity assay was designed (Muller et al. 2011) and cast with IPI-2] cells (n = 2 wells x 3
assay) using a control virus which solely induces infection but is deficient of any knockdown
properties.

Figure 20a shows one of these assays. Regarding the impedance curves several
physiological findings can be assigned. Firstly the point of inflection at approximately 20 hrs
post cell seeding protrudes. Parallel cast optical cell enumerations (Figures 20b&c could
reveal that the around 50 % of the all over signal increase must be dedicated to activities of
cell settlement. Further regarding the impedance signal of infected samples versus the control
wells it gets obvious that the incubation time for the adenoviral infection takes approximately
24 hrs due to the indicative signal decrease after this period of time. This matches quite well
the findings from above wherein the allover incubation time for the knockdown establishment
was assigned to 48 hours post infection. Another important insight in the pathology of an
adenoviral infection is gained post the implied media change during this assay. The evoked
cytotoxic effect lasts continuously on the epithelial cells and thus must be attributed to the
inhered viral infection. Terminal cell enumerations could further show that the cells really die
and not just decrease the signal by weaker adherence (Mdller et al. 2011). A combined
statistical evaluation could reveal a distinct correlation between the inserted viral vector and
the resulting cytotoxicity level in a significantly dose dependent manner as shown in Figure
21.

The experiments so far only tested the negative impact of the control vector (Ad5-U6-Stop)
on the epithelial cells. Hence, the proximal question is, if a knockdown evaluated virus is
applied, does it evoke the same toxicity? In a followup assay a PPARYy targeting knockdown

virus was applied versus Ad5-U6-Stop with identical MOls.
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Figure 20 Cytotoxicity assay. (a) 1 x 1056 IP-2I cels seeded (t = -20 hrs) in a 8W10E ECIS array
and treated (t = O hrs) with different concentrations (MOIs) of control virus AdS-UB-Stop, then media
changed 57 hrs post infection. () Microscopic picture of IP1-21 in the 8W10E cel culture dish. The
lighter circle in the center is one of the 10 microelectrodes covered with (l) proliferating cells or (1l

semi-trypsinated cells for optical enumeration. (c) Cell count versus impedance value over time.
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Figure 21 Dose dependency of viral adenoviral cytotoxicity. (a) End-paint cell count correlated with
end-point impedance values. In contrary to the first 20 hrs of the ECIS measurement the obtained
impedance values correspond directly to cell numbers indicating real cell death. (b) Comparison of
repeated cytotoxicity assays due to normalized impedance values after 72 h as a function of MOl on

a logarthmic abscissa. The applied polynomial regression indicates high significance.

The outcome demonstrates equally evoked cytotoxicity by the disparate virus species what
indicates the transferability of the base findings and further as a sideline verifies the applied
titration method on a physiological level (see Figure 22).

Summing up, non-invasive ECIS measurements revealed that the applied knockdown model
is not a non-invasive technique. The health state of the intestinal epithelial cells is attended
when casting loss of function studies, but with the optimized set up parameters harming

effects are minimized and by employing the control virus physiological findings are suitable.
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Effects of secondary plant compounds

The first chapter of the results and discussion part was dedicated to the question if valuable
physiological information can be acquired with particular this cell culture approach combined
with RNAI induced gene silencing. Now, below in regard to themed issues the findings
referring to positive physiological effects of the analyzed secondary plant compounds on the
mimicked organ, the small intestine is discussed.

Thereby two aspects are in focus pursued by the two objective herbal derived compounds.
Cineole as a major metabolite of the Eucalyptus tree is as digested application no big matter.
Therefrom its represents the more pharmacological questioning as it usually has primary
relevance by medicinal preparations. In an expanded view the investigation especially for
metabolization within the gut epithelium this study affiliates the findings of cineole derivates
after oral consumption in various body fluids.

In contrast epigallocatechin gallate as quantitatively the major secondary compound of the
tea plant, aims for the food aspect of health promotion by herbal derived substances
mediated in the small intestine. As “tea-science” is a quite matured field it nevertheless bids
need for research since the postulation of an EGCG-receptor, what forces the scope to
molecular signaling pathways.

Both, cineole and EGCG evolve their potential in one of the most important organs

maintaining basic matters of well being: The gastrointestinal tract.
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Cineole

The research concerning cineole was planed and conducted in cooperation with the
Fraunhofer-Institut fur Verfahrenstechnik und Verpackung IVV and the Friedrich-Alexander-
Universitat Erlangen-NUrnberg.

This chapter deals with the assays which investigated the impact of cineole on intestinal
epithelial cell lines. The combinatory approach includes a dose depending cytotoxicity assay,
the assessment of metabolization profiles found qualitatively and quantitatively over time and

the related physiological responses on gene expression level.

Lethal dose determination

The results in this chapter are acquired together with Isabella Almstatter during her master
thesis (Almstéatter 2010) guided by us in cooperation with Prof. Dr. Andrea Buttner.

An initial consideration, before questions on molecular level referring to how cineole affects
the gut intestinal immunity by itself or potential metabolization products are attended, is the
impact on cellular level. This was evaluated in a dose dependent manner employing the
ECIS-device for non-invasive real-time tracking. Therefore cineole containing media was
applied in different physiological to pharmacological concentrations (0.3, 0.5, 0.7, 1.0, 1.3,
1.7 and 2.0 g/L) into cell culture arrays pre-seeded with IPEC-J2 cells and grown close to
confluence. Following an impedance measurement over 60 hrs delivered a viability plot as
shown in Figure 23a.

Despite of the relatively narrow range of concentrations with seven subdivisions within about
one decimal power only two groups delineated. All treatment groups with a dose of 1.0 g/L
or less survived unaffected and all others with 1.3 g/L and above detached instantly what
carries along the certain death in for epithelial cells in this set up. In a second measurement
series (Figure 23b) utilizing a relatively very fine resolved dilution curve of applied cineole these
findings were confirmed. The acute cytotoxicity of cineole for the intestinal epithelial IPEC-J2
cells established at 1.2 g/L, what was assigned as lethal dose (Almstatter et al. n.d.; MUller et
al. 2012). A possible explanation for this phenomenon may be the degradation or
denaturation of adhesion proteins at this critical point of 1.2 g/L. Physiological effects are

unlikely due to the progression of the not affected samples. No slightly occurring toxicity can
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be observed even 60 h post treatment. These finding correspond to the reaction of the
measured apoptose markers (see gene expression data in chapter “Impact on intestinal gene

expression").

(a) 1,8-cineole lethal dose determination for IPEC-J2 cells (wide range)
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Figure 23 Electric cel-substrate impedance sensing (ECIS) measurement of JPEC- J2 cels. treated

with a wide (a) and a narrow (o) range of cineole concentration applied.
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Intestinal metabolization

The results in this chapter are acquired together with Natalie Gruner during her diploma thesis
(Gruner 2011) guided by us in cooperation with Prof. Dr. Andrea Bittner.

Earlier works (as described in chapter “Cineole, respiratory therapy in the gut®) could show
that cineole metabolites can be detected in body fluids as urine, blood or even mother milk
post sage tea consumption. Consequently the next aim was to determine if metabolization of
cineole occurs already in the intestinal epithelium and if, in which dimension. Therefore IPEC-
J2 cell extractions treated with 1g/L cineole over a time course of 0, 3, 6, 9, and 24 hours,
were measured by GC-MS analysis. For the intended quantification a radioactive standard
(tri-fold deuterated 2-a-hydroxy-1,8-cineole) was carried along. As preliminary work, in order
to gain valid data, the pure cineole and the standard were also incubated in cell free samples
under similar cell culture conditions only applied in blank media or aqueous solution. For all
time points comparable results were acquired. In concentrations a factor of 104 to 108 lower
than the base compound cineole trace fractions of nine derivates of cineole were found as
shown in Figure 24. As there were 9-hydroxy-1,8-cineole, 2-oxo-1,8-cineole, 2,3-
dehydro-1,8-cineole, 7-hydroxy-1,8-cineole, a3-hydroxy-1,8-cineole, 4-hydroxy-1,8-cineole,
3-0x0-1,8-cineole, 32-hydroxy-1,8-cineole and a2-hydroxy-1,8-cineole (Kirsch et al. 2010).
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Figure 24 Quantitatively found cineole derivates from cell free media and water samples
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Regarding the occurrence in all fractions, from water or media as well as at any time, the
stringent implication is that these are naturally occurring derivates already present in the
inserted analytes. Further comparative evaluation of the GC-MS analysis by peak integration
revealed that the cineole derivative spectra remains constant over all cases and thus leads to
the conclusion, that the inserted cineole as well as the found derivatives are stable under the
applied experimental conditions. Nominally the values of the derivates were drastically lower
than with 1 g/L those of cineole. There among 3-oxocineole and 2-oxocineole reached the
highest concentrations in a range of around 200 pg/L whereas other were around 100 ug/L.
With these values the derivate concentrations already reach the detection limit of the
measurement. Solely a2-hydroxy-1,8-cineole noticeably showed the tendency to alter

between the two host liquids with 200 pg/L in culture medium and about 100 ug/L in water.

Based on these preliminary studies and with cineole concentrations of 1.0 g/L and 0,1 g/L
respectively the actual metabolization experiment was cast under identical time parameters
(0, 3, 6, 9, and 24 hours), but confronting the appliance with the potential biotransformator,
the intestinal epithelial IPEC-J2 cells. Obtained compound concentrations were again
calculated by evaluation of the peak areas and normalized versus the cineole free controls

(Figure 25).
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Figure 25 Metabolite profle over time at 1g/L cinecle in IPEC-J2 cells
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For the derivate a2-hydroxy-1,8- cineole an increase by the factor 3.7 could be assigned
(from 150 pg/L to 550 pg/L) and for 4-hydroxy-1,8-cineole and 9-hydroxy-1,8-cineole even
an enrichment by approximately factor 7.0 (from 50 ug/L to 350 pg/L and from 25 pg/L to
175 pg/L). In the first sight these values provide an enormous increase. However regarding
the dramatically higher concentration of 1x10° ug/L cineole the physiological relevance in
terms of metabolization is rather questionable. Regarding the experimental set up the values
are again located at the detection limit. This problem is further demonstrated by the statistical
data evaluation. The standard error of means exceeds the variation in some cases and the
measurement error even provokes negative concentrations by means of normalization. As the
results for the lower concentration of 0.1 g/L cineole were accordingly even worse due to
background noise, there is no sense in plotting them. Therefrom a slight indication of
metabolic activity in the small intestine can be assigned but not more than a tendency (Muller
et al. 2012). Hence the applied in vitro model could not provide an effective positive evidence
for primary metabolization of cineole in the bowel. Thus herein induced immune reactions
should directly derive from the base compound cineole and not from the impact of eventual

derivates.

Impact on intestinal gene expression

From the ECIS measurements for cineole the very distinct lethal effector level of 1.2 g/L is
assigned. Therefrom the obvious question is what impact results on molecular level. At a
concentration of 1.0 g/L cineole what is close to the lethal one an also distinct alarming
reaction on expression level should succeed. For monitoring of the cellular response marker
genes related to cell cycle and proliferation (CycB1, CycD1 & TGFp), apoptosis (Casp3 &
Casp9) and for acute inflammation (TNFa, IL1B3, IL6 & IL8) were evaluated by RT-gPCR.
Additionally, out of academic interest IL5 was measured as it plays a role in asthmatic
diseases and thus also refers to mucosal matters (Juergens et al. 2003; Takatsu 2011).The
relative change in gene expression was determined in dependance to the above used cineole
concentrations (1.0 g/L, 0.1 g/L) using again JPEC-J2 cells.

After data evaluation by normalizing within one point of time physiological relevant amplitudes
in expression change were only found in few samples (Mdller et al. 2012). There among the

most distinct regulation was manifested for IL13 with a fold down-regulation of 0.7 after 3
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hours of incubation with 1.0 g/L cineole and for IL8 with a 0.6 fold down-regulation after 6
hours and 1.0 g/L (Figure 26). This matches principally quite well the textbook wisdom as
these genes act as primary (IL1B) and secondary (IL8) mediators in the acute inflammatory

cascade. Hence an immunosuppressive effect as ascribed to cineole in this manner before

(Sadlon & Lamson 2010) seems evident.

Gene expression in IPEC-J2 cells after 1,8-cineole treatment (normalized to media control
(0.0 g/L) for each point of time (Oh, 3h, 6h, 9h)) o
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Figure 26 Gene expression pattern in cineole treated IPEC-J2 cells (normalization mode 1).

Unfortunately these alteration of IL13 and IL8 only occur distinctly within the 1.0 g/L samples
and can not be distinguished in the 0.1 g/L samples. For a pharmaceutical application and
thus an realistic physiological effect this concentration is far too high. Somehow in
contradiction stands the leak of reactions of the apoptotic markers Casp3 and Casp9. With
the near lethality dosage an amplitude was highly expected but could not be assigned. A
potential explanation might be that the cell detachment observed in the ECIS measurements
not originates from autocrine reactions but simply from chemical corrosion of the adhesion
proteins when the cineole concentration exceeds the critical concentration of 1.2 g/L.

Lethallity would be given in any case.
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For deeper insights into the expression state of the apparently inert cells the so far
normalization mode to one point of time and thus the reference point was changed. In Figure
27 the same data from Figure 26 is plotted, but with normalization to absolute zero, what
means to the samples with an incubation time of O hrs and treated with 0g/L cineole. What is
obtained is a plot showing the shift of relative gene expression over time. Were the
regulations in the first normalization mode by physiological aspects relatively weak, except for
the few and discussed candidates, the pattern now gets clearly more vivid. This proofs that
the cells are not simply inert. Regulations up to 4.3 fold for CycD1at 9 h are indicated. An
explanation might be that during the experiment the cells have grown into confluence and
thus changed their physiology. As CycB1 being an activator of the cyclin-dependent kinase
1/cyclin B1 complex within the cell cycle during the progression from G2- to the M-phase
(Castedo et al. 2002) and is further not degraded until the anaphase (Wolf et al. 2006) the

incipient cell cycle arrest may temporarily cause the relative accumulation.

Gene expression in IPEC-J2 cells after 1,8-cineole treatment (normalized to absolute control
("control", t = Oh))

1000% -

E * *
S : . : i H .
5 : : i I
B T I . * *, m Casp3
§ m Casp9
% CycB1
2 m CycD1
“g"' 100% - miL1b
E’, IL5
§ IL6
o IL8
_“g’ p < 0.001 = extremely significant (***) TGFb
5 p < 0.01 = highly significant (**)
2 p < 0.05 = significant (*) TNFa

p > 0.05 = not significant (n.s.).

1% control ‘ 0.0g/L ‘ 0.1g/L ‘ 1.0g/L ‘ 0.0g/L ‘ 0.1g/L ‘ 1.0g/L ‘ 0.0g/L ‘ 0.1g/L ‘ 1.0g/L ‘
Oh ‘ 3h ‘ 6h 9h
cineole concentration [g/L] & incubation time [h]

Figure 27 Gene expression pattem in cinecdle treated IPEC-J2 cells (normalization mode 2).
Significant variations refer to the absolute control at t = Oh and hence deal with the gene shift over

time,
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Interestingly this up-regulation og CycB1 happens in all tree concentration levels (0.0 g/L, 0.1
g/L & 1.0 g/L,). Thus, what is monitored must be dedicated to a time effect, and therefore
induced independent from the cineole treatment. This means explicitly cineole has no
physiological impact on the intestinal gut cells, at least within the considered genes. This
assumption from the data can be further underlined by additional analysis. The PCA here
again delivers a potent tool. Considered sample wise and thus solely in respect to the
amplitude of all regulative effects lying on one sample, no treatment specific normalization
disturbs the obviousness of the outcome. The PCA plot in Figure 28 again deals with the
same dataset as Figures 26 and 27. As the more distinct gene shift over time exceeds the
week immunomodulation by cineole only the time effect gets visible after processing by the
PCA algorithm. Treatment derived effects blur, as they probably do equally in the small

intestine.

Frincipal component analysis of delta Cg-values
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———— -
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<& 9h — 0.0¢g/L
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-
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Figure 28 Cincole assay evaluated by POA
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Epigallocatechin Gallate

In this chapter the outcome of all investigations concerning EGCG as the main active agent of
the tea plant Camellia sinensis will be reviewed. The initial determination of actual contents
across different varieties of infusions will lead to the nutritional question concerning its role in
basic intestinal immunity. In an expanded scope related health issues are examined especially

dealing with potential reasons of its cancer preventive properties.

EGCG content of different tea varieties

A personal concern within these studies on health properties of green tea was to determine
the EGCG content of individual tea preparations to clarify my actual intake of the major tea
catechin. Therefore fresh brewed tea with 1 g tea dry matter on 0.1 liter of boiled water that
has chilled down to 80 °C was analyzed with LC-MS (Figure 29). The outcome was that with
drinking of 1 liter of the so prepared tea around 1 g EGCG is consumed, what matches with
literature values quite well (Balentine et al. 1997; Harbowy & Balentine 1997). Amazingly that
leads to the assumption that approximately 10 % of the dry matter of tea is EGCG. In view of

this potent infusion yield the rank of tea health science is emphasized.

(@) (b)

Calibration curve for EGCG determination by LCMS EGCG content of green tea infusions (1g/100mL)
1800 - 1.20
1600 - 1.15
gmoo | y = 12.632x . 115 112
3 R? = 0.947 R
g 1200 s 1.10
- * —_
£ 1000 M < 1.05 | =, Yellow" Tea
: 800 R E Green North Tukvar
= . . 8 1.00 - Wu Lu ("Fog Tea")
o 600 : w 0.96 0.97 Bi Lo Chung
5 400 - 0.95 -
[}
= 200
0.90 -
0 T . . | | ,
0 20 40 60 80 100 120 085
EGCG [uM] ) tea variety

Figure 29 EGCG quantification from green tea infusions. (a) LC-MS calibration curve from pure
EGCG. (b) EGCG content in fresh brewed tea (1 g dry matter / 100 mL, water at 80 °C for 16 min).
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Molecular impact during intestinal immune signaling

As one question of this work was the modulation of the primary immune response by tea
consumption through the gut-associated lymphoid tissue (GALT) the intestinal model was
challenged with LPS. Hence, the targeted TLR4 pathway should be stimulated and primary
mediators like TNFa, IL13 or IL6 should be up-regulated. For more detailed questioning
which molecular targets are involved the RNAI knockdown model was applied in order to
block the signal transduction through the NFkb and MAPK pathways which are primary
signaling routes during inflammation. As the inhibitory impact of EGCG on the NFkb pathway
has been demonstrated manifold, an additional knockdown silencing the 67LR was
supposed to clarify if EGCG acts directly or through its receptor on the NFkb effector kinase
IkKb or maybe via another pathway (see chapter “Switching physiological pathways by RNA
interference”).

Initially the reactivity of the cell culture model was assigned. Therefore IPEC-J2 cells were
treated with different concentrations of LPS in order to provoke an immune reaction. Figure
30 shows time kinetics for inflammatory mediators post that treatment. As in preliminary
studies the response was weaker than expected and limited only to the the cytokine IL6 (2.0
fold up-regulation at 1pg/ml post 3 hrs) the experiment was repeated, but unfortunately
showed reproducibility (2.3 fold). As with 1ug/ml the maximal amplitude was evoked this

concentration was chosen for the immune induction.

(@) (b)
LPS-kinetik (n = 3 wells x 2 RT-qPCR reactions) LPS-kinetik (SEM, 3 wells x 2 RT-qPCR reactions)
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2 2
< 2.0 £ - ;23
s . e ¢ —TNFa,1pg/miLPS S /
7] f— 7]
9 10 BB F——— — TNFa, 10 pg/ml LPS ¢, | g : : : . —IL6, 1 pg/ml LPS
& )\K_\T’;‘——f IL1b , 1 pg/ml LPS & 16, 10 ua/ml LPS
° —IL1b, 10 ug/mILPS o ILs, 10:9 /ml LPS
2 —IL6, 1 ug/ml LPS 2 1K
g IL6 , 10 pg/ml LPS ?fé

0.1 0.1 -
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0 5.0

time [hrs] time [hrs]

Figure 30 Assays of LPS chalenged IPEC-J2. RT-gPCR analysis of TNFa, IL1b & IL6 expression.
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Hence, in regard to the intended knockdown model at least one marker gene could be
identified in order to test the signal disruption under “loss-of-function®.

In a next step the specifically designed knockdown viruses for silencing of the key targets
kKb (Nfkb pathway), cdun (or “AP1“, MAPK pathway) and 67LR (EGCG-receptor) had to be
evaluated. Therefore, the establishment of the knockdown over time was assessed and

subsequently the routine MOI of 400 was confirmed for that incubation time (see Figure 31).

(@) (b)
MOI 400 (SEM, 3 wells x 2 RT-qPCR reactions) 48 hrs p.i. (SEM, 3 wells x 2 RT-qPCR reactions)
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67LR cJun(2) cJdun(3) IkKb(2) IkKb (3) kKb (3) cdun (2) 67LR
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Figure 31 Knockdown evaluation series in IPEC-J2 for loss-of-function scenarios within TLR4 and
67LR signaing. (a) Time kinetic. (o) MOI gradient.

With silencing efficiencies of 80 % for kKb and 97 % for 67LR at optimized conditions (MOI
400 & 48 hours of incubation post infection) two of the three targets knockdowns could be
assigned as proper. In contrary, as it can be seen in both plots the cJun knockdown caused
problems. For particular these assays already a third and fourth siRNA-sequence had been
cloned, but without success. The derived knockdown was in all cases attended by
uncontrolled and vivid gene regulations down as well as up. The variations among the
conducted cell culture triplicates manifest in the error bars exceeding the particular effect. Al
in all four attempts were cast in order to silence cdun. Regarding the crucial role of the
transcription factor AP1 in physiology, it seems likely that the knockdown failure and the
consecutive mad reactions on transcription level derive from the try to silence this gene. On

the one hand due to its abundant necessity for cell signaling (Shaulian & Karin 2002; Eferl &
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Wagner 2003; Osborn & Olefsky 2012), and on the other due to the attending viral infection
(Hagmeyer et al. 1993).

Subsequently, with the above adjusted parameters a knockdown assay was cast as shown in
Figure 32a. Thereby the JPEC-J2 cells were infected with all viruses for all tree intended
knockdown targets. Accordingly, for another try, a fourth siRNA-sequence targeting cJun was
designed and processed. It repeatedly carried along identical problems as indicated in Figure

32b wherein corresponding silencing data for the presented assay is plotted.

@ (b)
MOI 400, 48 hrs p.i. (SEM, 3 wells x 2 RT-qPCR reactions) MOI 400, 48 hrs p.i. (SEM, 3 wells x 2 RT-qPCR reactions)
10.0 100% -
% - 90% -
= S P =
s & 80% | 71%
E g 70% - 63%
0,
£ 10 S 60% - 57%
X =
> £
® a:: 50% -
£ Z 40% |
e % 300/0 4
0.1 - ]
10,
H3 GAPDH IL6 TNFa IL1b £ 20% -
gene 10% -
=DMEM & U6-STOP = DMEM & Triple-KD 0%
#1.0 g/l EGCG & U6-STOP 1 1.0 g/l EGCG & Triple-KD 67LR kKb (3) cJun (4)
=0.1 g/l EGCG & U6-STOP = 0.1 g/l EGCG & Triple-KD targetgene

Figure 32 | oss-of-function study on EGCG in TLR4 and 67LR signding. (a) RT-gPCR gene
expression analysis (relative fold regulation) from IPEC-J2 cells. The triple knockdown treated (at MO
400: 67LR-KD, KKb-KD & cJun-KD versus negative control virus Adb-UB-Stop) cell culture was pre-
treated with two concentrations of EGCG (1.0 g/L & 0.1 g/l for 3 hrs (performed in triplicates).
Subsequently LPS with 1 pg/ml was added to all samples as a chalange and cells were harvested
for RNA extraction post another 3 hrs. Then Inflammation marker (TNFa, IL138 & IL6) and reference
gene (Histone H3 & GAPDH) transcript levels were assigned (duplicates). (b) Corresponding slencing

efficiencies calculated by normalization against the negative control virus AdS-UB-Stop.

In this experiment the cells were pre-treated with EGCG; the intention was to monitor if
subsequent LPS challenge simulating a pathogen incident. Therefrom EGCG should be
investigated for immunomodulatory activities as preventive agent by continuous consumption
of green tea. The question was if EGCG can alter the induced immune reaction through the
LPS challenge depending on the blockage of the underlying signaling pathways or depending

from the presence of the postulated EGCG receptor.
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The first imprint is that again the most response is given by IL6 within a physiological relevant
rang (2.4 to 2.6 fold). However, it needs a closer look to get the reasons of this enhanced
cytokine expression.

If we first consider the two cases wherein no EGCG and therefore the media control is
applied, the red group (DMEM & Triple-KD) versus the blue group (DMEM & U6-Stop), we
face the unexpected situation of an equal gene response. Here, the not knockdown attended
samples should show a higher IL6 level relative to those where the TLR4 signaling pathways
are interrupted.

When we now consider the scenario within the control vector group (blue, green and
turquoise, as DMEM & U6-Stop, 1 g/L EGCG & U6-Stop and 1.0 g/L EGCG & UB-Stop) the
finding is that the enhanced IL6 expression there is solely induced by EGCG. Thereby the
lower concentration even provokes a higher IL6 response (3.6 versus 2.4 fold).

If we finally compare samples within one treatment group, for example the orange and the
turquoise with the lower EGCG concentration applied (0.1 g/L EGCG & Triple-KD versus 0.1
g/L EGCG & U6-Stop) which are optionally gene silenced or not, it gets obvious that the
inflammatory signal gene IL6 is up-regulated only EGCG dependent. No significant difference
in relative gene expression can be attributed to the varied knockdown situation. In
consequence that includes besides the TLR4 signaling pathways as well the potential signal
transmission thought the 67LR as an EGCG receptor. Hence the IL6 stimulation occurs
induced by the tea catechin in any case, and therefore probably regulated via another
mediator.

The findings from the knockdown experiments imply that by a base treatment with EGCG the
evolved IL6 response induced by LPS is blocked. However the physiological benefit is
questionable confronted with the measured immune stimulation through the tea catechin. It
self (re-)activates the cytokine. Hence, in regard of the not pre-treated cells, which here as
well show no reaction to the LPS treatment and further considering that the whole scenery
measures relative changes in gene expression, the blurring reason might be the probably
much higher challenge for the intestinal epithelial cells present, what manifests in the
adenoviral infection. However, it remains to assign that during these studies no difference
could be noticed due to the leakage of the EGCG receptor, even with a potent 67LR

knockdown applied.
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67LR: a potential target for EGCG in cancer prevention?

Epigenetic issues

The results in this chapter are acquired together with Johannes Meier during his master
thesis at our institute (Meier 2011).

Aiming for more insights into the associations between the 67LR, epigenetic originated
silencing by DNMTs and the mutual effector molecule EGCG the involved genes were
knocked down by RNAI and analyzed under permuted treatments with DNMT inhibitory DAC
or EGCG respectively. In a combinatory approach gene expression and methylation levels
were acquired. The thereout developing silencing scenario investigated in the intestinal IPEC-

J2 model constitutes as presented in Figure 33.
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Figure 33 [Cpigenetics affecting slencing  scenario.

Blue boxes in the middie row represent genes not

targeted by specific RNAI viruses whereas green/red

ene expression & global methylat

IPEC-J2 boxes are alternated with or without specific
- o knockdowns during an experiment.

In the first experimental series as indicated in the left column of Figure 33, the explicit
influence of EGCG (20 mg/L) or DAC (5 pM) treatments on the cell culture in absence of any
gene knockdown was investigated. As control H2O was applied. In terms of gene regulatory
effects the methyltransferases DNMT1, DNMT3a and DNMT3b were analyzed and
additionally the impact on 67LR expression (Figure 34a). As a notable result the expression
level of DNMT 1 and DNMT 3b was enhanced 3.9 fold and 7.8 fold under the impact its
inhibitor DAC. Hence, these two methyltransferases seem to be more important in this
context than DNMT3a, since its expression is only weakly affected. As supposed to act in an

analog manner on methyltransferases like DAC (Pandey et al. 2010), a similar tendency, but
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with only 2.1 fold (DNMT 1) and 1.8 fold (DNMT 3b) up-regulation not that distinct, can be
observed for EGCG.

(a) (b)
Explicit drug influence in IPEC-J2 (SEM, n = 3 wells) Explicit drug influence in IPEC-J2 (SEM, n = 3 wells)
1000% - q

47%

100% -

DNMT1 DNMT3a DNMT3b

realtive expression [%)]

10% - gene 0%

H20 EGCG DAC
= H20 [control] EGCG [20 mg/L] =DAC [5 uM] treatment

Figure 34 Isolated drug effects on IPEC-J2. (a) Relative expression levels of Methyltransferases and
the 67LR post 72 hrs of drug treatment (20 mg/L EGCG or 5uM DAC). (b) corresponding global

methylation values.

On methylation level the treatments showed inverse correlating effectiveness. The supposed
inhibitor DAC provoked a reduction of relative global methylation of 21 % in contrary to 47 %
under control conditions and EGCG still contributed with a suppression of 27 % (Figure 34b.
In accordance with recent findings in cancer cell lines (Nandakumar et al. 2011) the
suppressing influence of tea catechins and in particular EGCG on the global methylation state
is therefrom confirmed as well for this intestinal model. In regard to the fact that the
methylation is established during cell proliferation and that the gene expression levels here
reflect the time point at the end of the assay, the gene expression and methylation data is
consistent. An obvious explanation for the up-regulation is thus inherit. The intestinal

epithelium can counter regulate disruptions in global methylation.

The experiments conducted in relation to the middle column of Figure 35 (study layout)
investigate the same effects under knockdown of 67LR (MOI 400). Thereby a second EGCG
concentration one potency below (2 mg/L) was considered. As indicated in Figure 35a-d the
gene knockdown was present with 93 % up to 97 % and no other gene of interest was
affected off-target in a distinct magnitude. Figure 35e-h shows the corresponding gene

expression values post 72 hrs of drug treatment.
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HoO-control on considered genes (DNMT 1, DNMT 3a, DNMT 3b and the knockdown target gene

Net knockdown
67LR). (e-d) Corresponding net relative change in gene expression from the identical assay.

a-d)

(

for all treatment variants: E2 = 2 mg/L EGCG, E20 = 20 mg/LL EGCG,

treatment treatment

Figure 35 Drug effects (DAC, EGCG) on IPEC-J2 cels under 671K knockdown versus knockdown

control (Adb-UB-Stop = L3; all assays n = 3 wells x 2 RI-gPCR reactions).

effects (MOI 400)
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Considering the induced expression alterations under almost leakage of the EGCG-receptor,
the cell physiology reacts with a comparable lag-regulation, at least in awareness of the
present DNMT inhibitor DAC. Still up-regulations of DNMT 1 (2.3 fold -67LR-KD & 1.8 fold
+67LR-KD) and DNMT 3b (3.1 fold -67LR-KD & 2.7 fold +67LR-KD) can be observed,
although not that distinct. Again the DAC impact on DNMT 3a is higher than on DNMT 1 and
vanishes for DNMT 3b. For EGCG the tendency to enhance DNMT 1 and 3b expression due
to an inhibitory activity, as observed without any knockdowns can not be assigned anymore.
However, the data does not clarified if this is inflicted as intended by the applied 67LR
knockdown, due to neglect able levels of expression change.

Mirroring these observations to methylation states, it is more likely that EGCG has no more
impact. Figure 36 shows only distinct hypo-methylation through DAC compared to the
control and knockdown independent. For EGCG treatments no effect is present any more.
The suppression observed in absence of adenoviral knockdowns can not be recovered under

these treatment conditions. Thus the receptor dependency can not be confirmed.

Methylation under 67kDa-LR knockdown
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The experiments conducted for the final setting (left column of Figure 35 wherein the different
species of DNMTs are silenced in functional groups, is reviewed in this paragraph. The drug
treatment pattern is identical with the antecedent, but the applied knockdown viruses target
the maintenance methyltransferase DNMT 1, combined the de novo methyltrasferases DNMT
3a & DNMT 3b or all tree considered DNMTs. Again in the first four plots the silencing

efficiency is shown (Figure 37a-d).
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Figure 37 Drug effects on IPEC-J2 cells under DNMT knockdown combinations  (maintenance
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For this application of a triple-knockdown it was necessary to imply all single viruses with an
MOI of 400 what leads to a combined overall MOI for one well of 1200. The intended
knockdown targets are affected by mean silencing efficiencies (n = 3 wells x 2 RT-gPCR
reactions) of 89 % for DNMT 1 (SEM = 1%), 81 % for DNMT 3a (SEM = 1%) and 81 % for
DNMTs 3b (SEM = 2 %), whereas the 67LR was merely off-target attended reciprocal to less
than -6 % (SEM = 3 %), what can be attributed to natural variation. Therefrom the silencing
scenario is indeed valuable as 80 % of knockdown represent a proper threshold.

However, Inherit unveils a unintended but interesting discovery. In Figure 37b-d" the data
from Figures 37b-d is plotted in a slightly different mode. This visualization emphasizes
weaker knockdown effects due to an inverted and linear ordinate. That way it is revealed, that
the respective target knockdown carries along con-natural and remarkable developed off-

target effects.
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Figure 37" Net knockdown effects for all virus
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and attended genes get more obvious.

The silencing of one DNMT always co-silenced another DNMT. Thereby a heterogeneous
effectivity can be monitored. DNMT 1 is off-target attended by combinatory DNMT 3a/b
knockdown by 42 % (SEM = 4%) and DNMT 3b is off-target attended by DNMT 1
knockdown by 53 % (SEM = 4%). In contrary, weaker off-target attended is DNMT 3a by
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DNMT 1 knockdown with only 29% (SEM = 2%). Hence, in a similar manner as observed
through the expression enhancing reaction to inhibitor treatments (DAC,EGCG) the
methyltransferases DNMT 1 and 3b show more reaction here than DNMT 3b. This again
suggest a potential regulatory link DNMT 1 and 3b, although it must be emphasized, that this
effect is a net knockdown correlation and that here are no explicit regulations on relative gene
expression level present, as they would establish in Figure 371-h.

Regarding the outcome for regulations in relative gene expression in this case, compared to
the previous findings, it is less significant (Figure 37e-h). In the precedent assays a correlating
transcription activity counter acting the inhibitory impact of DAC or EGCG on DNMT
expression could be monitored. For this multi-knockdown scenario this effect can not be
recovered. The foregoing observation might fail to establish due to the antagonistic impact of
the DNMT-knockdowns contra the up-regulation, or simply because of the massive
physiological disturbance under the sensible but need elevated MOI of 1200 (3 x 400). All in

all for this scenario unfortunately no targeted gene regulation pattern constitutes.

Remains the epigenetic data for the third experimental series. In Figure 38 the appendant

global methylation values are given.
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Figure 38 Corresponding methylation data to figure "DNMT_3_RNA" arranged after treatments (a) or
(b) knockdown combinations. Epigenetic influence post drug treatments (2 mg/L EGOG, 20 mg/L
EGCG, DAC & HO-control) in IPEC-J2 under DNMIT knockdown combinations (maintenance DNMT
(1), de novo DNMTs (3ab) or all three DNMTs (1,3a & 3b = TKD), MOI 3 x 400) versus knockdown
control Ad5-UB-Stop (n = 3 wells x 2 RT-gPCR reactions).
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In regard of the solid knockdown levels for all genes and under all treatment conditions of
over 80 % a negative alteration in the methylation was highly expected. Surprisingly no
suppression of epigenetic methylation derived from DNMT silencing can be assigned within
the underlying data. Figure 38b shows transposed data from Figure 38a and thus explicitly
underlines a pure drug dependency without any DNMT-knockdown influence. Thereby only
DAC keeps up its demethylating and thus DNMT inhibitory properties, even if the varied
DNMT knockdowns evoke the same effect as the negative control virus Ad5-UB-Stop. The
question now is, which DNMTs are attended by DAC if the tree considered
methyltransferases are all knocked down? At any rate methylation patterns are present, and
DAC diminished. Maybe the estimated remaining 20 % of DNMTs 1 3a and 3b manage to
keep up the methylation pattern even under knockdown conditions. Another attempt of
explanation might be that primordial expressed DNMTs still reside within the epithelial cells
from the time before the knockdown was applied and manage the methylation activities.

As observed previously the present hypo-methylation of 27 % established under EGCG
impact without any knockout does not constitute when the 67LR is silenced. Therefrom the
data points to a mediating effect of the 67LR for DNMT inhibition by EGCG. Hence, the
EGCG-receptor postulation seems to be approved. Unfortunately this also happens for the
knockdown control scenario. However, in regard of the third scenario these findings get
dubious anyway. Under DNMT knockdown EGCG should be able to inhibit methylation due
to a not silenced 67LR. Therefrom apparently the virus application itself disturbs the
previously hypo-methylating activity of EGCG. Furthermore again the question rises on which
methyltransferases shall EGCG act? Thus it seems most likely that methylation was already
matured at the point of treatment, and this thesis calls the first case into question. Further the
problem with this consideration is that DAC can not alter posteriori due to being only active
when integrated into the DNA during the genesis of a new cell. An argumentation bringing all
findings together without logical conflicts can not be assigned with this state of knowledge.
As physiological consequence regarding health contributory events in the EGCG context, the
base epigenetic information is anyway axiomatically ambivalent. No primary coherence
between beneficial or harmful consequences through global hypo-methylation can be
predicted as cancer inducing pathways are activated by both tumor suppressor or

oncogenes.
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EGCG in metastasis

As described in chapter “Green tea, epigallocatechin gallate and its receptor” the 67 kDa
laminin receptor, before getting into the spotlight as an EGCG-receptor, played a distinct role
related to tumor progression and metastasis. Over-expressed on the surface of circulating
cancer cells this membrane protein mediates target tissue binding and subsequent invasion.
Synthetic peptides which bind competitively to the 67LR were shown to inhibit its metastatic
potential in vitro (wamoto et al. 1987) and further down regulation of the receptor was
assigned to prevent cancer cell migration (F. X. Chen et al. 2009). Outgoing from these
findings and the postulation of the 67LR as a receptor for EGCG (Tachibana et al. 2004) the
question for a connection arouse. To investigate the interplay a RNAi-knockdown model
combined with RT-gPCR expression analysis was cast in order to evaluate the anti metastatic
potential of EGCG via modulation of 67LR-expression in the intestinal epithelium. IPEC-J2
cells were treated with physiological as well as pharmacological concentrations of EGCG (1.0
g/l, 0.1 g/l, 0.02 g/l and 0.002 g/l) and the synergic effects between the tea catechin and the
small RNAs interfering in gene expression was assigned (Muller n.d.).

In a first approach knockdown effects targeting the 67LR under 1.0 g/L EGCG treatment
were measured versus the negative control virus Ad5-UB-Stop. Parallel the same experiment
was cast with a second RNAi knockdown virus as a positive control. The outcome on gene
expression level is shown in Figure 39a. A multitude of repetitions (7 assays x 3 wells)
revealed that the small RNA induced suppression of 67LR transcripts was significantly
enhanced in presence of EGCG, but not for the positive control knockdown. Whereas the
knockdown evoked a transcript reduction down to 10 % without the tea catechin, only
residual transcript level of 4 % was measured with EGCG. This step from 90 % to 96 %
initially seems less impressive. But it needs a closer look. In Figure 39b the identical data from
Figure 39a is applied, but in a different normalization mode. In Figure 39a the control groups
refer to the control knockdown virus Ad5-UB-Stop within one EGCG concentration. Hence
what is obtained are the net silencing effects. In contrary Figure 39b applies the media
controls within one virus species as relative fixed point for normalization. As result now the
net change in relative gene regulation via a drug treatment gets visible. In this view the slight
knockdown enhancement under EGCG evolves to a giant leap and it is revealed, that the

induced effect is an extra suppression of transcripts by 37 %.
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Figure 39 Comparison of the 67LR knockdown (671-KD) and the positive control knockdown
(control-KD) under EGCG impact (ET = EGCG treatment, MC = media control, NV = Ad5-UB-Stop,
TV = targeting RNAI virus). (a) Data normalized to Ada-UB-Stop. This reveals net knockdown effects.
) Data normalized to media control. This reveals net relative change in gene expression induced by
the drug treatment. (o < 0.0071 = extremely significant (), p < 0.01 = highly significant (), p <
0.05 = significant (*), p > 0.05 = not significant (n.s.))
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Figure 40 PCA comparing the impact of EGCG on the 671 versus the positive control virus (black
labels = EGOG treated, grey labels = samples without EGCG (same abbreviations as above). (a)
Positive control virus induced knockdown (I = knockdown applied, I| = negative control virus AD5-UB-
Stop applied). (o) 671LR knockdown related effect (| = EGCG not present, | = EGCG treated, Il =

AD5S-UB-Stop applied with and without EGCG).
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In order to verify this observation independently from any kind of normalization mode principal
component analysis (PCA) was applied. The plots derived from the statistical processing are
shown in Figure 40. Thereby the two plots analyze the two knockdown scenarios, as is Figure
40a the positive control knockdown and in Figure 40b the 67LR targeting virus is applied. In
Figure 40a two data clusters manifest, whereas in Figure 40b three clusters are present. And
there the 67LR/EGCG-synergy crystalizes. For the positive control knockdown there is only
the question is there silencing present or not, in case of Ad5-U6-Stop negative control. In
contrast for 67LR an additional cluster separates among the knockdown targeted cloud.
These are all samples which are attended by the extra suppression of transcripts under the
synergistic impact of EGCG.

For a further evaluation of the findings the experiments were conducted with lower
concentrations of EGCG as 1.0 g/L matches the conditions in fresh brewed tea, but not
imperatively reflects actual concentrations of the small intestine in vivo. The significant co-
regulatory effect on 67LR expression when interfering small RNAs and the tea catechin act

together was also present there, for all concentrations applied (Figure 41).

67LR knockdown at 0.1 g/l EGCG (SEM, n=1x3x2) b 67LR/EGCG-Interaction at low concentrations (SEM, n=1x3x2)
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Figure 41 67LR/EGCG-synergy for lower EGCG  concentrations. Same  abbreviations  and

significance levels as above; letters a, b & ¢ indicate extremely significant intermediate variances).

By means of mortality the still most vicious enemy in the combat against cancer is
metastasis. EGCG significantly co-regulates the small RNA silenced expression of the
metastasis associated 67LR in an epithelial cell line of the gastrointestinal tract. The cancer
preventive potential of a tea catechin enriched diet may originate from this synergy. Ahead

this principle of action may elucidate other, unsolved herbal induced health promoting effects.
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Conclusions

Both investigated plant compounds are commonly known health promoters, both are applied
orally and hence, both are absorbed through the small intestine epithelium. But how does
their positive potential evolve?

Approaching this question by employment of cell culture in vitro models bearing targeted
physiological manipulations by RNA interference, it must be notated that the inhered
handiness and velocity of data generation is tremendous. This technique, acting on transcript
level and further leaving a residual expression can enclose screening opportunities where the
classical gene knockout evokes a lethal phenotype. Nevertheless it must be mentioned that
investigations on protein level still retain an indispensable validity. Findings traced back to
eventually remaining enzyme activity or problems when dealing with genes flickering in mRNA
expression, are a priori disenchanted when the actual mediators of cellular functionality are
assessed. However, the applied cell culture model managed to provide relevant insights
about the involvement of the considered secondary plant metabolites in the intestinal
physiology.

For cineole the question of an initial metabolization was clarified in so far, as the employed
analytic could not assign any potential cineole derivates immediately emerging in this
intestinal in vitro epithelium within the detection sensitivity. Thus, from this study it seems
evident, that cineole itself must be the effector of orally applied administration, as it remains
stable under these conditions. A very noteworthy finding for the volatile eucalyptus
compound thereby is the absolute inert immune response of the intestinal in vitro model
when exposed to a cineole dosage close to the here determined cell detaching
concentration. In contrary stands the direct in vivo efficacy of a straight application of cineole
preparations on airway mucosal layers. If the plant compound does not affect locally what is
mediated beyond the lining of the gastrointestinal tract in the context of respiratory diseases”?
Accordingly the proximate scope should maybe focus liver inhered tissues in order to trace
the metabolization and/or effector pathway of this medicinal agent to inner organs, for an
approval wherefrom the body fluid metabolite levels after cineole ingestion found by other
scientists derive.

The substantial occurrence of epigallocatechin gallate in green tea with around 1 g/L can be

confirmed by measurements made during this work. However dealing with physiological
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issues this compound leaves an ambiguous picture. Stimulation of early immune mediators,
and in particular IL6, can be demonstrated within that study, although the applied loss-of-
function model could on transcript level not distinguish a definite mode of action across the
considered Nfkb or MAPK pathways. Further the predicted dependency of the shown effects
from the postulated EGCG-Receptor named 67LR could not be approved by its systematic
knockdown. In a greater context, considering together with its immunomodulatory impact
additionally the assigned suppressive properties of EGCG referring to epigenetic methylation,
its epidemiological proven healthy potential is not immediately obvious as to these alterations
not obligatory a positive impact is linked. On the other hand, the finding of EGCG playing a
role as a co-repressor of also metastasis linked factor 67LR in synergy with small RNA
regulatory pathways, seems to bear a great potential due to its highly significant detectability
even under a weak dosage. Clarifying follow up studies attending cancer cell lines would
provide great suspense and further establish a basic approach for elucidation of many
unsolved mechanisms of how herbal derived pharmacological compounds develop their

principle of action, when considered in the small RNA regulatory context.
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Recombinant viral vectors are widespread tools for transfer of genetic material in various modern biotech-
nological applications like for example RNA interference (RNAi). However, an accurate and reproducible
titer assignment represents the basic step for most downstream applications regarding a precise mul-
tiplicity of infection (MOI) adjustment. As necessary scaffold for the studies described in this work we
introduce a quantitative real-time PCR (qPCR) based approach for viral particle measurement. Still an
implicated problem concerning physiological effects is that the appliance of viral vectors is often attended
ECIS by toxic effects on the individual target. To determine the critical viral dose leading to cell death we
Cytotoxicity developed an electric cell-substrate impedance sensing (ECIS) based assay. With ECIS technology the
PI-2I impedance change of a current flow through the cell culture medium in an array plate is measured in
a non-invasive manner, visualizing effects like cell attachment, cell-cell contacts or proliferation. Here
we describe the potential of this online measurement technique in an in vitro model using the porcine
ileal epithelial cell line IPI-2] in combination with an adenoviral transfection vector (Ad5-derivate). This
approach shows a clear dose-depending toxic effect, as the amount of applied virus highly correlates
(p<0.001) with the level of cell death. Thus this assay offers the possibility to discriminate the minimal
non-toxic dose of the individual transfection method. In addition this work suggests that the ECIS-device

Keywords:

Adenovirus 5
RNA interference
qPCR virus titration

bears the feasibility to transfer this assay to multiple other cytotoxicological questions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical impedance measurements in cell-based assays
represent a method which is not yet widespread but bears a great
potential for cell culture studies by providing the technical feature
to monitor cell interactions, proliferation or cell death in real-time
kinetics. Electrochemical impedance spectroscopy was first utilized
for cell culture studies by Giaever and Keese (1984) who devel-
oped the ECIS-device. Thereby array like cell culture dishes covered
with microelectrodes serve as adhesion substrate. By detecting the
impedance change over time and/or altering the frequency of the
current in the measurement, effects on cellular level can be mon-
itored. The application can provide information about cell growth
(Mitra et al., 1991), cell motility (Lo et al., 1993), cell barrier func-
tion (Tiruppathi et al., 1992) and in vitro toxicology (Ceriotti et al.,
2007). It is also utilized in cancer research (Lovelady et al., 2007).

Our approach was to use this technique to determine the toxic-
ity occurring as transfection side effect while using viral vectors for

* Corresponding author. Tel.: +49 8161 71 3867; fax: +49 8161 71 4204.
E-mail address: jakob.mueller@wzw.tum.de (J. Miiller).

0956-5663/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.08.075

gene knockdown experiments. RNAI is a conserved cellular mecha-
nism for post-transcriptional gene silencing induced by small RNA
fragments. It was first described by Fire and Mello (Fire et al.,
1998).RNAi is used in biotechnology to mediate gene knockdown in
loss-of-function studies by small interfering RNAs (siRNA) (Tuschl,
2001). It can be elicited either by transfection of eukaryotic cells
with siRNAs or by stimulating cells to express siRNAs by manipulat-
ing its genome via viral vectors. During our studies using adenoviral
mediated RNAI (data not shown) in ECIS measurements on the ileal
epithelial cell line IPI-2I (Schierack et al., 2006) we observed strong
toxic effects by the viral infection itself leading to cell death. In con-
sequence for normalization of the knockdown experiments there
was the necessity for an assay, which determinates the toxicity level
corresponding to a certain amount of viral vector.

The definite task was to assign the minimal multiplicity of infec-
tion (MOI), which causes no measurable difference in cell behavior.
Therefore the blank RNAi-vector Ad5-U6Stop (without gene silenc-
ing function) served as effective substance in the described assay
in order to monitor effects exclusively caused by the viral infection
and not resulting from a gene knockdown. The Ad5-based vec-
tor bears gene deletions in the E1 and E3 regions (Russell, 2000)
which are responsible for early viral gene expression. The result-
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ing replication deficiency is complemented by the packaging cell
line HEK293 (Graham et al., 1977) but not by IPI-21. Due to this fact
and regarding that our aim was to study a dose-depending effect
we had a critical need for an accurate viral titer determination so
that a precise MOI adjustment could be ensured. Besides classi-
cal methods for titer determination like plaque-assays or assays
based on optical measurements (Graham and van der Eb, 1973;
Philipson, 1961) and diverse other approaches (Crettaz et al., 2008;
Palmer and Ng, 2004) we considered that regarding the time effi-
ciency a qPCR-based titer measurement meets our requirements
best. Among existing qPCR-based methods (Wang et al., 2008) no
international established standard was available, thus we decided
to develop an adenoviral titer measurement protocol based on the
work of Ma et al. (2001).

The knowhow for the adenovirus production was gained in
cooperation with Christian Thirion’s workgroup. The basic knowl-
edge for quantitative PCR measurements was contributed by
Michael W. Pfaffl. The employment of these techniques in combi-
nation with the ECIS-based cytotoxicity assay for viral vectors was
conceived and performed by Jakob Miiller.

2. Experimental
2.1. Cells

For the cytotoxicity assay the ileal porcine cell line IPI-21 (Health
Protection Agency Culture Collections, Salisbury, UK) was used.
These cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (PAA, Pasching, Austria) supplemented with 10% FBS
(PAA), 2 mM L-glutamine (PAA), insulin 0.024 U/ml (Sigma-Aldrich,
St. Louis, USA), 100U/ml penicillin/streptomycin (PAA) at 37°C,
100% humidity and 5% CO,. Cells were subcultured all 72 h at 80%
confluence. Only IPI-2] passaged less than ten times were used.
For virus production/amplification HEK293 cells (Cell Lines Service,
Eppelheim, Germany) were used. HEK293 cells were maintained in
the same manner but no insulin was added to the media.

2.2. Viral vector

The Ad5-U6stop virus was supplied by SIRION-BIOTECH
(SIRION-BIOTECH, Martinsried, Germany). Its genome is based
on a modified pAd/PL-DEST vector (Invitrogen, Karslruhe, Ger-
many). The recombination region of pAD/PL-DEST contains the
following insert: 5'-ACAAGTTTGTACAAAAAAGCAGGC(CTttaaagga-
accaattcagtcgactggatccGAATTCCAGCTAAAAAAGGCCAAAAACGGT-
gtttcgtectttccacaagatatataaagcecaagaaatcgaaatactttcaagttacggtaag-
catatgatagtccattttaaaacataattttaaaactgcaaactacccaagaaattattacttt-
ctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattctaattatctttcta-
acagccttgtatcgtatatgcaaatatgaaggaatcatgggaaataggecctcttcctgecc-
gaccttggegegegeteggegegeggtcacgetecgtcacgtggtgegttttgectgegegt-
cttgccactggggggtaccccgaatcactagatctaACCCAGCTTTCTTGTACAAA-
GTGGT-3'. The segments in capital letters at the flanks are the
recombination sites (attB 1 and attB 2). The region in between
contains an U6-promotor sequence. Upstream of this promoter
resides a short cloning cassette, bearing a stop signal for RNA poly-
merase [II (underlined capital letters) instead of a siRNA-hairpin
sequence as the usual functional sequence in RNAi-knockdown
vectors. Virus purification was carried out with the ViraBind™
Adenovirus Miniprep Kit (Cell Biolaps Inc., San Diego, USA). Virus
amplification was performed in HEK293 cells as described in the
kit manual. The virus stocks (here also called virus preparations)
are stored at —80°C in the kit elution buffer supplemented by 10%
glycerol. The virus preparations are also used in this solution for
the dilutions in the cytotoxicity assays or for the evaluation series
of the qPCR-titration protocol.

2.3. qPCR-based viral particle titration

This protocol combines two steps. In the first step the genomes
from a virus preparation are extracted selectively (Section 2.3.1)
and in the following these genomes are quantified absolutely by
qPCR (Section 2.3.2). The basic assumption is that one viral genome
respectively one viral particle (VP) equates to one infectious
Unit (IFU) (Thomas et al, 2006). The italic letters in brack-
ets in Sections 2.3.1 and 2.3.2 refer to the equation in Section
2.3.2.

2.3.1. Selective Ad5-DNA extraction

10 .l samples (a) from virus preparations were digested 30 min
at 37°C with 1 .l DNase I (2000 U/ml, NEB, Ipswich, USA) accord-
ing to the manufacturer’s reaction conditions in a reaction volume
of 46l In the following step DNase I was inactivated by
cofactor binding with 5.4l of 20mM EGTA solution, pH=8.0
(Sigma-Aldrich) over 10 min at 37°C. In addition samples were
further inactivated by incubating the reaction solution two times
at 75°C for 10 min every time followed by a 2 min incubation on
ice. In a next step in order to release the viral DNA the capsid pro-
teins are degraded by digestion with 6 .l Proteinase K (20 mg/ml,
NEB) at 56 °C for 10 min again followed by 2 min incubation on ice.
Subsequent 40 .l of Rotiphenol (Roth, Karlsruhe, Germany) was
added and the samples were mixed by vortexing for 10s one by
one. The samples were centrifuged 2 min by max. rpm (Eppen-
dorf centrifuge 541-D, rotor: F-45-24-11). A 40 ul share of the
hydrophilic phase were mixed with 1/10 volume of 3 M sodium
acetate, pH=5.3 (Roth)and 2.5 x volume of absolute ethanol (Roth),
again one sample after the other. This share was assigned as 2/3
of the whole hydrophilic phase and with this value included in
the final titer calculation (b). These samples were incubated at
—20°C for 15min (DNA precipitation) and then centrifuged at
4°C, max. rpm for 15min. The overhang was discarded and the
pellet was washed two times with 70% ethanol (4°C) each time
followed by a 5min centrifugation (4°C, max. rpm). Then after
a dry period of 10min the DNA was dissolved in 20 .l H20 (c).
The DNA concentration (d) was determined four times with the
NanoDrop® ND-1000 (PeqLab, Erlangen, Germany) and the values
were averaged. The extractions were performed in single probes
but repeated on three different days. Viruses used for an exper-
imental set were extracted simultaneously for maximization of
comparability.

2.3.2. Absolute quantification of viral genomes

The samples from Section 2.3.1 represent a heterogeneous DNA
pool. Due to the production procedure of the viral stocks this
pool contains intact viral genomes derived from intact viral par-
ticles and fragmented DNA. The content of intact viral genomes
respectively viral particles is ascertained in this step by absolute
quantification against a standard curve via qPCR on the Cor-
bett Rotorgene 3000 (Corbett Life Science, Sydney, Australia) in
combination with the LightCycler® FastStart DNA Master SYBR
Green I Kit (Roche, Penzberg, Germany). Primers (fwd-sequence:
CTGCTCGATTTGATAAACATCCT, rev-sequence: CAGGCTAAGCATG-
GAATAGTTGAT; Eurofins MWG Operon, Ebersberg, Germany)
targeted the human Ad5-pTP-gene (NCBI-RevSeq: AP_000203.1)
(Davison et al., 2003). The standard curve was made from a
pAd/PL-DEST plasmid stock (Invitrogen), diluted from 10° to
10! Plasmids/pl in yeast t-RNA (Invitrogen) stabilized TE-buffer
(10mM Tris, 1 mM EDTA, 10ng/ul t-RNA, pH=28.0) and stored at
—80°C. DNA samples were diluted to 10 ng/l (e). 1l of sample
respectively standard was inserted in the PCR. After a 10 min step
at 95°C the PCR program included under continuous fluorescence
measurement 45 amplification cycles (denaturation 95°C/10s;
annealing 60°C/10s; extension 72°C/15s) followed by a melting
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curve from 40°C to 95°C (0.5 °C steps; dwell time: 2 s). The mea-
surements were performed in triplicates which were averaged
for titer calculation (g). In a back calculation the corresponding
titers (VP/l) of the viral stocks were determined under consult-
ing the calculation that one Ad5-U6Stop genome (ds-DNA) has a
mass of 20,776,102 Da or 3.45E—-08 ng (f). The following equation
for the titer was used: T=(1/af) x (cd/b) x (fg/e), with T: viral titer
(VP/ul), a: volume of initially inserted viral stock (ul), b: share
of hydrophilic phase from selective DNA extraction, c: dissolving
volume after selective DNA extraction (pl), d: DNA concentra-
tion after selective DNA extraction (ng/ul), e: concentration of
DNA inserted in qPCR (ng/p.l), f: mass of one Ad5-U6Stop genome
(ng/VP) and g: measured genomes from qPCR (VP/l). The mea-
sured titers for Ad5-U6Stop preparations here were in the range
of 5.6 x 107 VP/p.L.

2.4. Impedance measurement and toxicity assay

As platform served the ECIS-1600 (Applied BioPhysics, Troy,
USA) with two 8W10E array plates (Ibidi integrated BioDiagnostics,
Martinsried, Germany). Each of the eight wells of this array plates
contains ten gold microelectrodes (250 wm diameter) detecting
the current flow through the media. The substrate area is 0.8 cm?
and the well’s capacity is 600 p.l. The array holder was placed in
a standard cell culture incubator (37°C, 100% humidity and 5%
CO3). The array plates were equilibrated over night with 300 .l
of DMEM at cell culture conditions. Then 1 x 10° IPI-2I cells were
seeded to each well in 300 wl media. The seeding cell solution
was enumerated after seeding for a more precise determination
of the initial cell density. Array plates were connected to the
instrument immediately to record all effects of the cell settlement
consistently. Based on multi-frequency optimization runs (data not
shown) the ECIS-device was setup. The measurements were gen-
erally performed with a 30kHz ac source with an amplitude of
10 mV. The electrodes provide a constant current of 1 wA. The used
sampling interval was 60s. After 20h when a bend in the pro-
liferation curve could be located the measurement was paused.
This cell stadium was set as the point of time for viral infec-
tion. Therefore two wells were used for cell counting in order to
calculate the viral load for the desired MOI. The cell count was
carried out using a Neubauer counting chamber after trypsina-
tion of the cells. For infection 200 wl of the 300 wl DMEM/well
were removed. Then 300 pl/well of prewarmed (37 °C) virus dilu-
tion (Ad5-U6Stop in DMEM) was applied. In the toxicity assay the
MOI-levels of 100, 200, 400, 800 and 1600 were utilized. Culture
media containing the same concentration of viral storage buffer
like the MOI 1600 sample was applied as reference to ensure that
the monitored effect is not a result from substances contained
in the viral storage buffer. The different MOI-levels in each assay
were performed in duplicates. After the inoculation the measure-
ment was resumed and data collection was continued for 72h
post-infection. To avoid nutrient deficiency the culture media was
renewed 56 h after infection. Therefore only 300 w.l of media were
replaced. At the end of the measurement another cell count was
performed.

2.5. Data analysis

Data analyses were carried out in ECIS-Software-v1.2.8.PC
(Applied BioPhysics), SigmaStat-3.0 & SigmaPlot-11.0 (Systat Soft-
ware, Inc., Chicago, USA) Rotor-Gene-6-Software (Corbett Life
Science) and Microsoft Office Excel 2007 (Microsoft). In ECIS-
Software the MOI-duplicates were grouped and the graphs were
normalized to the time of infection.

3. Results and discussion

3.1. qPCR-based viral particle titration

To analyze the dose dependency of physiological effects evoked
by replication deficient viral vectors in real-time cell culture studies
(ECIS) a precise MOI adjustment is required. Beneath cell counting
the more critical factor thereby is the virus titration. Comparing
classical methods we felt a strong demand for a more time effi-
cient, standardize able and reproducible titer measurement. That
led to a qPCR-based method. The obvious problem with qPCR-based
approaches is that not the infective titer (IFU), which represents
the caused infection events in an in vitro cell culture model, is
determined. However the dimension of the discrepancy between
present viral particles (VPs) and IFUs in a virus preparation remains
unclear. It certainly depends on the preparation procedure and the
subsequent handling of the viral stock.

How close a qPCR-based titration approximates the infectious
reality is up to the methodical steps involved in the measure-
ment. The basic principle for qPCR-based titration is to measure
virus derived genomes after amplification via qPCR against a stan-
dard curve. The challenge is to selectively capture only genomes
derived from intact viral particles. In order to accomplish that DNA
from damaged viral particles or other origin must be detracted
from the viral stocks. Initially our approach includes a selective
DNA digestion step by DNase I. This intends to digest DNA not
enveloped by capsid proteins. Proximate, the viral genomes are set
free from the remaining intact viral particles by a capsid diges-
tion with Proteinase K. DNase I is an endonuclease and so produces
DNA fragments and not single nucleotides like exonucleases. The
so matured DNA pool (here called “total-DNA”) is heterogeneous.
It consists of DNA fragments and intact viral genomes. With our
approach we intend to selectively measure these intact genomes in
the DNA pool, approximating the viral titer in an accurate and prac-
ticable manner. Anyway according to studies by Thomas (Thomas
etal., 2006) the titers determined by qPCR correlate with infectious
titers determined by plaque-assay or endpoint dilution assay.

For evaluation of our qPCR-titration four different Ad5-virus
preparations were analyzed parallely. Total-DNA was extracted on
three different days and total-DNA concentration was determined
four times for each sample. Then qPCR-quantification was per-
formed in triplicates. The results of this evaluation serial shown in
Fig. 1 demonstrate relatively small errors, good reproducibility and
a distinct functionality of the selective intact genome quantifica-
tion within the heterogeneous DNA pool by qPCR. Fig. 1a shows that
the amount of intact genomes does not correlate with the amount
of total-DNA from a particular virus preparation. This implies that
among different virus preparations a different share of viral par-
ticles is generated or destroyed during the production process.
Further it shows that the corresponding intact remaining part of
viral particles can be measured that way. In Fig. 1a no standard
deviations are indicated. The accumulated error over the proce-
dure is visualized in Fig. 1b. In this plot the errors done in every
step of the titration protocol and thus the reproducibility between
different extraction days related to any particular virus sample is
itemized.

Total-DNA extractions prepared on three different days from
all four different viruses deliver a mean CV-value of 5.54% due to
the calculated mean DNA concentration among the three replicates
for each virus. The four mean DNA concentrations delivering the
dataset for this mean CV-value of the 2nd column in Fig. 1b are rep-
resented by the broad columns in Fig. 1a. Averaging the CV-values of
the four calculated titers (each containing the qPCR measured val-
ues from the three different days of extraction) produced a mean
CV-value of 8.99%. The four mean titers delivering the dataset for
this mean CV-value of the 4th column in Fig. 1b are represented by
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Fig. 1. (a) Total-DNA versus viral genomes. Total-DNA concentration (see Section
2.3.1) (primary ordinate) plotted against undigested viral genomes (see Section
2.3.2) (secondary ordinate) for four different Ad5-virus preparations. (b) Error anal-
ysis Ad5-qPCR-titer. Evaluation of error sources during the VP-titration. After each
step of the procedure the CV-values resulting from the replicates are averaged (stan-
dard errors indicated). The 1st column represents the average of the CV-values
from the four total-DNA measurements for each sample after selective Ad5-DNA
extraction (n=12; four viruses on three days). The 2nd column shows the error
made between different days of total-DNA extraction. The four CV-values result-
ing from the three averaged concentration measurements for each of the four virus
types (n =4; four virus preparations). The 3rd column represents the mean CV-value
resulting from the CV-values of the triplicates measured in qPCR for all samples after
absolute quantification of viral genomes (n=12; four viruses on three days). The 4th
column results by averaging the four CV-values from the viral titers derived from
the three extraction days (n=4; four viruses).

the narrow columns in Fig. 1a. These mean CV-values show an inde-
pendency between titration repetition and used analyte. The values
of the 1st and 3rd column in Fig. 1b are general errors that occur by
using the particular method, device or material (NanoDrop, qPCR-
setup =device +reaction kit + triplicates). The values of the 2nd and
4th column in Fig. 1b show errors derived from the processing of an
individual viral sample within this titration method. They should
be considered consecutively according to the nonlinearity in Fig. 1a.

Eventually the aberration caused by the titration procedure
remains relatively small and delivers repeatable results. A titration
serial of this dimension or as well bigger can be executed within
two days, which is far more time efficient than for example the
classical plaque-assay that takes weeks to perform.

3.2. ECIS-based toxicity assay

In preliminary studies (data not shown) the behavior of IPI-2] in
ECIS measurements was tested. At a density of 1 x 10° cells/well,
20h post-cell seeding a characteristic bend in the impedance
curves, changing from a higher to a lower slope could be moni-
tored. Cell enumerations of non-treated samples at seeding time,
after this characteristic bent and after 92 h showed that two dif-
ferent correlations between impedance signal and cell count are
detected (Fig. 2a). According to the cell count data the increase in
impedance between Oh and 20 h must be attributed to effects of
cell settlement. Within 0 h and 20 h no crucial increase in cell num-
ber took place. Interestingly, referred to the whole range of the
impedance signal change the attachment phase already contributes

approximately 50% to the total value. Regarding the subsequent
cell count data it seems to be evident that not until 20 h post-cell
seeding the impedance signal represents cell proliferation. In con-
sequence the event of infection and the normalization of data were
set to this point after the bent in the proliferation curve. Further-
more the second cell count was assumed as the base value for MOI
calculation.

Due to the fact that the RNAi-vector is replication deficient in
IPI-2I cells and so for loss-of-function studies it might be need to
apply itin high concentrations in order to evoke an effective knock-
down, the Ad-U6stop dilution series was prepared over a broad
concentration range, including MOI 100, 200, 400, 800 and 1600.
The infection was accompanied by a temporary signal deflection,
but after about 2 h of re-equilibration the data curves returned to
their previous values. The inoculations were left in the wells and
thereupon ECIS data was collected continuously. After 56 h a media
change got necessary because of nutrition deficiency. Then data col-
lection was continued another 24 h (Fig. 2b). For all viral load levels
excluding the control an inflection point occurs 24 h post-infection
(PI). That could represent the incubation time of the adenoviral
infection. After that point a constant decrease in the impedance sig-
nal was monitored with its decline correlating to the inserted MOI.
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Fig. 2. (a) Impedance values and corresponding cell count. 1 x 10° IPI-2I/well were
seeded into ECIS 8W10E arrays. Three cell counts were carried out: seeding time
(n=4, CV=12.8%), 20 h post-seeding (n=4, CV=3.4%), and 92 h post-seeding (n=2,
CV=6.7%). Impedance values of replicates are grouped in ECIS-software. (b) ECIS-
cytotoxicity assay: IPI-2I infected with Ad5-U6Stop. Normalized impedance against
time plot of an ECIS measurement of IPI2-21 cells in 8W10E array plates at standard
cell culture conditions over 92 h. For reasons shown in (a) the x-axis starts with —20 h
and 0 h is the time of infection. Cells were infected in duplicates with Ad-U6stop at
MOI 0, 100, 200, 400, 800, 1600 and duplicates were grouped in ECIS-software. The
inoculation (virus in DMEM) at 0 h remained in the wells until the media change
(pure DMEM) at 56 h PL.
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Fig. 3. (a) IPI-2I cells (72 h PI) with an MOI gradient of Ad5-U6Stop versus ECIS
measured impedance. To confirm cell decease samples were enumerated four times
72 h PI with a hemocytometer and the cell count was plotted against the append-
ing impedance values. The CV-values of the enumerations were 6-10%. A linear
regression of the data delivered a regression coefficient of 12=0.98 (p<0.001). (b)
ECIS measured impedance for IPI-2] infected with Ad5-U6Stop (72 h PI). Normalized
impedance values after 72 h of viral impact plotted as a function of MOI (logarith-
mic abscissal!). A polynomial regression shows a regression coefficient of r? =0.89
(p<0.001).

Remarkably the signal decrease continued after the media change,
indicating that the toxic effect of the infection was still present
after the inoculation was removed and changed against blank cell
culture media. Considering the fact that the cell count of the three
highest MOI-levels at the end of the measurement was under the
cell number at the time of infection, the decrease can be attributed
to real cell decease and not only to lower proliferation rates or loss
of adhesion of the cells on the substrate (Fig. 3a).

To see the correlation between the viral load and the resulting
toxic effect the impedance values of three similar ECIS-cytotoxicity
assays were plotted against the corresponding MOI (Fig. 3b). There-
fore in all cases the impedance values 72 h Pl were used and all data
were normalized to the time of infection. The resulting polyno-
mial regression shows a clear dose-depending effect. A regression
coefficient of r2=0.89 (p<0.001) was ascertained. In case of this
adenoviral model a logarithmic correlation with a very quick toxic
response at relatively low MOI-levels (<MOI 100) can be moni-
tored. However when the MOI rises to relatively high levels there
is the evidence of a maximal toxic dose. This might be a state when
all cells are saturated with viral particles. Presently we expand
this ECIS-based model using other cell lines and RNAi-vectors that
evoke gene knockdown. The data, which is still in ascertainment,
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Fig. 4. IPI-2] infected with an equal MOI of different Ad5-viruses. Normalized
impedance versus time plot. Each graph results from the grouped data of three par-
allel measured wells with IPI-2I cells infected with an equal dose of Ad5-PPARg and
AD5-U6Stop. Infected groups show the same cell death levels whereas the buffer
control group proliferates continuously.

underlines the functionality of this measuring system to assign
cytotoxic effects of viral vectors. Similar toxicity subsequent to
infection was monitored by using a PPARg targeting RNAi-virus
versus the Ad-U6stop in equal MOIs (Fig. 4). It seems to be evident
that with ECIS technology, used like in our work, the explicit toxic
effects of transfection vectors can be quantified in a non-invasive
manner, displaying disrupting incidents for the cell culture model
in real-time. The data shown in Fig. 4 as well underlines the func-
tionality of our titration method. Equal vector doses, determined
by this titration protocol, affect the cell culture model comparably.

4. Conclusion

Concerning the adenovirus titration it remains to refer to the
comparison study by Crettaz (Crettaz et al., 2008). According to that
the qPCR-based approaches are the method of choice for the future.
Our titration method underlines that with CV-values of 5-10%. The
Adenovirus Reference Material Working Group (ARMWG) (Hutchins
et al., 2000; Palmer and Ng, 2004) provides an adenoviral standard.
If one day this virus is declared as international accepted standard
it will make sense to ensure the correlation between VP and IFU on
qPCR level.

Here we have shown another interesting application for ECIS
measurements, an upcoming technique with a high potential for
cell culture studies. We show that cytotoxicity of viral vectors can
be quantified using ECIS technology. The grade of cell death caused
by the inserted MOI in an individual cell culture model can be visu-
alized in real-time. It is self-evident that this application can be
transferred to similar studies in order to measure the impact of any
active agent in cell culture models. Regarding the background of
this work, the RNAi-knockdown model, it is intended to use ECIS
technology to monitor on-target-effects of the induced RNA interfer-
ence. That way the efficiency of different RNAi-sequences targeting
a gene involved in cell growth may be evaluated. By providing real-
time information about attachment and proliferation activities, cell
death and thus the progress of an induced effect, ECIS represents a
valuable tool for kinetic studies. It even bears the potential to reveal
mechanisms causing the impact of a treatment.
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Abstract

compared to a heat map gene regulation pattern.

Off-target effects remain the major problem in any RNAi-knockdown application. Casting cell culture loss-of-function
studies evaluated by heat map and principal component analysis (PCA) we realized that the PCA derived plots can
clearly visualize off-target effects. Due to the inexistence of off-target effects in our cell culture model we created an in
silico data model in order to demonstrate how PCA can be utilized therefore. With the presented in silico modulation
it is possible to simulate the impact of various treatments on changing gene expression. Known effects caused by
drug treatment or by inserted knockdowns could be clearly separated from unknown off-target effects. By creating
various randomized gene expression data sets we demonstrate that PCA can assign more effective an off-target effect

Keywords: RNAi Off-target Screening; Principal Component
Analysis; Heatmap; In silico Data Modelling; Virtual RT-qPCR

Abbreviations: Cq: Quantification Cycle; CV: Coefficient of
Variation; EGCG: Epigallocatechin Gallate; HCA: Hierarchical
Cluster Analysis; PCA: Principal Component Analysis; RNAi: RNA
Interference; RT-qPCR: Reverse Transcription Quantitative Real-time
Polymerase Chain Reaction; siRNA: Small Interfering RNA

Background

RNA interference (RNAI) is nowadays a common used technology
for gene silencing. It is applied for therapeutic aims or identification
of drug targets as well as for basic research on gene function. The still
unsolved major problem with this technique is the potential to cause
unspecific off-target gene regulations in the treated cell culture or
organism. These off-target effects are well described in many studies
[1-3]. Since its discovery [4] and utilisation [5,6] RNAi has become an
easy tool to use in cell culture assays. Compared to knockout based
loss-of-function studies RNAi-knockdowns can be applied easily as a
combined application beside a drug treatment. The reaction of the cell
culture model to the treatments can subsequently be assessed on RNA
level. Conventionally expression proofing studies are performed by
quantitative real-time RT-qPCR or hybridization arrays. To visualize
the differential gene expression changes hierarchical cluster analysis
(HCA) or heat maps are very common [7]. Effects of a single treatment,
like a siRN'A-sequence, on a very broad range of genes can be visualized
that way. An alternative method of visualizing complex datasets is the
principal component analysis (PCA). This statistical and visualization
tool reduces the dimensionality of a dataset consisting of a large
number of interrelated variables, while retaining as much as possible of
the variation present in the dataset [8].

Using an adenoviral based RNAi knockdown-model, we casted a
loss-of-function study (data not shown) identifying the influence of a
plant secondary metabolite (EGCG) under various gene knockdowns in
an immunological signalling pathway. The outcome of the experiments
was among others analyzed by PCA. Doing this we observed by chance
a synergetic side effect exclusively in those of our treatment groups
in which one particular knockdown was combined with the drug
appliance. These findings led to the idea that if we can separate the
roots of an effect applying PCA we can use it vice versa and isolate
RNAi originating gene regulations from drug effects and this means
off-target screening.

For an approval of our assumption we tried to find an off-target
gene regulation in our cell culture model caused by one of the viral
induced siRNA-knockdowns we had in stock. But without access to
genome wide transcriptional array results no off-target effect was
found. Hence we decided to use in silico data modelling to demonstrate
how PCA can be utilized beneficially for RNAi off-target screening.

Methods
Data modelling

The underlying dataset was justified to the gene expression data
output of our standard cell culture assays. Thereby the extracted RNA
initially undergoes a RT (Reverse Transcription) with subsequent
qPCR (quantitative real-time polymerase chain reaction) gene
expression analysis. Accordingly the layout of the data model was
designed. It consists of eight treatment groups (a-h) each containing
four replicates, leading to 32 samples (Table 1). The eight groups were
divided into two sections, the drug-treated groups (b,d,f,h) and the
media control treated groups (a,c,e,g). The sections in turn were sub-
classified in four species each one characterized by a particular gene
knockdown-combination. The four knockdown-combinations were

Knockdown-combination kd-c kd-1 kd-Il kd-1&l1
Control (cell culture media) a c e g
Treatment (drug appliance) b d f h

Each treatment-variant (control, treatment) is combined with each knockdown-
variant (kd-c, kd-I, kd-Il, kd-I1&ll) leading to eight treatment groups (a - h), each n=4,
leading to 32 samples

Table 1: Knockdown-assay layout.
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composed from two target knockdowns (named “kd-I” or “kd-II”’) and
one knockdown-control (named “kd-c”). The two treatment groups
and the four knockdown-groups were combined pair wise (Table 1).

For each of the 32 samples a dataset of 21 genes was rendered
using our self designed spreadsheet template (Microsoft Office Excel
2007, Additional file 1). The 21 genes where group-wise attributed to

a supposed class of gene regulation. The classes differ in how genes
respond, either to drug treatment or knockdown-appliance. Four
of these classes where created: (class I) stabile expressed reference
genes, (class II) target-genes knocked down by RNAI, (class III)
genes regulated (up or down) by the drug treatment, (class IV) genes
influenced by the drug treatment and additionally bearing a RNAi-off-
target effect (Figures 1 and 2). The in silico expression data based on Cq—

Raw data for the 21 genes from all 32 samples in a virtual RT

-qPCR (crossing points indicated)

Il) G2 -down

gene
*

I G3 -no

) G4 -up

1) G5 -down

+ (I G6 -no
IV)OT1 -up
IV) OT1 -down

IV) OT1 -no

$
.

IV) OT2 -up
IV) OT2 -down

* o

IV) OT2 -no

Cq

Figure 1: Cq-values plotted as virtual RT-gPCR. The one random output of our simulation which underlies all graphs in this work represents a raw dataset from a
RT-gPCR gene expression analysis of 21 genes. The 32 C -values (originating from the eight different application combinations multiplied by the four replicates) are
plotted gene wise on a line, like fluorescence-signals crossing a threshold in an in vitro RT-qPCR reaction. The random data distribution and within the emulated
CV-value gets visible best in class | genes (unregulated reference-genes). Particular regulation effects become apparent by the separate clusters among the 32 data

points of a gene.

Net on -/off-target RNAI effects (data noramlization to knockdown-control groups a & b)
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Figure 2: Knockdown-evaluation from the in silico data set. Relative expression levels of simulated genes after knockdown and/or drug appliance calculated by
the AACq—method plotted against a logarithmic ordinate. Net knockdown-effects are exposed by normalizing data to knockdown control samples. The 21 genes are
arranged in four classes: (class I) reference genes (Ref-1, Ref-2, Ref-3); (class Il) knockdown-targets (KD-1+, KD-1-, KD-1, KD-2+, KD-2-, KD-2); (class Ill) drug
targets (G1-up, G2-down, G3-no, G4-up, G5-down, G6-no); (class IV) drug targets with an additional off-target effect (OT1-up, OT1-down, OT1-no, OT2-up, OT2-
down, OT2-no). The additional prefix specification “+” or “-“ indicated at class Il genes stands for an additional synergetic gene regulation effect which occurs when
knockdown appliance is combined with drug appliance. The additional prefix specification “-up”, “-down” or “-no” indicated at class Ill and IV genes stands for the
direction of the predestinated gene regulation. For every gene eight expression levels are given corresponding to the eight treatment groups: a - h (Table 1).
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values of every single sample for every individual gene was created by
our random algorithm (Microsoft Office Excel 2007, Additional file 1).
The C_-value represents the number of cycles that are required by the
fluorescence signal of a single sample in a qPCR-experiment to cross a
defined threshold [9,10]. All factors which influence the Cq—value ofa
sample were randomly generated: the expression level of each gene, its
variation coefficient, the range of up- or down-regulation, and the range
of on-target or off-target knockdown. The data model delivers a dataset
of 21 x 32 values (genes in columns x samples in rows). This in silico
modelled dataset represents the raw data outcome of a corresponding
RT-qPCR gene expression analysis obtained from our standard cell
culture assays. For all plots presented the same raw dataset was used
(Additional file 2). All variables influencing the data were completely
randomized, but expression ranges, gene regulations and the inherent
variability were chosen to be realistic based on the knowledge about
gene expression we gained from our cell culture assays. The range of the
gene regulation here was set from 1-10 folds, the knockdown-efficiency
between 45% and 95% and the applied CV-value was justified to 35% of
the emulated gene regulation. In order to evaluate the quality of the raw
data the distribution of the 32 C, -values (32 samples) corresponding to
every gene is plotted in a virtual RT-qPCR (Figure 1).

Data processing

Gene expression analysis: The raw data was analyzed under the
terms of the AACq—method [11], and then relative expression values
(shown in percentage) were plotted gene-wise on a logarithmic
ordinate.

Hierarchical cluster analysis: Heat maps of the modelled data were
plotted in GenEx software (version 5.3.2.13, MultiD, Sweden) using the

AC -values for each sample corresponding to the gene set [12].

Principal component analysis: The data processing using principal
components analysis (PCA) was as well performed using GenEx
software. Therefore the AC -values for each sample corresponding to
the gene set were calculated and then pasted into the PCA-algorithm
input box. According to the aim of the PCA (results and discussion)
the data was mean centered to columns or transposed and then mean
centered to rows [7].

Results and Discussion

For this work we designed a data emulator based on the layout of our
cell culture assays. Every time used it delivers a unique dataset. Within
thisemulator the range of the RT-qPCR data constituting parameters can
be set up. Subsequently the values are rendered randomly (Additional
file 1). In order to show that this data is authentic compared to a cell
culture experiment we plotted the raw data (C -values) in a virtual RT-
qPCR (Figure 1). When this data is normalized to the control samples
of the knockdown-treatments (group’s a and b) the net knockdown-
effects get visible (Figure 2). As a result this plot shows explicitly the
knockdown-effect which weighs on a particular gene. The six genes in
class IT are all predestinated to be knockdown-targets by the simulation.
Thus they show down-regulation after the normalization used in this
plot. All other genes are no knockdown-targets. But nevertheless
some of them show a significant down-regulation. These are the genes
from class IV which bear an off-target effect. Slight regulations on the
remaining genes (classes I and II) emerge from the random variation
coefficient integrated in the data simulation. We inflicted additional
gene regulations on some of the class II genes (Figure 2). The additional

prefix specification “+” or “-” at the gene name indicates a synergetic

Heatmap-pattern of relative gene expression (data normalization to reference genes of class I)
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Figure 3: Heat map of relative expression data. ACq-vaIues (normalized against reference gene means) for all 32 samples corresponding to the 21 genes are plotted
in GenEx software. Green indicates a relative up-regulation, red a relative down-regulation. The same dataset as in Figure 2 was applied.
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effect on the gene regulation when the RNAi-knockdown and the drug
appliance are inserted simultaneously. We include this special scenario,
because it is a well known phenomenon in in vitro or in vivo models as
we experienced it from our own cell culture assays (data not shown).
The same gene expression data is plotted in a heat map in Figure 3. In
this visualization mode the AC_-values are directly used without any
further normalization to control samples.

The randomly created dataset plotted in Figures 2 and 3 contains
some special cases by chance. In the heatmap (Figure 3) we realize
a separation between strong knockdown-effects evoked either by
knockdown kd-I or knockdown kd-II. However only the genes
influenced by knockdown kd-I can be globally separated clearly
(KD-1, KD-1+, KD-1-, OT1, OT1-up, OT1-down). kd-II influenced
genes fractionally merge undefined between red and green (KD-2,
KD-2-, OT2-no). This happens due to the by chance relatively low

knockdown-originated regulations on these genes. So, how can I adjust
the undefined genes in order?

Therefore we additionally utilized PCA. A plot from a PCA will
always have as much data points as the underlying dataset has rows.
In every single data point you can include as much resources as you
are interested in by integrating more or less columns of a dataset. In
our case this means to consider more or less genes measured from one
RNA-sample. Each gene will contribute its impact to the sample and
influence its position in the PCA-plot. If a gene is strong regulated its
impact is high. On the other hand a low regulated gene like a reference
gene has poor impact on a sample. If such a gene (column) is included
the position of a data point (sample) will not move in the PCA-plot.
Figure 4a/b uses the same dataset as Figures 1,2 and 3. In the plots
from Figure 4a/b the data was sorted as rows = samples. With the
data arranged like this the PCA algorithm regards the impact which

PCA plots of sa mples (a, b) and gen es (c, d)
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Figure 4: PCAs of the in silico data set from Figures 1,2 and 3. (a) PCA of all 32 samples (columns = genes, rows = samples) embracing exclusively genes of classes
I 'and Ill. The samples cluster in two clouds according to media control (circles) or drug treatment (triangles). (b) PCA from the same data pool as in Figure 4a but
including the class IV gene OT2-up. The incorporation of OT2-up divides the two clouds from Figure 4a by separating the samples which bear the off-target effect.
(c) PCA with data transposed columns by rows including the complete dataset (32 samples x 21 genes). Genes of class |l are indicated as squares (kd-I) or triangles
(kd-11). Circles indicate genes from the three remaining classes. (d) Plot Identical with Figure 4c, but layout adjusted: gene names are given and class IV genes (with
off-target effect) are now labeled in color according to the knockdown they originate from.
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lies on each of the 32 samples. On the algorithm level that means the
dimension of the collective gene regulation corresponding to a single
sample is expressed as a vector. The resulting PCA-plot then simplifies
the multi dimensional dataset and adjusts it to the biggest vectors. That
way the major gene regulations are exposed in a two dimensional plot.
The way one single gene can influence the plot from a PCA gets clear
in Figures 4a/b. While in Figure 4a we can recognize two clouds, there
are four clouds in Figure 4b. This is due to the impact that is load on
the data points (samples) by integrating more or less resources (genes).
In Figure 4a the PCA is cast only with genes that explicitly bear no
knockdown-effect (classes I & IIT). As a result the data points cluster
only in accordance with media (circles) or drug (triangles) appliance.
In Figure 4b there is only one more column (only one class IV gene:
OT2up) included into the dataset. This single load has enough impact
to split the two clouds into four. The knockdown lying on OT2up
represents a second vector of regulation. For those of the samples
in Figure 4b which are treated with the knockdown kd-II the PCA
algorithm exposes another vector because the provided effect (an off-
target effect) is strong enough. For a screening that means if a gene set
we want to analyze is not harassed by any off-target effects the PCA plot
will remain in a treatment and a control cloud.

But we can go deeper into data analysis and retrieve more
information about the gene regulation. In Figure 4c the PCA casted
with the entire dataset is plotted. The major difference is that the data
now is transposed columns by rows. In consequence every data point
represents one gene including all 32 values from the corresponding
samples. Three different kinds of symbols were attributed. Genes
which are designated as knockdown-targets (class II) are labeled with
squares (kd-I) or triangles (kd-II). All other genes (classes I, III & IV)
are labeled as circles. The result is a pattern of the data branching into
two directions (or vectors). In our model we have the advantage that
we know which genes are additionally charged by an off-target effect
(class IV genes). In an off-target screening this information would be
the task. If we now label these genes with the color for the knockdown
they bear we get a very clearly terminated evaluation (Figure 3d). Genes
having an off-target effect from the knockdown kd-I cluster to the
branch of kd-I target genes and accordingly behave genes with a kd-II
originating off-target effect. This outcome is what we can use to screen
for off-target effects using PCA. Genes clustering in a cloud containing
a knockdown target are likely influenced by an off-target effect. They
should be exclusively checked for off-target effects in an extra RT-
qPCR experiment.

But where is the advantage compared to a heat map analysis? The
trouble in any case is when weak regulated genes shall be assigned. At
that point the vectors in a PCA plot provide us extra information. A
very low regulated gene in our dataset is OT2-no. In addition to that
the two knockdown targets KD-2 and KD-2- are only weakly down-
regulated by the knockdown kd-II (Figures 2 and 3). If we look at these
genes in the PCA-plots of Figure 4c/d we realize that this evaluation
locates these genes in direction towards the cloud of genes affected by
kd-II. Of course OT2-no merges slightly with the cloud of generally
low regulated genes, but it settles at the border towards the kd-II
containing cloud and explicitly not towards the kd-I influenced genes.
In the heatmap these genes cannot be attributed to any treatment
group and fade between other low regulated genes. At that point PCA
can clearly provide more information about a gene regulation pattern
than the HCA alone.

By using virtual RT-qPCR data modelling it is easy to create
more similar datasets to demonstrate this evaluation method. For

your concern we posted additional twelve PCA-plots online, even
with extreme values for the regulative parameters or the CV-value
(Additional file 2).

Conclusions

PCA in its innate manner takes that point of view on a dataset that
visually maximizes the variation present in a dataset. As a result PCA
cannot distinguish information which is not present in a dataset. But
the task for the scientist is to pick the most vivid visualization mode
for that what was measurable out of the processes which took place on
biological level. Analyzing off-target effects using HCA and PCA gives
us the advantage that a side effect can be easily attributed to its origin. In
the PCA-plot the knockdown targets will cluster with genes regulated
by the same cause. In a heat map only strong effects can be identified
clearly. Weak regulations will fade between red and green. In addition
the PCA assigns a direction to every source of gene regulation. Even
when an effect is weak it will cluster towards that cloud of genes which
are regulated by the same originator. Separated that way transcript
expression patterns can efficiently be analyzed for siRNA specific gene
regulations which means off-target screening in a very new mode.
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Abstract

Background. In traditional Chinese medicine, green tea is considered to have a life-
prolonging effect, possibly as a result of its rich content of antioxidant tea polyphenols, and
hence has the potential to prevent cancer. This study investigated the role of the major tea
secondary plant compound epigallocatechin gallate (EGCG) for its inhibitory effects on the
metastasis-associated 67kDa laminin receptor (67LR).

Methods. To clarify the impact of EGCG on siRNA-silenced expression of 67LR, we applied
an adenoviral-based intestinal in vitro knockdown model, porcine IPEC-J2 cells. Quantitative
real-time polymerase chain reaction was performed to analyze 67LR gene expression
following treatment with physiological and pharmacological concentrations of EGCG (1.0 g/l,
0.1 g/, 0.02 g/l and 0.002 g/l).

Results. We report co-regulation of EGCG and 67LR, which is known to be an EGCG
receptor. siRNA selectively and highly significantly suppressed expression of 67LR under the
impact of EGCG in a synergetic manner.

Conclusions. Our findings suggest that 67LR expression is regulated by EGCG via a
negative feedback loop. The explicit occurrence of this effect in synergy with a small RNA
pathway and a plant-derived drug reveals a new mode of action. Our findings may help to
provide insights into the many unsolved health-promoting activities of other natural

pharmaceuticals.

Keywords: cancer; EGCG; IPEC-J2; miRNA; RNA interference



Background

Studies assessing the beverage brewed from the leaves of the tea plant Camellia sinensis
and its health-promoting effect are almost innumerable. It is assumed that among other
constituents, the major effector of ‘green’ tea is the polyphenol epigallocatechin gallate
(EGCG). One liter of green tea in a common preparation (1g tea/100ml water) contains
approximately 300—1000 mg of this secondary plant compound [1, 2]. Therewith, it provides
the major share of all tea catechins. The role of green tea, and particularly EGCG, as part of
a cancer-preventive diet has been well researched [3-5]. Molecular targets of the green tea
polyphenols are proposed [6-8], but solid knowledge about the underlying anticancer
mechanisms is still missing. In 2004, a new candidate associated with EGCG was revealed
[9]: the 67kDa laminin receptor (67LR). Tachibana et al. showed that this protein specifically
binds EGCG among other tea catechins. Furthermore, a transmembrane signaling pathway
was postulated in which EGCG induces the activation of myosin phosphatase through 67LR
and hence develops its anticancer potential via inhibition of cell proliferation [10].

Indeed, in the scope of cancer research, 67LR has been well studied [11]. It is well known
that this protein is overexpressed on the surface of cancer cells [12-15]. Thus, the
involvement of 67LR in metastasis formation has been highly investigated. During this
process, an invading tumor cell binds to its target tissue mediated by the local surface
proteins. As laminin is a major component of the basement membrane, it was shown that
enhanced expression of 67LR promotes metastasis [16]. This can be explained by the whole
mechanism of the tumor invasion process. After the attachment of the circulating cancer cell,
a rearrangement of the basement membrane occurs. Thereby one determining factor is the
binding of laminin to 67LR. As a local consequence, laminin undergoes conformational
changes and can subsequently be degraded by proteases [17]. Thereafter, the tumor cell can
invade the target tissue. While examining the role of 67LR in target tissue binding during
metastasis it could be shown that a 67LR-derived peptide called peptide G increases the
metastatic potential in cell culture experiments [18]. Considering the fact that peptide G

represents the laminin binding site of 67LR, this underlines the invasion model. In contrast, a



synthetic laminin pentapeptide (YIGSR) corresponding to the binding domain of laminin was
assigned as a competitive metastasis inhibitor [19].

Taken together, it becomes clear that downregulation of 67LR provides a gateway for
metastasis prevention. In the work of Chen et al. this basic effect has already been
demonstrated [20]. Considering the multiple clues for the cancer-preventative effect of green
tea, and regarding the interaction of EGCG and 67LR, we focused on the question as to
whether tea catechin can influence the expression of 67LR in the gastrointestinal tract. We
conducted gqRT-PCR expression analysis combined with an RNAi-knockdown model to
evaluate the anti-metastatic potential of EGCG via modulation of 67LR expression in vitro

using the porcine intestinal epithelial cell line IPEC-J2.



Methods

Knockdown assays

The jejunal-derived JPEC-J2 cells [21] were maintained in Dulbecco’s modified eagle
medium (DMEM)/Ham’s F-12 (1:1) (PAA, Pasching, Austria) supplemented with 5% fetal
bovine serum (FBS; PAA), 2mM L-glutamine (PAA) and 100 U/ml penicillin/streptomycin
(PAA) at 37 °C,100% humidity and 5% COo. This cell line was kindly provided by Dr Karsten
Tedin (FU Berlin). Only cells that had been passaged ten times or less were used. The cell
culture assay was designed on multiwell tissue culture plates (48W) from Greiner Bio-One
(Frickenhausen, Germany) with a substrate area of 1cm?. In these, 5x104 IPEC-J2 cells were
seeded in 500yl of cell culture media, and after 48 h of settlement the desired knockdown
treatment was applied together with fresh media. For gene knockdown, we used adenoviral
vectors which induce siRNA expression in the target cell line in an optimized multiplicity of
infection (MOI) of 400 [22]. We obtained the methodology for the gene silencing technology
from SIRION-BIOTECH (Martinsried, Germany), with which we produced an individual
knockdown virus targeting 67LR transcript [NCBI accession number: NM_001037146],
termed ‘67Ir-KD’ in this manuscript. A second targeting knockdown was designed as a
positive control, designated ‘control-KD’, and targeted IKBKB [NCBI accession number:
NM_001099935]. A third knockdown served as negative control and represented a non-
targeting virus (named ‘NV”). The NV was identical to the two targeting knockdown viruses
(overall named ‘TV’) but was unable to induce RNA interference due to leakage of a siRNA-
insert. This negative control solely evoked the effects accompanying viral infection. At 48 h
post-infection, we treated the cells with different concentrations (1.0 g/l, 0.1 g/l, 0.02 g/,
0.002 g/l) of EGCG (Sigma-Aldrich St. Louis, USA) diluted in 400ul fresh media, following
washing with 600ul of prewarmed PBS (pH 7.5, without Ca & Mg; PAA). Here, EGCG
treatment is abbreviated to ‘EGCG’, and the corresponding media control to ‘MEDIA’. For the
assay layout, EGCG treatment and the media control were combined with a targeting virus or
the non-targeting virus control, respectively. For the targeting viruses, both variants (targeting

67LR and the positive control) were applied. The resulting assay layout consisted of the



following treatment groups: MEDIA/NV, MEDIA/TV, EGCG/NV & EGCG/TV; with TV = 67Ir-
KD or control-KD. All treatment variations were performed in triplicate (three cell culture
wells). Cells were harvested for total RNA extraction 6 h after EGCG treatment. This included
another washing step of the cell layer with PBS, followed by direct cell lysis with 350ul of
RLT buffer (RNeasy Mini Kit, Qiagen, Hilden, Germany). RNA was prepped according to the
manufacturers’ instructions and then diluted to 10ng/ul (NanoDrop ND-1000
spectrophotometer, PEQLab Biotechnologie GmbH, Erlangen, Germany) for subsequent

gene expression analysis.

Gene expression analysis

Prior to gene expression analysis by quantitative real-time polymerase chain reaction (qRT-
PCR), the RNA integrity was checked using a RNA nano LABchip on an Agilent 2100
Bioanalyzer (Agilent, Santa Clara, United States). Samples were prepared using a
SuperScript lll Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen, Karlsruhe,
Germany), and analyzed using a Corbett Rotorgene 3000 (Corbett Life Science, Sydney,
Australia). The sample volume of 10ul contained 38ng RNA, 5ul SYBR-Mix and 10 pmol
primer mix (67LR [NCBI accession number: NM_001037146], forward primer:
AGCGAGCTGTGCTGAAGTTT & reverse primer: GTGAGCTCCCTTGTTGTTGC; IKBKB
[NCBI accession number: NM_001099935], forward primer:
GGCGAACAGAGATTAATACACAAA & reverse primer: GTGCCGAAGCTCCAGTAGTC). The
cycler program included a 10 min reverse transcription reaction at 50°C followed by a 5 min
denaturation step at 95°C. Subsequently, under continuous fluorescence measurement, 40
amplification cycles (denaturation 95°C/10 s, annealing 60°C/10 s, extension 72°C/15 s)
were performed, followed by a terminal melting curve measurement from 40°C to 95°C (in
0.5°C steps with a lag time of 2 sec). All gqRT-PCR experiments were performed in duplicate
(two one-step qRT-PCRs). The raw data were obtained using Rotor-Gene 6 software
(Corbett Life Science, Sydney, Australia) via the implemented comparative quantification
algorithm. Furthermore, the melting curve analysis of the Rotor-Gene 6 software was
consulted for control of primer specificity. Relative changes in gene expression (shown as

percentages) were determined under the terms of the 22Cq method [23]. The Cq value



displayed for the cycle number was required by the fluorescence signal of a single gPCR
sample to cross a predefined threshold [24, 25]. The chosen reference genes were Histone
H3 ([NCBI accession number: XM_003356519], forward primer:
ACTGGCTACAAAAGCCGCTC, and reverse primer. ACTTGCCTCCTGCAAAGCAC) and
GAPDH ([NCBI accession number: XM_003358301], forward primer:
AGATCCAGGATAAGGAAGGCA, and reverse primer: GCTCCACCTCCAGGGTGAT). All

primers were generated by Eurofins MWG Operon (Ebersberg, Germany).

Statistical data evaluation

The plots visualizing gene expression indicate mean values from repeated measurements.
Thereby, the replicates are specified as "n = (a) x (b) x (c)”. These variables stand for the
number of assays included (a), the cell culture replicates (b) and the qRT-PCR reactions
conducted (c). Significant changes through treatments were ascertained with paired t-tests
(SPSS 19.0, IBM Corporation, Armonk, USA), and resulting P-values are indicated by
asterisks, as follows: P<0.001 = extremely significant (***), P<0.01 = highly significant (**),
P<0.05. = significant (*), P>0.05 = not significant (n.s.). For Figure 3b, one-way ANOVA was
performed (SPSS 19.0, IBM Corporation, Armonk, USA) to test the differences between the
EGCG concentrations; the letters a, b, and c indicate extremely significant intermediate
variances (P<0.001). The assay data were additionally analyzed by principal component
analysis (PCA) using GenEx software (version 5.3.2.13, MultiD, Goéteborg, Sweden).
Therefore, mean centered 2Cq values were applied [26]. PCA is a statistical visualization
method for multivariable data sets, which reduces the dimensionality while exposing the

maximal variation embedded [27].



Results and discussion

In our cell culture assays, we combined pairwise drug treatments (EGCG vs. media control)
with knockdowns (target genes vs. control virus). Thereby, the relative gene regulation
(calculated by 222Ca given as percentage relative to control) caused by a combinatory
treatment with target virus and/or EGCG was evaluated for every single treatment variant in
reference to its particular control group. By this method, the net knockdown efficiency was
calculated by normalizing target knockdown-treated samples containing one individual
concentration of EGCG to the samples containing the same EGCG concentration but that
were treated with the non-target control virus. In the same manner, the net effect of a drug
treatment becomes clear when it is normalized within one virus treatment group to its media
control partner. Figure 1 shows the mean values from repetitions of our cell culture assay,
thereby data in Figure 1a was offset against the knockdown controls within one treatment
(EGCG or media) variant to obtain the net knockdown on the corresponding target gene. The
plot shows that the resulting downregulation was approximately 90% in wells treated solely
with medium and the target virus for 67LR (MEDIA/TV, 67Ir-KD) (mean of seven independent
experiments). Interestingly, 67Ir-KD efficiency was altered when EGCG was applied instead
of pure media (EGCG/TV, 67Ir-KD). The gene-silenced cells that were co-treated with EGCG
showed an additional reduction in 67LR expression to result in a knockdown efficiency of
96%. At first, the step from 90% to 96% seems less impressive, but on closer analysis it
represents a large change. For all expression plots, the value is presented on a logarithmic
scale. Regarding the fact that relative change in mMRNA expression is calculated, a remaining
transcript level of 10% must be reduced by more than 50% to fall down to 4%.

In follow-up measurements, we clarified if this observation originated from an artifact resulted
from the methodology applied. Therefore, we performed the assay with another target-
knockdown, which did not target 67LR (shown in Fig. 1a as ‘control KD’). In this setting,
EGCG had no significant effect on enhancing the knockdown efficiency, leading to the
assumption that the combination of 67LR protein and its binding partner EGCG can promote
synergetic downregulation. To demonstrate the co-action between 67LR and EGCG, the data

underlying Figure 1a was adjusted to the media control within one knockdown scenario in the



plot from Figure 1b. Thus, the extent of the synergetic effect evoking 63% of relative residual
67LR mRNA expression as a mean value from ten independent experiments was revealed.
In contrast the other treatment combinations where EGCG was applied in absence of the

67LR knockdown did not lead to substantial changes in relative expression.
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Figure 1. Knockdown assays comparing 67Ir-KD and control-KD under EGCG treatment. a)
Pooled data from seven assays normalized to the non-targeting virus samples. This
normalization revealed net knockdown effects. b) Pooled data from ten assays normalized to
the media control samples. This normalization revealed the net regulation induced by the
drug treatment. (Legend: EGCG = EGCG ftreatment, MEDIA = media control, NV = non-

targeting virus, TV = targeting virus, 67Ir-KD = 67LR knockdown, control-KD = control

knockdown).
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To confirm our observations independent of normalization to any control groups (virus/drug),
we consulted principal component analysis (PCA). With this statistical data evaluation it is
possible to analyze the outcome of an assay by sample [26]. The PCA considers the
collective variation in gene expression an RNA sample bears in reference to all genes
measured from it. Therefore, our expression data were inserted in the PCA as raw data
solely corrected against the reference genes but not against any control groups of the
underlying cell culture assay. The findings from this independent kind of data analysis were in
accordance with those from the relative fold changes shown in Figure 1ab. The PCA-plot in
Figure 2 shows data from an assay that also includes eight treatment variants (MEDIA/NV,
MEDIA/TV, EGCG/NV & EGCG/TV; with TV = 67Ir-KD and/or control-KD) each replicated six
times (3 cell culture wells x 2 gRT-PCR reactions). For each of these 48 datapoints
(samples), the gene expression of two reference genes and two target genes (67Ir-KD,
control-KD) was ascertained. In Figure 2a, the gene expression data including the reference
genes and the control-KD gene was analyzed. The resulting image of the PCA shows data
clustering in two clouds: (1) with (MEDIA/TV [control-KD] & EGCG/TV [control-KD]) or (I1)
without (MEDIA/NV, EGCG/NV & MEDIA/TV [67Ir-KD], EGCG/TV [67Ir-KD]) the considered
control KD. In contrast, the PCA considering the reference genes and the 67LR knockdown
(67Ir-KD) (Fig. 2b) reveals three data clusters: (I) the 67kd-KD combined with medium
treatment (MEDIA/TV [67Ir-KD]), (ll) the 67kd-KD combined with EGCG treatment (EGCG/
TV [67Ir-KD]) and (lll) samples not containing the considered 67LR-knockdown but treated
with either media or EGCG (MEDIA/NV, EGCG/NV & MEDIA/TV [control-KD]). Thus, the
additional separation into a third cloud is again induced exclusively under the synergy of 67Ir-

KD and EGCG.
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Figure 2. Principal component analysis comparing the influence of EGCG on 67LR versus
the control gene. a) For the control gene, the impact of the drug treatment was dependent on
whether a gene knockdown was applied (I) or not (ll). b) For the 67LR gene, siRNA-induced
downregulation altered the extent of its synergy with EGCG () and a new data cluster was
separated from the samples solely treated with the 67Ir-KD (Il). When no knockdown was
applied, EGCG did not affect the gene regulation (Ill) in accordance with Figure 2a. (Color
code: black labels indicate samples containing EGCG, grey labels indicate no EGCG;
Legend: EGCG = EGCG treatment, MEDIA = media control, NV = non-targeting virus, TV =

targeting virus, 67Ir-KD = 67LR knockdown, control-KD = control knockdown).



The next question was to ascertain if EGCG was able evoke the same effect at
concentrations lower than that measured in freshly brewed green tea [1, 2]. Therefore, we
added EGCG at concentrations from one (0.1 g/l) up to three potencies (0.02 g/l & 0.002 g/l)
below the actual tea content (Fig. 3). Again, we observed 67LR/EGCG synergy, but this
effect was less distinct. At an EGCG concentration of 0.1 g/l, we observed a 3.7-fold
reduction in downregulation of 67LR (Fig. 3a), and at 0.02 g/l & 0.002 g/I, we were still able

to measure a significant effect (P=0.001; Fig. 3b).
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Since the discovery of intra- and intercellular short ribonucleic acids, many different species
of non-coding but functional active small RNAs have been identified [28]. Among these,
miRNAs and siRNAs are involved in negative gene regulation. However, with increasing
knowledge from in vitro studies, pathways that once initially seemed distinct have become
blurred, revealing the extent of the complexity as to how small RNAs act in gene regulation.
miRNAs were originally described to bind the 3'UTR alone, but there is now evidence that
mMiRNAs can also act upon the coding region of a transcript [29]. Within the complex
machinery of posttranscriptional gene regulation, it has been shown that certain miRNA
signatures can serve as biomarkers for oncology [30]. Thus, small RNA synthesis or leakage
can affect cancer and influence metastasis positively or negatively depending on the targeted
gene.

Our results indicate EGCG significantly influences siRNA-induced downregulation of 67LR
expression. Since a close relation of this protein and its transcript has been ascertained [31],
these findings show a correlation between the plant compound and its receptor [9] via a
negative feedback loop. Reasonably the anti metastatic potential of green tea as a daily diet
develops best outgoing from the gastrointestinal tract. In regard to its carcinogenic potential,
enhanced expression levels of 67LR have been associated with metastasis formation in
different tissues, including the intestine [32].

Considering our findings that EGCG acts synergistically and promotes siRNA-induced
downregulation of 67LR protein, a new concept of how secondary plant metabolites act in
cancer prevention can be established. The complex feedback control system of miRNA
regulation of oncogenes might be influenced selectively in synergy with plant compounds,

and may provide clues to the potential anti-carcinogenic mechanism of EGCG. [2].



Conclusions

Metastasis presents the largest challenge in terms of mortality in the treatment of cancer. In
this study, we identified a significant correlation of EGCG co-regulation with siRNA-silenced
expression of 67LR in a porcine intestinal cell line. As pigs are monogastric animals, IPEC-J2
cells represent a model conferrable to the human gastrointestinal tract. As part of a cancer-
preventive diet, green tea may act via synergic action of small RNA regulation and the
properties of an herbal-derived drug, EGCG. This synergy may help to provide clues as to

the mode of action of pharmacologically-applied plant compounds.
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Investigation into the metabolism of 1,8-cineole
in an intestinal cell culture model and acquisition
of its immune-modulatory effect via gene
expression analysis’
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ABSTRACT: 1,8-Cineole, a common and widely used odorant with antiphlogistic and anti-inflammatory properties, was
investigated in this study with regard to potential physiological effects targeting mainly its intestinal effects. Accordingly,
the aim of the study was to utilize a combinatory methodological approach to both monitor potential biotransformatory
effects on a chemo-analytical basis, as well as physiological and immunological tools to monitor further effects of
biofeedback. Reverse transcription quantitative real-time polymerase chain reaction was used to monitor the occurrence of
relative expression changes for particular marker genes, following 1,8-cineole treatment. Furthermore, a potential effect
of 1,8-cineole on the proliferation and fitness of the intestinal cells using impedance sensing was studied. Generally, our
studies showed that the applied model system did neither lead to any significant metabolite formation, nor did the applied
dosages result in any major modifications with regard to gene expression. Also, it was shown that cineole had no effect
on the intestinal porcine epithelial cells applied in pharmacological or physiological concentrations; neither during the
attachment and spreading process nor on confluent cell layers. Only the exposure to high concentrations of cineole
(> 1 g/l) affected the cells and led to massive cell detachment. Overall, our studies show that even common higher 1,8-cineole
dosages do not seem to lead to any major physiological or aversive response, only until a critical concentration is reached

that then directly leads to cell death within the intestinal model. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: hydroxycineole; metabolism; gas chromatography-mass spectrometry; RT-qPCR; ECIS; stable isotope dilution assay
|

Introduction

1,8-Cineole (also named eucalyptol or 1,3,3-trimethyl-2-oxabicyclo
[2.2.2]octane) is a potent and characteristic odour substance in
diverse plant materials that are also part of the human diet. It is
also frequently used for its positive physiological effects in aroma
formulations and as a pharmacological agent."”!

1,8-Cineole is the major constituent of oil from leaves of the
eucalyptus tree (Eucalyptus sp.), and concentrations may reach
84%.1”! As a result, Eucalyptus sp. is the major natural source of this
volatile secondary plant compound. However, other edible plants
such as thyme (Thymus sp.) or sage (Salvia sp.) also contain this
odorous substance.*# Among other applications 1,8-cineole is
used as a therapeutic agent in connection with respiratory
diseases.>® Today, different pharmacological preparations based
on 1,8-cineole are available (e.g. Soledum® from Klosterfrau
Healthcare Group, Kéln, Germany; GeloMyrtol® from G. Pohl-
Boskamp GmbH & Co, Hohenlockstedt, Germany). They are usually
applied orally as enteric coated dragées. In this contained form, the
drug traverses the stomach and is eventually released into the
small intestine where absorption takes place.

The anti-inflammatory, antiphlogistic and anti-infectious
capacity of 1,8-cineole is a proven and commonly utilized
effect.>>”! Nevertheless, other potential physiological aspects
of 1,8-cineole have not been addressed so far. However, when
keeping the relatively high dosages of common 1,8-cineole

treatments in mind, it is more than justified to look for other
possible effects, or at least to exclude the potential occurrence
of any negative physiological significance.

With regard to the further fate of cineole in the human body
after ingestion, some studies demonstrated that 1,8-cineole is
metabolized by the cytochrome P450 system in the mammalian
liver®*! Also, metabolite profiles in plasma were investigated
with regard to their qualitative and quantitative composition.'”!
However, the potentially diverse physiological and immunological
roles of 1,8-cineole remained largely unclarified.
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The small intestine primarily represents a physiological interface
where the first immune response is initiated. Accordingly, one aim
of our study was to elucidate whether 1,8-cineole is metabolized
immediately after its uptake through the intestinal epithelium
and to determine which local physiological pathways are
further affected. To achieve this goal, the porcine epithelial cell line
IPEC-J2 served as a model for our study."" These cells originate
from the mid-jejunal epithelium of a neonatal, unsuckled piglet
(Sus scrofa domestica). Due to the fact that pigs are monogastric
animals, this model provides a close similarity to the human
intestinal tract.

As the experimental set-up we treated the cells with pharma-
cologically oriented dosages (0.1g/l and 1g/l) of 1,8-cineole in
order to achieve distinct effects. The 1,8-cineole concentrations
chosen were carefully selected based on different values in the
literature and provided by established pharmaceutical formula-
tions. The basis of all calculations was an intake volume of
500 ml. Based on this volume all amounts of cineole in nutrition
or medicine were calculated for their volumes in the particular
culture vessel. For example, one capsule of Soledum® with
100 mg 1,8-cineole or Soledum forte® with 200 mg consumed
with a 500 ml volume, results in a concentration of 0.2g/l or
0.49/l, respectively. Two capsules of GeloMyrtol® contain
60mg 1,8-cineole, which corresponds to a concentration of
0.12 g/I. Accordingly, concentrations were selected to encom-
pass the span of these concentration ranges. Additionally, it
should be kept in mind that under ‘real-life’ conditions the
ingested capsule most likely opens instantaneously within the
small intestine, where it is designed to dissolve. Accordingly, it
is most likely that the full dosage (100 or even 200 mg of cineole)
can be liberated locally at once so that the initial local concentra-
tion is likely to be very high. The higher concentration was also
chosen as being close to the maximal non-lethal concentration
(1.29/l) of 1,8-cineole for IPEC-J2 cells as determined within
the present study. The chosen time intervals for exposure
were also selected to be in accord with time periods that are
representative of gastrointestinal passage periods (control
experiment at 0 h of incubation, then sampling at 3h, 6h, 9h
and 24h). Gas chromatography-mass spectrometry (GC-MS)
was used to determine the potential of an initial metabolism
of the target substance in the chosen tissue culture model. The
metabolite profiles were collected quantitatively and qualita-
tively as well as over time. Additionally, we applied reverse
transcription quantitative real-time polymerase chain reaction
(RT-gPCR) in order to monitor the potential of relative expression
changes for particular proliferation, apoptosis, and immune
relevant marker genes subsequent to the 1,8-cineole treatment.

Summarizing the above, the current paper deals with combining
chemo-analytical and physiological approaches to characterize
potential intestinal effects of food ingredients, specifically odor-
ants. Thereby, we focused on the application of techniques that
had not previously been used in a comparative setting in order
to monitor the odorant effects, and to highlight new potential
strategies in this rapidly developing field of research.

Experimental

Chemicals and Materials

o2-Hydroxy-1,8-cineole, 7-hydroxy-1,8-cineole and 9-hydroxy-1,8-cineole
and tri-fold deuterated 2¢-hydroxy-1,8-cineole were kindly supplied by
Horst and Rychlik."® ¢3-Hydroxy-1,8-cineole was a generous gift from

CJ. Wallis and R.M. Carman (University of Queensland, Brisbane,
Australia). 2,3-Dehydro-1,8-cineole, 2-oxo-1,8-cineole, 3-oxo-1,8-cineole,
f2-hydroxy-1,8-cineole and 4-hydroxy-1,8-cineole were synthesized as
described by Kirsch et all'? n-Alkanes C6-C28 for determination of
retention indices were from Aldrich (Steinheim, Germany). Dichloro-
methane p.a. and anhydrous sodium sulfate were from Th. Geyer
GmbH & Co. KG (Renningen, Germany).

Cell Culture

As the intestinal model the non-transformed porcine jejunal cell line
IPEC-J2""" was used. (This cell line was obtained from Dr Karsten Tedin,
FU Berlin.) The cells were cultured in Dulbecco’s modified Eagle medium
(DMEM)/Ham’s F-12 (1:1) (PAA, Pasching, Austria) supplemented with 5%
fetal bovine serum (PAA), 2 mm L-glutamine (PAA) and 100 U/ml penicil-
lin-streptomycin (PAA) at 37°C,100% humidity and 5% CO,. Cells were
sub-cultured after 72 h at 80% confluency. Only IPEC-J2 cells passaged
fewer than ten times were used.

Cineole Metabolism Assay

For the cineole metabolism assays the IPEC-J2 were seeded in 75cm?
(250 ml) cell culture dishes (Greiner Bio-One) at a density of 1 x 10°
cells/20 ml media. After 72h, when a confluence level of 95% was
attained, the medium was renewed and subsequently the cells were
treated. Two different cineole concentrations were applied: 0.1 g/l and
1.0 g/l. After incubation for Oh, 3h, 6h, 9h and 24 h the cells were de-
tached with a cell scraper.

Metabolite Extraction

For the dichloromethane extraction of potentially metabolized cineole,
20ml of the medium containing the detached cells were mixed with
20 ml (1:1) dichloromethane in a glass separating funnel, and subsequently
extracted. During addition of the solvent the cells dissolved immediately.
To those samples which were used for cineole quantification an internal
standard in dichloromethane (tri-fold deuterated 2-z-hydroxy-1,8-cineole,
400 ng/ml) was added before the first extraction. Three successive extrac-
tions were applied and the three solvent fractions were pooled.

Sample Preparation for Gas Chromatography Analysis by
Solvent Assisted Flavour Evaporation

Solvent-assisted flavour evaporation'® was applied for the fast and

careful isolation of cineole and potential metabolites from the respective
cell culture samples. The pooled dichloromethane phases were
subjected to the distillation process. Each sample extract was dried over
anhydrous Na,SO, and then distilled using the solvent-assisted flavour
evaporation apparatus at 50°C and approximately 1 x 10~ *mbar. Evapo-
rated volatiles were frozen with liquid nitrogen and, after thawing, the
extracts were further concentrated by microdistillation according to
Bemelmans! at 50°C to a total volume of about 100 pl.

To evaluate the possible presence of metabolites in the cineole
standard, the cineole reference substance was diluted to achieve the
maximum concentration in the final sample extracts (100 mg/ml). Then,
this sample was evaluated by using GC-MS analysis to screen for the
presence of potential metabolites.

Gas Chromatography-Mass Spectrometry

GC-MS analysis was performed with an Agilent MSD quadrupole system
(GC 7890A and MSD 5975C; Agilent Technologies, Waldbronn, Germany)
with a GERSTEL CIS 4C injection system and GERSTEL MPS 2 autosampler
(GERSTEL GmbH & Co. KG, Duisburg, Germany). The software used for
recording and analysis was MSD ChemStation E.02.00.493 (Agilent
Technologies). The analytical capillaries used were DB-FFAP and DB-5

wileyonlinelibrary.com/journal/ffj
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(30m length, 0.25mm inner diameter, 0.25um film thickness; J&W
Scientific, Fisons Instruments, Mainz-Kastel, Germany). An uncoated,
deactivated fused silica capillary was used as a precolumn (0.53 mm
inner diameter, 0.5 to 3.5m length) and changed regularly according
to accumulated impurities. Helium was used as the carrier gas.

Total flow of the system was 1.3 ml/min, which went directly into the
mass spectrometer. The temperature of the mass spectometer transfer
line was set to 200°C, the temperature of the source was 200°C and that
of the quadrupole to 150°C. The CIS injection system was used like a cold
on-column injector and its temperature was set to a start temperature of
40°C. Electron ionization mass spectra were generated in full scan mode
(m/z range 40 to 250) at 70 eV ionization energy.

The oven starting temperature was 40°C, held for 2min. Then, the
temperature was raised at 6°C/min until 170°C and again at 40°C/min
to 230°C with 5 min holding time for DB-FFAP, or directly to 250°C with
5min holding time for DB-5. The injection volume was 1 pl.

Identification of Potential Metabolites

Metabolites of 1,8-cineole were identified by comparison of retention
indices on two analytical capillaries of different polarities (DB-FFAP and
DB-5) and by comparison of electron ionization mass spectra with those
of synthesized references.

Quantification of Potential Metabolites

Absolute quantification of metabolites with calibration curves for each
substance was not possible due to limited amounts of the synthesized
reference material. For relative quantification the peak area (extracted
ion chromatogram) of the respective metabolite was normalized to
that of the internal standard (deuterated 2-o-hydroxy-1,8-cineole) and
multiplied with the employed concentration of the standard. This
approach resulted in good estimations for the metabolite 2-o-hydroxy-
1,8-cineole and was still acceptable for the other metabolites since in
these experiments solely quantitative dimensions and not exact values
were crucial.

Electric Cell-substrate Impedance Sensing

For determination of the minimal lethal dose for 1,8-cineole in the
IPEC-J2 cell culture, electric cell-substrate impediance sensing (ECIS)
technology!™® was applied. An ECIS-1600 (Applied BioPhysics, Troy, NY,
USA) served as a platform, in combination with 8W10E arrays (lbidi
Integrated BioDiagnostics, Martinsried, Germany). These special eight-
well cell culture dishes offer a substrate area of 0.8cm? and are kept in
the cell culture incubator under standard conditions (see above). In each
well 1x10° cells were inoculated within 300l of media. Each cell
culture well is coated with 10 gold microelectrodes, 250 um in diameter,
which detect the current flow through the media. The device was set to
30kHz employing an AC source delivering 1pA and an amplitude of
10mV. The sampling interval was 60s. In order to smooth the curves
the data volume was later reduced by applying mean values for every
3 min during the time course. At confluence (the state at which cells in
a cell culture dish have grown until they completely cover the bottom
of the dish), the point of time was declared as the treatment starting
point (indicated as 0h in the figures). Different cineole concentrations
(0.3, 05, 0.7, 1.0, 1.3, 1.7 and 2.0 g/l) were added diluted in cell culture
media. Thereby, this step represented at the same time a media change.
This addition of fresh media solution is an important step due to
depletion of the media during the growth process of the cells from
seeding until confluence is reached. The measurements for one concen-
tration were performed in duplicate. All together the measurement
recorded a time course for 72h (12 h cell growth until confluence and
60 h under 1,8-cineole impact).

RT-qPCR Gene Expression Analysis

For the gene expression analysis 1 x 10° IPEC-J2 cells were seeded into
CELLSTAR® 48-well cell culture dishes (Greiner Bio-One, Frickenhausen,
Germany) in a volume of 600 pl. After 24h when a confluence of 80%
was reached they were treated with different cineole concentrations
(0.0g/1, 0.1 g/l and 1.0 g/l). The cineole was applied mixed with new cell
culture media. All treatments were performed in triplicate. The cineole
treated samples were incubated for 0, 3, 6 and 9 h, respectively.

Prior to RNA extraction the cineole-treated cell layer was washed with
600 pl of pre-warmed phosphate-buffered saline (pH 7.5, without calcium
and magnesium) (PAA, Pasching, Austria). Afterwards, cells were harvested
directly in 350 ul lysis buffer (RNeasy® Mini Kit; Qiagen, Hilden, Germany)
and RNA was extracted according to the manufacturer’s kit manual. RNA
concentration was determined using the NanoDrop® ND-1000 spectropho-
tometer (PEQLab Biotechnologie GmbH, Erlangen, Germany) and RNA in-
tegrity was checked with the Agilent 2100 Bioanalyzer using the RNA nano
LABchip (Agilent, Santa Clara, CA, USA). As an RT-gPCR platform the Corbett
Rotorgene 3000 (Corbett Life Science, Sydney, Australia) was used in
combination with the SuperSkript® Ill Platinum® SYBR® Green One-Step
gRT-PCR Kit (Invitrogen, Karlsruhe, Germany). A sample volume of 10 pl
containing 38ng RNA, 5l SYBR-Mix and 10 pmol primermix (forward +
reverse) (Eurofins MWG Operon, Ebersberg, Germany) was inserted. After
a 10 min reverse transcription reaction at 50°C and a 5 min denaturation
step at 95°C the PCR program included, under continuous fluorescence
measurement, 40 amplification cycles (denaturation 95°C/10s, annealing
60°C/105, extension 72°C/15s) followed by a melting curve from 40°C to
95°C (in 0.5°C steps with a dwell time of 2s). The measurement was
performed in duplicate and data was collected with the Rotor-Gene 6
software (Corbett Life Science). The relative change in gene expression
(shown as a percentage) was determined under the terms of the AAC,
method."® The C, value represents the number of cycles which are
required by the fluorescence signal of a qPCR sample to cross a defined
threshold.'”"® Stably expressed histone H3 and ubiquitin served as
reference genes. All analysed genes and corresponding primer sequences
are shown in Table 1. Additionally, the data obtained were evaluated by
principal component analysis (PCA) using the GenEx software (MultiD,
Gothenburg, Sweden). Therefore the AC, values were inserted and data
was mean-centred to rows."? This statistical visualization tool reduces
the dimensionality of a multivariable dataset while exposing the maximum
expansion of variation present in a dataset.>”!

Results and Discussion

Monitoring of a Potential Biotransformation of 1,8-Cineole
During Application to the Intestinal Cell Culture

Commercially available cineole, enriched from natural resources,
might contain traces of natural derivatives. For this reason, the
cineole standard was investigated with regard to the potential
presence of derivatives or metabolites of 1,8-cineole prior to
the actual incubation experiments. Indeed, nine derivatives of
cineole could be detected in the cineole standard used in this
study, albeit in trace concentrations of a factor of 10* to 10°
lower than the 1,8-cineole itself as will be discussed below.
These substances were 2,3-dehydro-1,8-cineole, 2-oxo-1,8-cineole,
3-ox0-1,8-cineole, «2-hydroxy-1,8-cineole, 52-hydroxy-1,8-cineole,
o3-hydroxy-1, 8-cineole, 4-hydroxy-1,8-cineole, 7-hydroxy-1,8-cineole
and 9-hydroxy-1,8-cineole.'?

Additionally, control experiments with a dose of 1.0g/l were
carried out both on cineole in aqueous solution as well as in the
culture medium of the intestinal cell line applied in this study,
under the same incubation conditions at 37°C and 5% CO, atmo-
sphere. In each case, the same profile of 1,8-cineole derivatives was
detectable, as already found for the cineole standard itself. This
was true for water and culture medium samples, respectively, all
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Table 1. Forward (fwd) and reverse (rev) primer sequences for target and reference genes
Gene name Abbreviation Primer sequence Fragment Accession
length (bp) number

Reference genes

Histone H3 H3 fwd  ACTGGCTACAAAAGCCGCTC 232 XM_003356519
rev.  ACTTGCCTCCTGCAAAGCAC

Ubiquitin uQ fwd AGATCCAGGATAAGGAAGGCA 198 XM_003358301
rev.  GCTCCACCTCCAGGGTGAT

Target genes

Caspase 3 Casp3 fwd  GCAACGTTTCTAAAGAAGACCATAG 64 NM_001077840
rev.  CCATGGCTTAGAAGCACACAAATAA

Caspase 9 Casp9 fwd CTGACTGCCAAGCAAATGG 104 XM_003127619
rev.  GCCTGACAGCCGTGAGAG

Cyclin B1 CycB1 fwd  GGATCACCAGGAACACGAAA 187 NM_001170768
rev.  GCTTCCTTTTTCAGAGGCAGT

Cyclin D1 CycD1 fwd  GACGAGCTGCTGCAAATG 188 XM_003480653
rev.  GAAATGAACTTCACGTCTGTGG

Interleukin 1 beta IL1B fwd AGAAGAGCCCATCGTCCTTG 139 NM_001005149
rev.  GAGAGCCTTCAGCTCATGTG

Interleukin 5 IL5 fwd TGGAGCTGCCTACGTTAGTG 105 NM_214205
rev.  TCGCCTATCAGCAGAGTT

Interleukin 6 IL6 fwd GCAATGAGAAAGGAGATGTGT 138 XM_003357471
rev.  GCAGGTCTCCTGATTGAACC

Interleukin 8 IL8 fwd  GGCAGTTTTCCTGCTTTCTGC 153 XM_003361958
rev.  CAGTGGGGTCCACTCTCAAT

Transforming growth factor beta 1 TGFB fwd ACGTCACTGGAGTTGTGCGG 159 XM_002701901
rev.  TTCATGCCGTGAATGGTGGCG

Tumour necrosis factor-alpha TNFo fwd CCCCTGTCCATCCCTTTATT 200 NM_214022
rev.  AAGCCCCAGTTCCAATTCTT

being investigated at 0, 3, 6, 9 and 24 h to monitor potential
changes. Comparative evaluation by peak integration during
GC-MS analysis revealed that no obvious changes in the composi-
tion of 1,8-cineole derivative profile occurred from the treatment
in each case, which suggests that both 1,8-cineole as well as the
trace derivative constituents observed were stable under the
experimental conditions applied. Thus it could be ascertained that
neither cineole nor its derivatives were retained by any media
constituents such as proteins contained therein. Other studies by
our group on cellular and intestinal models (unpublished data),
as well as our own and previous investigations of other groups
on absorption and distribution processes of cineole in vivo!'%'?
additionally demonstrated that cineole is readily taken up by i-
ntestinal cells and further transmitted into the human organism
where it is detectable either in serum, breast milk or exhaled
breath after uptake through the intestine. Accordingly, the lack
of relevant metabolite detection cannot be attributed to impaired
uptake of cineole by the intestinal cells.

Overall, it could be shown that both for the water control
samples as well as for the culture medium control samples, all
cineole derivative concentrations were drastically lower than the
concentration of 1,8-cineole (1g/l) itself. Thereby, 3-oxocineole
and 2-oxocineole were the constituents with the relatively highest
concentration in a range of around 200 pg/l, both in water and in
culture medium. All other derivatives were present with concentra-
tions of around 100 pg/l («2-hydroxy-1,8-cineole) or even below
(data not shown), only o2-hydroxy-1,8-cineole showed some
tendency to somewhat higher values of about 200 pg/l in culture
medium in comparison to about 100 g/l in the water control.

Nevertheless, it still needs to be kept in mind that determination
of these trace constituents was already close to the detection limit
so that such changes need to be considered as insignificant in
relation to the very high dosage of the cineole treatment applied
within this study. Overall it can be concluded that none of the
cineole derivatives is an artefact formed due to the sample
treatment conditions applied in this study.

Then, potential metabolite profiles of the odorant 1,8-cineole
were monitored at the same time steps as for the control
samples (0, 3, 6, 9 and 24 h of incubation) while being applied
to the intestinal cell line culture in culture medium. The same
derivatives (x2-hydroxy-1,8-cineole, f2-hydroxy-1,8-cineole, o3-
hydroxy-1,8-cineole, 7-hydroxy-1,8-cineole, 9-hydroxy-1,8-cineole,
2-ox0-1,8-cineole, 3-oxo-1,8-cineole, 2,3-dehydro-1,8-cineole,
4-hydroxy-1,8-cineole) were detected in all samples under inves-
tigation. Quantitative evaluation of the peak areas confirmed
that those cineol derivatives were only detectable as trace consti-
tuents in all cases at concentrations below 600 g/l (Figure 1).
By means of these experiments it could be demonstrated that
these metabolites were, again, predominantly attributable to
the trace impurities of the applied cineole standard but were
not additionally formed to any relevant extent during application
to the intestinal cell culture.

Only in some cases was there a tendency of a recordable
increase (Figure 1): o2-hydroxy-1,8-cineole amounted from a
start concentration of around 150 pg/l to a final concentration
of about 550 ug/l after 24 h incubation, corresponding to an
increase of a factor of about 3.7. Moreover, 4-hydroxy-1,8-
cineole and 9-hydroxy-1,8-cineole, with initial concentrations at
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Figure 1. 1,8-Cineole derivative values as determined after incubation with 1,8-cineole (1.0 g/l dosage) in a IPEC-J2 intestinal cell line model with
sampling at 0, 3, 6, 9 and 24 h of incubation. Data are expressed as values after subtraction of control values that were determined in parallel

time point 0h of about 50 nug/l and about 25 ng/l, respectively,
finally revealed values of about 350 pug/l and 175 ng/l, respectively,
for the last time point (24 h). This would even correspond to an
increase factor of 7 in both cases. At first sight these changes
seem to represent partially enormous increases, still the compara-
tively dramatically higher concentration of 1,8-cineole needs to be
kept in mind when rating these findings with regard to their
relevance. For 2,3-dehydro-1,8-cineole chromatographic separa-
tion was very poor and showed considerable variance so that
no decisive quantitative results could be obtained for this sub-
stance. However, semi-quantitative estimation revealed that also
no distinct increase or decrease in concentration was observable
during exposure of 1,8-cineole to the intestinal cell culture (data
not shown). The negative values obtained for 3-oxo-1,8-cineole
and o3-hydroxy-1,8-cineole can be attributed to the fact that all
values were in a very low range around the detection limit, and
that the respective blank values, with their relative variations,
were subtracted from these actual values.

Overall, application of a 10-fold lower concentration of 0.1g/l
cineole also did not lead to any effective metabolite formation,
which is comparable to the higher dosage investigated.

Summarizing the above, it could be shown that there might have
been some slight indication of a metabolic activity observable
under the incubation experiments applied; nevertheless, there

(a)
1,8-cineole lethal dose determination for IPEC-J2 cells (wide range)
6.0
5.0
[}
8 4
g 4.0 == control
Q === 0.3 g/L 1,8-cineole
2 30 = 0.5 g/L 1,8-cineol
§ r =0= 0.7 g/L 1,8-cineole
E' == 1.0 g/L 1,8-cineole
= 20 > 13g/L1,8 I
g == 1.7 g/L1,8-cineole
10 =#= 2.0 g/L 1,8-cineole
B /
’ \an#ﬁ%@
0.0

-20 -10 0 10 20 30 40 50 60

time [hrs]

were no obvious changes observable due to biotransformation in
the presence of the applied intestinal cell line and under the
experimental conditions used.

Maximum Non-lethal Cineole Concentration Determined at a
Cellular Level via Electric Cell-substrate Impedance Sensing

The influence of 1,8-cineole on the proliferation and fitness of the
epithelial cells was examined using non-invasive real-time tracking
with the ECIS system.”"! The underlying principle is to trace the
activity concerning surface interaction and attachment using a
specific cell culture dish which can measure the attending change
in impedance through the surrounding media. Increasing assem-
blage of cells growing to confluence and tighter lamination of cells
on the electrodes increases the impedance, whereas detaching
cells decrease the signal. The result is a picture of events at a cellu-
lar level in real time. Accordingly it is possible to determine toxic
effects of a treatment, leading to cell detachment and death in a
concentration-dependent manner.??!

Figure 2a shows the IPEC-J2 obtained cineole treatment shortly
before their confluent state. At that point of time eight cineole
concentrations containing a control were applied (0.0, 0.3, 0.5,
0.7, 1.0, 1.3, 1.7 and 2.0g/l). A notable result is that within this

(b)
1,8-cineole lethal dose determination for IPEC-J2 cells (small range)
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Figure 2. Electric cell-substrate impedance sensing (ECIS) measurement of cineole-treated JPEC-J2 cells. Inserted are low (a) and high (b) resolution ranges
of cineole concentration. In both cases 1.0 g/ has no visible impact on the cell layer. The highest non-lethal concentration is revealed in plot (b) with 1.2 g/l
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Gene expression over time in IPEC-J2 cells after 1,8-cineole treatment (normalized to media
control (0.0 g/L) for each point of time (0Oh, 3h, 6h, 9h))
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Figure 3. Reaction of the IPEC-J2 cells to the 1,8-cineole treatment on transcript level monitored over time. Relative change in gene expression (shown as a
percentage) for the dataset normalized to the particular untreated samples of each time point is plotted. In each case 10 genes are displayed. The value
corresponding to one gene within one treatment variant derives from the mean of three (SEM, n=3) cell culture replicates (wells), according error bars are indicated.
The duplicates of the RT-qPCR measurement are averaged for 222 calculation but not incorporated within the error bars (because of high reproducibility: mean CV
value of 0.8%). A value of 100% on the ordinate represents constant gene expression subsequent to the 1,8-cineole treatment. The 0.0 g/l treatment groups to each
point of time are slightly fluctuating around that value as a result of the natural variation and the technical error sources weighing on each sample

narrow range of cineole concentrations only two effect variants
occurred. Up to 1.0 g/l of cineole the treatment was without any
visible effect in the ECIS measurement and so for the integrity of
the cell layer. The next higher cineole concentration (1.3g/l)
instantly led to complete cell detachment. With these concentra-
tions no effect in between was measurable. Regarding the signal
decay after 20h in Figure 2a all samples were affected by the
treatment; however, considering the control samples this occurred
independently of the cineole concentration applied.

In order to assess whether there are intermediate events we
conducted the assay with an even higher resolution of cineole
concentration (1.0, 1.1, 1.2, 1.3 and 1.4 g/I). Figure 2b shows that
for the concentration range between 1.0 and 1.3 g/l recovery of
cell attachment could be monitored. These findings are in
accord with the sudden toxic effect above 1.0 g/l from Figure 2a.
Hence, we could establish that the maximal non-lethal dose of
1,8-cineole for IPEC-J2 cells is 1.2 g/I.

Gene Expression Analysis (RT-qPCR)

As we were surprised by the distinct effector level of cineole in our
ECIS measurements we conceived to go one step deeper and
evaluate the impact at the molecular level. Due to the fact that
detachment of the IPEC-J2 cells occurs when the cineole concen-
tration exceeds 1.2g/l there should be a response on gene

expression level. Therefore 10 marker genes were chosen: the
proliferation markers cyclins CycB1 and CycD1, the growth factor
TGFp and, further regarding the aspect of apoptosis, the caspases
Casp3 and Casp9. In respect of modulatory effects of 1,8-cineole
on the immune system, the primary mediators IL1 and TNFo*!
and the secondary mediators IL6 and IL8"% were analysed. Gene
expression levels of IL5 were assessed, especially because of its role
in asthmatic diseases.>**

Figure 3 shows the relative change in gene expression for the
two inserted 1,8-cineole concentrations over time. Considering
physiologically relevant amplitudes of gene regulations only
two genes, IL1f (fold down-regulation of 0.7 at 3h and 1.0g/l)
and /L8 (fold down-regulation of 0.6 at 6h and 1.0g/l) (see
Table 2), were of interest. All other genes did not show a distin-
guished modulation after 1,8-cineole treatment. Regarding the
function of these genes as primary (IL1f) and secondary (IL8)
mediators we could assign an immunosuppressive effect of
1,8-cineole in compliance to Sadlon and Lamson.? If the time
sample interval of 3 h was missed further early effects between
0h and 3 h remained undetermined in this study. However, it
must be pointed out that this finding is limited to the 1,8-cineole
concentration of 1.0 g/l and therefore is potentially unrealistic as
a pharmaceutical appliance. Interestingly, in this connection no
up-regulation of apoptotic markers was observed for the
concentration close to the lethal dose.
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Table 2. Gene regulation of the investigated marker genes is displayed as x-fold regulation (calculated by 2722%9): expression

data are shown after two different normalizations visualized in Figures 3 and 4a

Time point (h) Dose (g/1) Casp3 Casp9 CycB1  CycD1 IL1a IL5 IL6 IL8 TGFB TNFo

Data corresponding to Figure 3 °

0 0.0 1.01 1.01 1.01 1.01 1.03 1.00 1.01 1.01 1.01 1.01

3 0.0 1.00 1.00 1.01 1.01 1.06 1.00 1.03 1.01 1.01 1.04
0.1 0.91 0.86 0.86 0.90 0.88 1.17 0.96 0.95 1.10 1.06
1.0 0.92 0.70 0.86 0.81 0.75 1.43 1.03 0.63 1.23 1.07

6 0.0 1.03 1.00 1.01 1.01 1.06 1.00 1.01 1.01 1.00 1.02
0.1 0.85 1.04 0.82 0.84 1.05 0.85 0.94 0.83 1.19 0.83
1.0 0.82 1.05 0.96 0.84 1.02 0.88 1.04 0.67 1.31 0.76

9 0.0 1.00 1.01 1.05 1.01 1.04 1.01 1.01 1.01 1.01 1.00
0.1 1.01 1.16 0.91 0.94 1.25 0.98 0.94 0.83 1.34 0.86
1.0 0.96 1.20 0.80 0.87 1.13 1.04 0.93 1.06 1.27 1.04

Data corresponding to Figure 4a ©

0 0.0 1.01 1.01 1.01 1.01 1.03 1.00 1.01 1.01 1.01 1.01

3 0.0 1.12 1.31 1.30 1.13 1.02 0.77 1.10 2.76 1.38 1.35
0.1 1.02 1.13 1.11 1.01 0.85 0.90 1.02 2.62 1.49 1.38
1.0 1.03 0.91 1.1 0.91 0.72 1.09 1.10 1.73 1.68 1.40

6 0.0 1.22 0.99 2.17 1.72 0.90 1.03 1.24 2.70 1.45 1.68
0.1 1.01 1.03 1.76 1.42 0.89 0.88 1.17 2.21 1.72 1.37
1.0 0.98 1.04 2.06 143 0.86 0.91 1.28 1.79 1.89 1.25

9 0.0 1.12 0.94 427 1.98 0.76 0.81 1.38 1.78 1.40 1.38
0.1 1.12 1.08 3.71 1.85 0.91 0.79 1.29 1.47 1.86 1.18
1.0 1.07 1.13 3.24 1.70 0.82 0.84 1.27 1.88 1.77 1.43

“Data corresponding to Figure 3 are normalized to the media control (0.0 g/l) for each point of time (0 h, 3h, 6h, 9h).

PData corresponding to Figure 4a are normalized to the absolute control (‘control, t=0).

For a deeper analysis of the measured expression values we
applied additional evaluations. The data in Figure 3 are normalized
to the corresponding media control for each point of time.
Because of the low fluctuations in the expression pattern we
decided to normalize all data to the media control of time point
0h (Figure 4a). This revealed the shift of the genes in the cell
culture over time. Regarding the three concentrations (including
0.0g/l) for one point of time a clear time effect could now be
assigned. The application of 1,8-cineole evoked an expression
pattern similar to the 0.0g/l samples. It was shown that several
genes were regulated during the 9 h of incubation, but substantially
independent of the 1,8-cineole treatment. Conspicuous is the up-
regulation of CycBT (4.3-fold at 9h). This gene has its function as
activator of the cyclin-dependent kinase 1/cyclin BT complex in
the cell cycle during the progression from the G2 phase to the
M phase.”® Relative accumulation of its transcript over the 9 h of in-
cubation may appear due to dense confluence of the cell layer. The
incipient cell cycle arrest may temporarily cause the increased expres-
sion levels as normally CycB1 is not degraded until the anaphase.”””?

The fact that the expression changes over time were
more dominant than any gene regulation originating from the
1,8-cineole treatment was demonstrated most definitely when
a PCA was applied to the dataset (see the section ‘RT-gPCR gene
expression analysis’). In Figure 4b the C, values normalized
solely with the reference genes are shown in a PCA plot. This
means that the datasets were considered sample-wise with
respect to the amplitude of all regulative effects lying on one

sample. This visualization mode clearly exposes the fact that
the background gene regulation of the cell culture (Figure 4a)
clearly exceeded the weak immunomodulatory findings from
the 1,8-cineole application (Figure 3). This means that for our
model we cannot assign a proven physiological effect of
1,8-cineole concerning the monitored marker genes.

Conclusion

Our data show that application of the methods used may be useful in
elucidating potential physiological response mechanisms at the cellu-
lar and molecular levels to food ingredients, especially odorants. The
combinatory approach may be a promising tool for gaining a com-
prehensive understanding of odorant-physiology interactions.
Nevertheless, with regard to the studied target substance, 1,8-cin-
eole, surprisingly few physiological effects were monitored within
this study during exposure of the investigated intestinal cell lines
to 1,8-cineole, unless a lethal concentration was reached.
Obviously, the intestinal system in this case does not react, with di-
rect initial contact, by an immediate defence or response mecha-
nism, even if concentrations approach potentially harmful levels that
may finally lead to apoptosis. This is at least true for the intestinal cell
models investigated within this study, and for the assays applied.
Further studies in this field will need to further elucidate and verify
this seemingly obvious passivity to the generally pharmacologically
active substance 1,8-cineole, and to focus on other potentially phar-
macologically active substances, specifically other odorants.
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(a) Gene expression over time in IPEC-J2 cells after 1,8-cineole treatment (normalized to
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Figure 4. Dataset analysed independently of the media control expression level of a single point of time. (a) In contrast to Figure 3 all data are now
normalized to the expression level of the untreated cells at time point 0 h. Further to the ordinate a logarithmic scale was applied and the abscissa was
set to 100%. Gene regulation now appears above or below the value of constant expression. The sample group named ‘control’ reveals the reference
point for the normalization. The amplitude for the fold regulation after this normalization mode is much higher compared to Figure 3 (up to 4.3-fold,
see Table 2). Errors indicated are in accordance to the experimental set-up (SEM, n =3, RT-qPCR duplicates excluded for error calculation). (b) PCA of the
whole dataset using AC, values (= C, values normalized to reference genes) mean centred to columns (= genes). In this PCA the data are considered for
the extent of variation which affects one sample referred to its origin (treatment group). Equal shapes represent an equal point of time, equal colours
for an equal dose of 1,8-cineole. The maximum impact which brings variation to the expression levels for one sample is visible in clusters of data points.
Here data only clusters due to the shapes and not colour-wise
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ABSTRACT

A potential effect of 1,8-cineole on the morphology and growth behaviour of the cells
lining the first segments of the intestinal system should be studied. It was shown that
morphologically cineole had no effect on jejunal and ileal porcine cells applied in
pharmacological or physiological concentrations, neither on cells during attachment and
spreading, nor on confluent cell layers. Solely the exposure to high concentrations of
cineole adversely affected the cells and led to subsequent apoptosis. In a wound healing
assay a potential protective or growth promoting effect by cineole could not be detected.
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1. INTRODUCTION

The most important natural reservoir of the volatile aroma compound 1,8-cineole are the
leafs of the eucalyptus tree (Eucalyptus spec.) [1]. Applications for cineole are various,
for example as flavouring agent [2] or antioxidant in food, beverages, cosmetics and
drugs. In the therapy of respiratory tract diseases, cineole is a very popular
pharmacological agent acting as expectorant and mucolytic, and is also suggested to
have an anti-inflammatory effect [3]. The first contact of cineole with the consuming
organism in vivo depends on the administration form. If consumed as drug in enteric
coated capsules, the small intestinal system, in particular the epithelia of the jejunum
and ileum, are the first sites of contact. Based on that fact, the chosen in vitro models
were two porcine small intestinal epithelial cell lines, the jejunal IPEC-J2 and the ileal
IPI-21 cells, as the human and swine intestinal tracts are highly similar. Up to now, the
effect of cineole on intestinal epithelium, most specifically the morphology and growth
behaviour of the cells, was not examined. Technical tool was the ECIS system for non-
invasive real-time observation of cell cultures [4].

2. MATERIALS AND METHODS

Cell cultures. The IPEC-J2 cell line is a permanent, non-transformed porcine jejunal
cell line originated from midjejunal epithelium isolates of a neonatal, unsuckled piglet
[5]. The IPI-2I cell line is a transformed porcine ileal cell line derived from the ileum of
an adult histocompatible miniature male boar [6]. The IPEC-J2 cells were cultured in
DMEM Ham’s F12 supplemented with 5% Foetal Bovine Serum (FBS) and 2 mM L-
glutamine, the IPI-2I cells in DMEM with 10% FBS, 4 mM L-glutamine and 0.024
U/ml insulin, both with 1% penicillin/streptomycin antibiotic mix at 37°C in humidified
atmosphere of 5% CO, [7]. 1,8-cineole was applied to growing cells in pre-mixed
medium in different pharmacological and physiological concentrations (ten-fold
increase from 0.00002 to 2 g/L).

Electric Cell Substrate Impedance Sensing (ECIS). The influence of the cineole
treatment on the morphology and growth behaviour of epithelial cells was examined by
non-invasive real-time tracking of cell attachment and proliferation with the electric cell
substrate impedance sensing system (ECIS). Principle is to trace all changes of surface
attachment in a specific cell culture dish by measurement of the impedance. With
increasing confluency the impendance in the wells increases, if attached cells die and
detach, the impedance decreases. So the resulting impedance profile is a real-time
follow-up of changing cell densities. The ECIS culture dishes were inoculated with 10°
cells per well for both cell lines and the IPEC-J2 reached full confluency with plateau
impedance level after about 16h, the IPI-2I after about 22h. When the cells reached this
plateau, the cineole treatment was applied (Figure 1).

Wound Healing Assay. The migration velocity of a cell line towards unpopulated areas
of a culture dish was formerly examined by a scratch or scrape assay [8]. The ECIS-
based wound healing assay can replace these mechanical ways of wounding by pointed
application of an elevated electrical field (6 V, 20 sec) [9]. The technique allows real-
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time monitoring of wound healing, migration of surrounding cells to repopulate the
empty area, by detection of increasing impedances. Aim of this assay was to find out
whether pre-applied cineole has any protective effect on the cells or whether the growth
velocity after wounding under cineole treatment differs. The assay was performed with
the IPEC-J2 cells and a treatment concentration of 1.2 g/l, the maximal not-lethal
cineole concentration for this cell line.

3. RESULTS

Quantitative real-time monitoring of attachment and spreading [10] for signs of
cytotoxicity after cineole treatment in different concentrations was performed with the
ECIS system in non-invasive manner (Figure 1) [11]. Firstly, the growth velocity to
build a confluent cell monolayer was determined. The jejunal cells grew a bit faster than
the ileal cells. Treatment of both cell lines with 2 g/l cineole led to subsequent cell death
which was also found in an assay with Chinese hamster ovary cells [12]. Interestingly
all concentrations below 1.3 g/l had no effect. Neither in jejunal nor in ileal cells their
growth behaviour or morphology was influenced, being also confirmed by microscopy

(Flgure 2) IPEC-J2 cells treated with a 1,8-cineol gradient.abp (30000 Hz)
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Figure 1. ECIS measurement of IPEC-J2 cells treated with 1,8-cineol.

Figure 2. IPEC-J2 cells after 72h of 1,8-cineole treatment in a 20x magnification.

The wound healing assay with the ECIS system was used to identify possible protective
or inhibitory effects of cineole on spreading IPEC-J2 cells. Therefore the assay was
performed with the maximal non-lethal cineole concentration of 1.2 g/l. No
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morphological changes in terms of an altered attachment and spreading behaviour of the
jejunal cells could be detected in cineole containing medium. After wounding there was
also no effect of cineole pre-treatment, neither on the inwards movement velocity of
surrounding cells nor in their attachment and spreading. This result is contrary to earlier
results demonstrating a gastro-protective effect of cineole [13], however with much
higher doses than used in this study. The cineole treatment during the healing process
also did not alter the healing process.

4. DISCUSSION AND CONCLUSION

This was the first study investigating the effect of the pharmacological compound 1,8-
cineole on intestinal epithelial cells and potential alterations of cell attachment,
morphology and survival. It was demonstrated that morphologically and behaviourally
cineole in pharmacological or physiological concentrations had no effect on jejunal and
ileal porcine epithelial cells, neither during cell attachment and spreading, nor on
confluent cell layers. Also, no potential protective or growth promoting effect of cineole
could be confirmed in a wound healing assay. Solely the exposure to high
concentrations of cineole adversely affected the cells and led to subsequent apoptosis.
Such high doses can lead to serious poisoning in humans if consumed orally [14]. It
could be suggested that even a concentration of 1.2 g/l cineole is not high enough to
induce adverse effects to the intestinal epithelium directly or after wounding and has
neither a preventive nor a growth inhibiting effect on the cells.

Acknowledgement for funding: V. z. Férderung der Milchwiss. Forschung an der TUM e.V.

References
1. Asbaghian, S; Shafaghat, A; Zarea, K; Kasimov, F; Salimi, F; Nat Prod Commun. 2011;
6(1), 137-140
2. Horst, K; Rychlik, M; Mol Nutr Food Res. 2010; 54: 1515-1529
3. Juergens, UR; Dethlefsen, U; Steinkamp, G; Gillissen, A; Repges, R; Vetter, H; Respir
Med. 2003, 97(3), 250-256
4. Miiller, J; Thirion, C; Pfaffl, MW, Biosens Bioelectron. 2011, 26(5), 2000-2005
5. Rhoads, JM; Chen, W; Chu, P; Berschneider, HM; Argenzio, RA; Paradiso, AM; Am J
Physiol. 1994, 266(5 Pt 1), G828-838
6. Kaeffer, B; Bottreau, E; Velge, P; Pardon, P; Eur J Cell Biol. 1993, 62(1), 152-162
7. Mariani, V; Palermo, S; Fiorentini,S; Lanubile, A; Giuffra, E; Vet Immunol
Immunopathol. 2009, 131(3-4), 278-284
8. Jumblatt, MM; Neufeld, AH; Invest Ophthalmol Vis Sci. 1986, 27(1), 8-13
9. Keese, CR; Wegener, J; Walker, SR; Giaever, [; PNAS. 2004, 101(6), 1554-1559
10. Mitra, P; Keese, CR; Giaever, I; Biotechniques. 1991, 11(4), 504-510
11. Giaever, I; Keese, CR; PNAS. 1991, 88(17), 7896-7900
12. Ribeiro, DA; Matsumoto, MA; Marques, ME; Salvadori,DM; Oral Surg Oral Med Oral
Pathol Oral Radiol Endod. 2007, 103(5), ¢106-109
13. Santos, FA; Rao, VS; Dig Dis Sci. 2001, 46(2), 331-337
14. Tibballs, J; Med J Australia. 1995, 163, 177-180



