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1. Einleitung

1. Einleitung

1.1 Anthocyane: Struktur, Vorkommen und Bioverfiigbarkeit

Bei Anthocyanen handelt es sich um glykosylierte, wasserlosliche sekundire
Pflanzeninhaltsstoffe, die fiir die rote bis blau-violette Farbe vieler Obst- und Gemiisesorten
verantwortlich sind. Im Gegensatz dazu stellen Anthocyanidine die zuckerfreien Aglykone der
Anthocyane dar (Krga und Milenkovic 2019). Diese bestehen aus zwei phenolischen Ringen
(A-und C-Ring), die iiber einen O-heterozyklischen (C-Ring) Ring miteinander verbunden sind
(Alappat und Alappat 2020). Obwohl bisher etwa 27 natiirlich vorkommende Anthocyanidine
bekannt sind (Krga und Milenkovic 2019), machen Cyanidin, Delphinidin und Pelargonidin
sowie deren Methylester Petunidin, Peonidin und Malvidin zusammen mehr als 90 % aller
Anthocyane aus und stellen somit die bedeutsamsten in Lebensmitteln vorkommenden
Anthocyanidine dar (Prior und Wu 2006). Diese unterscheiden sich sowohl in der Anzahl als
auch in der Position ihrer Methyl- und Hydroxylgruppen (Abbildung 1) (Prior und Wu 2006;
Eker et al. 2019). Zudem konnen Mono-, Di- und Trisaccharide, iiber O-glykosidische
Bindungen, an das C3-Atom des C-Rings sowie das C5- bzw. C7-Atom des A-Rings
substituiert werden (Prior und Wu 2006). Dabei stellen Glukose, Galaktose, Arabinose,
Rhamnose und Xylose héufig substituierte Saccharide dar (Prior und Wu 2006). Diese konnen
wiederum mit verschiedenen aromatischen (z.B. p-Cumarséiure, Ferulasdure und Sinapinséure)
sowie aliphatischen (z.B. Malonsdure, Bernsteinsdure, Apfelsdure und Essigsdure) Sduren
acyliert werden (Eker et al. 2019), so dass bereits mehr als 700 natiirlich vorkommende

Anthocyane identifiziert wurden (Krga und Milenkovic 2019; Prior und Wu 2006).

Anthocyanidin R, R,
Pelargonidin H

Cyanidin OH

Delphinidin OH OH
Petunidin OH OCH;,4
Peonidin OCHj,4 H
Malvidin OCHj,4 OCHj,4

Abbildung 1 Grundstruktur der in Lebensmitteln am héufigsten vorkommenden Anthocyanidine (eigene
Darstellung modifiziert nach Krga und Milenkovic 2019). Die Strukturformel wurde mit ChemSketch
(Freeware) 2023.2.3, Advanced Chemistry Development, Inc. (ACD/Labs), Toronto, ON, Canada,
www.acdlabs.com erstellt.



1. Einleitung

Hohe Anthocyangehalte sind vor allem in Beerenobst (Wu et al. 2006) sowie in rot-violetten
Gemiisesorten enthalten (Tabelle 1) (Tsutsumi et al. 2019). Allerdings tragen in Europa
hauptsédchlich Beeren, Trauben und Wein zur alimentéren Anthocyanzufuhr bei (Zamora-Ros
etal. 2011; Garcia-Larsen et al. 2018), wobei diese je nach Land sehr unterschiedlich und stark
von kulturellen Unterschieden und Erndhrungsgewohnheiten abhéngig ist (Di Lorenzo et al.
2021). So liegt die durchschnittliche Anthocyanzufuhr in Europa schitzungsweise zwischen 9

und 28 mg/Tag (Vogiatzoglou et al. 2015).

Tabelle 1 Anthocyangehalt ausgewihlter Lebensmittel.

Lebensmittel Anthocyangehalt pro 100 g Frischgewicht
[mg Cyanidin-3-Glukosid]

Heidelbeeren' 407

Brombeeren' 70 - 201

Himbeeren' 23 - 68

Erdbeeren! 20 - 60

Trauben! 39187

Rotwein' 33 -87

violette Karotten? 2-126

!(Gongalves et al. 2021), %(Algarra et al. 2014).

Epidemiologische Studien zeigen, dass eine Anthocyan-reiche Erndhrung mit einem geringeren
Risiko fiir Herz-Kreislauf-Erkrankungen sowie fiir Kolonkarzinome assoziiert ist (Cassidy et
al. 2016; Parmenter et al. 2021; Wang et al. 2019). Zudem konnte in zahlreichen in vitro- und
in vivo-Studien die anti-oxidative, anti-inflammatorische sowie anti-kanzerogene Wirkung der
Anthocyane bestdtigt werden. Daher wird Anthocyanen ein hohes gesundheitsforderndes
Potenzial zugeschrieben. So konnen diese mithilfe ihrer konjugierten Doppelbindungen und
zahlreichen Hydroxylgruppen direkt als Radikalfinger fungieren und somit anti-oxidativ
wirken (Gongalves et al. 2021). Zudem konnten Kuntz et al. (2017) in einer Cross-over-
Interventionsstudie zeigen, dass nach Aufnahme eines Anthocyan-reichen Trauben-
/Heidelbeersafts, iiber einen Zeitraum von 2 Wochen, die Aktivitit anti-oxidativer Enzyme im
Plasma der Probanden signifikant zunimmt. Des Weiteren ist bekannt, dass Anthocyane
intrazelluldre Signaltransduktionswege beeinflussen und somit die Sekretion pro-
inflammatorischer Zytokine hemmen koénnen (Gongalves et al. 2021). Dariiber hinaus sind
Anthocyane in der Lage die Tumorprogression zu hemmen, indem sie die Proliferation der
Tumorzellen inhibieren sowie den Arrest des Zellzyklus und die Einleitung der Apoptose

induzieren (Gongalves et al. 2021; Shi et al. 2021).



1. Einleitung

Allerdings ist die Bioverfligbarkeit nativer Anthocyane im Vergleich zu anderen Flavonoiden
relativ gering (Krga und Milenkovic 2019). Zwar kdnnen Anthocyane, vermutlich mithilfe des
Natrium-abhédngigen Glukose-Transporters-1 (sodium dependent glucose transporter-1,
SGLT-1), im oberen Intestinum als intakte Glykoside absorbiert werden, allerdings gelangen
nur etwa 1-2 % der iliber die Nahrung aufgenommenen Anthocyane unveridndert in den
systemischen Kreislauf. So konnen sowohl nicht-mikrobielle B-Glukosidasen, wie die
intestinale, membranstandige Laktat-Phlorizidin-Hydrolase, als auch Enzyme der intestinalen
Mikrobiota die hydrolytische Deglykosylierung der Anthocyane katalysieren (Prior und Wu
20006; Eker et al. 2019). Die dabei entstehenden Aglykone (Anthocyanidine) sind, im Vergleich
zu ihren Glykosiden (Anthocyanen), bei dem im Intestinum herrschenden neutralen bis
basischen pH-Wert weniger stabil. Infolge dessen kommt es zur Offnung des C-Rings, so dass
die Anthocyanidine spontan zerfallen. Dabei entstehen phenolische Séuren und Aldehyde wie
z.B. 3,4-Dihydroxybenzoesdure (Protocatechusdure) und 2,4,6-Trihydroxybenzaldehyd
(Phloroglucinaldehyd) (Prior und Wu 2006; Eker et al. 2019; Kay et al. 2009). Zudem werden
sowohl die nativen Anthocyane als auch deren Degradationsprodukte im
Fremdstoffstoffwechsel durch Phase-II-Enzyme weiter metabolisiert. Hierbei finden
Sulfatierungs-, Glucuronidierungs- sowie Methylierungsreaktionen statt, wodurch die Stabilitat
und Wasserloslichkeit der Anthocyane erhoht und somit ihre Verteilung und Ausscheidung
beeinflusst wird (Eker et al. 2019). Der grofite Teil der iiber die Nahrung aufgenommen
Anthocyane erreicht jedoch das Kolon, wo sie von der intestinalen Mikrobiota intensiv
metabolisiert werden (Kay et al. 2017). Dabei entstehen vor allem niedermolekulare,
phenolische Verbindungen (Abbildung 2), die z.B. mithilfe epithelialer Monocarboxylat-
Transporter absorbiert werden kénnen (Krga und Milenkovic 2019; Kay et al. 2017). So
konnten bereits zahlreiche Metabolite im Plasma und Urin nachgewiesen werden (Czank et al.
2013; Ferrars et al. 2014a; Mueller et al. 2017). Diese konnen zudem in deutlich hoheren
Konzentrationen im Plasma vorliegen als die nativen Verbindungen. Zudem weisen
Anthocyane eine deutlich kiirzere Plasmahalbwertszeit auf als ihre niedermolekularen,
phenolischen Metabolite (Kay et al. 2017). Vermutlich sind daher eher langanhaltend hohe
Metabolit-Konzentrationen fiir die gesundheitsférdernden FEigenschaften der Anthocyane
verantwortlich. Somit sollten bei der Beurteilung der Bioverfiigbarkeit nicht nur die nativen
Anthocyane, sondern auch die Vielzahl an Degradationsprodukten, sowie an Phase I-, Phase II-
und mikrobiellen Metaboliten beriicksichtigt werden. Diese fiele dadurch deutlich hoher aus als

bisher angenommen (Kay et al. 2017).
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Abbildung 2 Potenzieller Metabolismus von Cyanidin-3-Glukosid (eigene Darstellung nach Fang 2014

Zhu et al. 2018). Alle Strukturformeln wurden mit ChemSketch (Freeware) 2023.2.3,

Advanced Chemistry Development, Inc. (ACD/Labs), Toronto, ON, Canada, www.acdlabs.com erstellt.

.
b

Ferrars et al. 2014b
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1. Einleitung

1.2 Tumorerkrankungen, Inflammation und Migration

Laut statistischem Bundesamt stellen Tumorerkrankungen, nach kardiovaskuldren
Erkrankungen, die zweithdufigste Todesursache in Deutschland dar. Allein im Jahr 2022
verstarben in Deutschland iiber 200.000 Menschen an Krebs (Statistisches Bundesamt 2024).
Dabei weisen sowohl das kolorektale Karzinom als auch das Pankreaskarzinom hohe
Mortalitdtsraten auf, so dass sie in Deutschland die dritt- bzw. vierthdufigste tumorbedingte
Todesursache bei Madnnern und Frauen darstellen (RKI 2023). Vor allem Patienten mit
Pankreaskarzinom weisen eine &dullerst ungilinstige Prognose auf. Da Tumore der
Bauchspeicheldriise in frithen Stadien keine oder nur unspezifische Symptome verursachen,
werden bosartige Neubildungen der Bauchspeicheldriise hdufig erst spét erkannt (RKI 2023).
Zudem weisen Pankreaskarzinome ein hohes Metastasierungspotenzial auf, so dass bei mehr
als 80 % der Betroffenen zum Zeitpunkt der Diagnose bereits nicht resektable oder
metastasierte Pankreaskarzinome vorliegen (Guerrero et al. 2020). Dementsprechend liegt die
relative 5-Jahres-Uberlebensrate fiir Patienten mit Pankreaskarzinom in Deutschland bei nur
11 %. Im Gegensatz dazu ist die relative 5-Jahres-Uberlebensrate fiir Patienten mit
kolorektalem Karzinom mit 64-66 % relativ hoch (RKI 2023). Allerdings bildet jeder vierte
Patient mit kolorektalen Karzinom, trotz Resektion des Primartumors, Fernmetastasen aus
(Guyot et al. 2005). Vor dem Hintergrund, dass mehr als 90 % aller tumorbedingten Sterbefille
auf Metastasen zuriickzufiihren sind (Fares et al. 2020; Reymond et al. 2013), stellt die

Inhibierung der Metastasierung einen wichtigen therapeutischen Ansatzpunkt dar.

Bei der Metastasierung von Tumorzellen handelt es sich um einen komplexen, mehrstufigen
Prozess. Zunéchst proliferieren die Zellen des Primartumors und infiltrieren das umliegende
Gewebe, indem sie die extrazellulire Matrix mithilfe von Enzymen wie Matrix-
Metalloproteasen lysieren (Invasion). Darauthin 16sen sich einzelne oder mehrere Zellen aus
dem Primirtumor heraus und gelangen intravasal in den systemischen Blutkreislauf
(Intravasation). Die im Blut zirkulierenden Tumorzellen adhirieren anschlieBend an das
Endothel und migrieren in distale Gewebe (Extravasation), wo sie sich als Sekundirtumor

manifestieren (Abbildung 3) (Fares et al. 2020; Reymond et al. 2013).
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1. Einleitung

Im Blut zirkulierende Selektin-vermittelte Integrin-vermittelte Gl el . Transendotheliale
Tumorzelle initiale Adhdsion Adhdsion Eidethes o e Evioklne Migration
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Abbildung 3 Transendotheliale Migration der Tumorzellen (eigene Darstellung). Die initiale, noch recht
lose, Adhédsion im Blut zirkulierender Tumorzellen an das Endothel wird in erster Linie durch E-Selektin
vermittelt, welches von den Endothelzellen exprimiert wird. AnschlieBend wird durch die Interaktion von o/f-
Integrinen und Integrin-Liganden eine festere Bindung zwischen den Endothel- und Tumorzellen ausgebildet.
Zudem sezernieren die Tumorzellen Wachstumsfaktoren (VEGF) sowie pro-inflammatorische Zytokine (TNF-
a, IL-1P), die eine lokale, niedrig-gradige Inflammation induzieren. Infolgedessen kommt es zur Aktivierung
des Endothels und zur vermehrten Expression Endothel-assoziierter Zelladhidsionsmolekiille wie ICAM-1.
Zudem wird die Stabilitdt der endothelialen Zell-Zell-Kontakte herabgesetzt, wodurch die transendotheliale
Migration (Extravasation) der Tumorzellen erleichtert wird (Fares et al. 2020; Reymond et al. 2013; Sulzmaier
et al. 2014).

ICAM, intercellular adhesion molecule 1; IL-1B, Interleukin-1p; TNF-0, Tumornekrosefaktor-a; VCAM,
vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.

Bei diesem Prozess spielen pro-inflammatorische Zytokine und Wachstumsfaktoren, die von
den Tumorzellen sekretiert werden, eine wichtige Rolle. Diese konnen sowohl autokrin auf die
Tumorzellen selbst wie auch parakrin auf die Endothelzellen wirken. Infolgedessen kommt es
zur Aktivierung intrazelluldrer Signaltransduktionswege wie dem NFkB (nuclear factor kappa
B)-Signalweg (Krga und Milenkovic 2019; Liu et al. 2017). NFxB-Proteine (NFkB1 (p50),
NF«B2 (p52), RelA (p65), RelB und c-Rel) stellen induzierbare Transkriptionsfaktoren dar, die
die Expression zahlreicher inflammatorischer Gene regulieren. Diese NFxB-Proteine liegen im
Zytoplasma an inhibitorische kB-Proteine wie z.B. IkBa gebunden vor, wodurch deren
Translokation in den Nukleus inhibiert wird (Liu et al. 2017). Allerdings konnen Zytokine und
Wachstumsfaktoren die Aktivierung des IkB-Kinase-Komplexes induzieren, welcher
wiederum die Phosphorylierung von IkBoa katalysiert. Infolgedessen kommt es zur
Ubiquitinierung und anschlieenden Degradation von IkBa durch das Proteasom. Daraufhin
kann die Translokation von NFkB-Heterodimeren, wie p50/RelA, in den Nukleus stattfinden,
wo diese die vermehrte Expression von pro-inflammatorischen Zytokinen sowie

Zelladhdsionsmolekiilen induzieren (Krga und Milenkovic 2019; Liu et al. 2017). Insbesondere
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Zelladhdsionsmolekiile spielen eine wichtige Rolle bei der Migration von Tumorzellen
(Reymond et al. 2013; Makrilia et al. 2009). Diese werden sowohl von den Tumorzellen als
auch von Endothelzellen exprimiert, wobei sich das Muster und Ausmal} der Expression
zwischen den beiden Zelltypen unterscheidet. Endothelzellen exprimieren vor allem
Zelladhdsionsmolekiile die zur Familie der Selektine (E-Selektin) und Immunglobulin-
Superfamilie (ICAM-1 (intercellular cell adhesion molecule) und VCAM-1 (vascular cell
adhesion molecule)) gehoren (Blankenberg et al. 2003). Diese dienen wiederum als Liganden
fiir o/B-Integrine (Blankenberg et al. 2003), die auf der Oberfldche der Tumorzellen vermehrt
exprimiert werden (Alday-Parejo et al. 2019). Eine Ubersicht der an der Tumorzellmigration
beteiligten Zelladhdsionsmolekiile sowie deren Liganden ist in Tabelle 2 dargestellt.

Tabelle 2 Ubersicht der an der Tumorzellmigration beteiligten Zelladhisionsmolekiile und ihrer
Liganden (nach Blankenberg et al. 2003; Cooper und Giancotti 2019).

Zelladhisionsmolekiile CD-Nomenklatur Ligand

Integrine

Integrin-a3 CD49c Fibronektin, Laminin
Integrin-a4 CD49d VCAM-1, Fibronektin
Integrin-a6 CD49f Laminin

Integrin-B1 CD29 VCAM-1, Laminin, Fibronektin
Integrin-p2 CD18 ICAM-1

Integrin-B4 CD104 Laminin

Immunglobuline

ICAM-1 CD54 Integrin-f32

VCAM-1 CD106 Integrin-B1,Integrin-p2, Integrin-o4

CD, cluster of differentiation.

Bei Integrinen handelt es sich um heterodimere, transmembrane Glykoproteine, die aus einer
a- sowie einer B-Untereinheit bestehen (Pan et al. 2018). Sie spielen eine zentrale Rolle fiir die
Metastasierung von Tumorzellen (Reymond et al. 2013; Alday-Parejo et al. 2019), da sie
sowohl die Adhdsion von Tumorzellen an Proteine der extrazelluliren Matrix (Fibronektin,
Laminin und Kollagen) als auch Zell-Zell-Interaktionen vermitteln (Alday-Parejo et al. 2019;
Pan et al. 2018). Infolge dessen kommt es zur Aktivierung verschiedener intrazelluldrer
Signalwege (Pan et al. 2018). In diesem Zusammenhang ist insbesondere der FAK-SFK-
Signalweg (focal adhesion kinase (FAK)-Src family kinase (SFK) signaling) zu nennen. Die
Autophosphorylierung der nicht Rezeptor Tyrosin Kinase FAK an Tyrosin 397 (Y397) (Yu et
al. 2022) ermdglicht die Bindung der Src Kinase, die wiederum die Hyperphosphorylierung der
FAK katalysiert und somit zu deren vollstindigen Aktivierung beitrégt (Dawson et al. 2021;

Zhao und Guan 2011). Der sich gegenseitig aktivierende FAK-Src-Komplex reguliert
13



1. Einleitung

verschiedene zelluldre Funktionen, indem er durch Phosphorylierung weiterer Effektorproteine
die Aktivierung zahlreicher downstream Signaltransduktionswege initiiert und somit die
Tumorproliferation und -progression fordert (Zhao und Guan 2011). So konnte bereits fiir
verschiedene Tumore, wie Pankreas- und Kolonkarzinome, eine gesteigerte Expression
und/oder Aktivierung der FAK beobachtet werden (Yu et al. 2022; Zhou et al. 2017). Zudem
ist die Uberexpression bzw. Aktivierung der FAK mit dem Invasions- und
Metastasierungspotenzial, einem geringeren Ansprechen auf Chemotherapeutika sowie einer
schlechteren klinischen Prognose assoziiert (Yu et al. 2022; Zhao und Guan 2011). Allerdings
konnte bereits gezeigt werden, dass Anthocyane die Invasion und Migration von
Brustkrebszellen hemmen, indem sie die Aktivierung des FAK-SFK-Signalwegs inhibieren
(Zhou et al. 2017). Ahnliche Effekte konnten auch schon fiir Delphinidin in
Kolonkarzinomzellen gezeigt werden. Zudem hemmte Delphinidin konzentrationsabhéngig die
Expression der Integrine-aV und -f3 (Huang et al. 2019). Allerdings wurden in diesen
Untersuchungen pharmakologische Konzentrationen eingesetzt. Interessanterweise konnten
jedoch Kuntz et al. (2017) erstmals zeigen, dass Anthocyane und deren Metabolite, die 60
Minuten nach Aufnahme eines Anthocyan-reichen Trauben-/Heidelbeersafts aus dem Plasma
gesunder Probanden isoliert wurden, in physiologischen Konzentrationen, die
Tumorzellmigration von Pankreaskarzinomzellen (PANC-1) hemmen. Moglicherweise
konnten die beobachteten anti-migratorischen Effekte auf eine verminderte Expression von
Zelladhdsionsmolekiilen auf den Tumorzellen zuriickzufiihren sein. Allerdings ist bisher
unklar, inwiefern physiologische Konzentrationen an Anthocyanen sowie deren Metaboliten
die Expression von Zelladhdsionsmolekiilen auf Tumorzellen und infolgedessen die

Tumorzellmigration beeinflussen.

1.3 Kardiovaskulire Erkrankungen, Inflammation und NLRP3 Inflammasom

Der rapide Anstieg der Adipositaspriavalenz in den letzten Dekaden ist gesellschaftlich
problematisch, da Ubergewicht und Adipositas zu den Hauptrisikofaktoren fiir eine Vielzahl an
nicht libertragbaren Erkrankungen — insbesondere kardiovaskuldren Erkrankungen — gehdren
(Kluge 2022). Charakteristisch fiir diese vaskuldren Erkrankungen ist eine chronische,
niedrig-gradige Inflammation (low-grade inflammation, LGI), die hiufig mit Ubergewicht
und Adipositas assoziiert ist (Ngamsamer et al. 2022; Henein et al. 2022). Allerdings sind die
zu Grunde liegenden Mechanismen fiir die sub-klinisch erh6hten Inflammationsmarker bisher

nicht eindeutig geklart. Neben der Beteiligung hypertropher Adipozyten am
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Inflammationsgeschehen scheint vor allem die Aktivierung zirkulierender Monozyten zur LGI
beizutragen. So konnte bereits gezeigt werden, dass klassische Monozyten adipdser
Risikopatienten vermehrt pro-inflammatorische Zytokine sekretieren (Henein et al. 2022;
Ghanim et al. 2004), die wiederum weitere Zellen wie Endothel- und Immunzellen aktivieren
und somit zu einer sich potenzierenden inflammatorischen Antwort fiihren (Molla et al. 2020).
Zudem deuten neuere Erkenntnisse darauf hin, dass auf mechanistischer Ebene, eine
tiberméBige Aktivierung des NOD-like receptor pyrin domain-containing protein 3 (NLRP3)
Inflammasoms, zur Entstehung der LGI beitrdgt (Ngamsamer et al. 2022; Ralston et al. 2017).

Beim NLRP3 Inflammasom handelt es sich um einen zytosolischen Multiproteinkomplex, der
vor allem von myeloiden Zellen des angeborenen Immunsystems exprimiert wird (Gritsenko et
al. 2020; Baldrighi et al. 2017). Die Formierung und Aktivierung des NLRP3 Inflammasoms
fiihrt zur Sekretion pro-inflammatorischer Zytokine und somit zu einer schnellen
inflammatorischen Antwort, die fiir die Abwehr von Pathogenen entscheidend ist (Gritsenko et
al. 2020; Vetrani et al. 2022). Allerdings begiinstigen metabolische Verdnderungen, bei
iibergewichtigen/adipdsen Risikopatienten, eine iibermidBige Aktivierung des NLRP3
Inflammasoms und somit die vermehrte Sekretion pro-inflammatorischer Zytokine. In diesem
Zusammenhang konnte bereits an Méusen gezeigt werden, dass eine fettreiche Erndhrung zur
gesteigerten Aktivierung des NLRP3 Inflammasoms im Lebergewebe fiihrt (Wang et al. 2017).
Zudem konnte bei Patienten mit Diabetes mellitus Typ 2 eine erhohte Aktivierung des NLRP3
Inflammasoms in PBMCs (peripheral blood mononuclear cells) beobachtet werden, was mit
einer vermehrten Interleukin-1f (IL-1B) und IL-18 Sekretion einherging (Lee et al. 2013). Diese
Fehlregulation der Inflammasomaktivierung scheint somit — auf mechanistischer Ebene — zur

Entstehung der LGI und somit zur Pathogenese inflammatorischer Erkrankungen beizutragen

(Grebe et al. 2018).

Interessanter Weise scheint die Fehlregulation der Inflammasomaktivierung auch die
Tumorprogression zu fordern (Pretre et al. 2022; Sharma und Kanneganti 2021). In diesem
Zusammenhang spielt vor allem die Sekretion von IL-1f3, welches sowohl von den Tumorzellen
selbst als auch von Immunzellen in der Tumormikroumgebung sezerniert werden kann, eine
wichtige Rolle (Sharma und Kanneganti 2021). So konnte bereits gezeigt werden, dass durch
IL-1pB die Expression endothelialer Zelladhisionsmolekiile gesteigert und so die Metastasierung
von Tumorzellen gefordert wird (Li et al. 2021b). Zudem konnte durch Blockierung des IL-1§3-
Rezeptors, mithilfe von Antagonisten, sowohl das Wachstum als auch die Metastasierung von

Tumorzellen gehemmt werden (Sharma und Kanneganti 2021). Des Weiteren sind
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verschiedene Single Nucleotide Polymorphisms des NLRP3-Gens mit einigen
Tumorerkrankungen, wie z.B. Pankreaskarzinomen, assoziiert (Pretre et al. 2022; Sharma und
Kanneganti 2021). Dariiber hinaus zeigen Transkriptomanalysen NLRP3-Inflammasom
assoziierter Gene, dass diese im Tumorgewebe vermehrt exprimiert werden (Pretre et al. 2022).
Die genaue Bedeutung des NLRP3 Inflammasoms fiir die Tumorprogression und

Metastasierung ist jedoch bisher nicht eindeutig geklart (Li et al. 2021b).

Die kanonische Aktivierung des NLRP3 Inflammasoms erfolgt typischerweise in zwei
Schritten und flihrt zur Formierung eines einzelnen makromolekularen Multiproteinkomplexes.
Dieser aus dem Sensorprotein NLRP3, dessen Adaptormolekiill ASC (apoptosis-associated
speck-like protein containing a caspase activating and recruitment domain) sowie der inaktiven
pro-Caspase-1 bestehende Multiproteinkomplex wird auch als ASC Speck bezeichnet (Hoss et
al. 2017). Der erste Schritt der Inflammasomaktivierung (Priming) wird sowohl durch
systemisch erhohte Konzentrationen pro-inflammatorischer Zytokine (IL-1f und
Tumornekrosefaktor-o. (TNF-a)) (Baldrighi et al. 2017), wie sie bei iibergewichtigen/adipdsen
Risikopatienten bereits beobachtet wurden, als auch durch bakterielle Bestandteile wie
Lipopolysaccharide (LPS), deren Konzentration in der Zirkulation {ibergewichtiger
Risikopatienten ebenfalls erhdht ist (Vetrani et al. 2022), vermittelt. Durch die Bindung dieser
Liganden an Zytokin- bzw. Toll-like-Rezeptoren (TLR) wird unter anderem die Aktivierung
des NF«kB-Signalwegs induziert, wodurch wiederum die Transkription von NLRP3 und pro-IL-
1B gesteigert wird (Groslambert und Py 2018). Diesbeziiglich konnte bereits beobachtet
werden, dass die Expression des TLR-4 auf der Oberflache klassischer Monozyten adipdser
Risikopatienten hoher ist als bei Normalgewichtigen (Devévre et al. 2015; Mattos et al. 2016).
Dies konnte zur verstirkten Induktion des Priming-Schrittes und somit zur vermehrten
Sekretion pro-inflammatorischer Zytokine bei Risikopatienten beitragen. Die Aktivierung des
NLRP3 Inflammasoms erfolgt jedoch erst durch ein zweites unabhiangiges Signal, welches bei
iibergewichtigen/adipdsen Risikopatienten durch den infolge von Ubergewicht und fettreicher
Erndhrung entstehenden metabolischen Stress vermittelt werden kann. Dieses Signal fiihrt zur
Konformationsédnderung des NLRP3 Proteins, wodurch die Formierung des ASC Specks
ermdglicht wird. Die anschlieBende autoproteolytische Aktivierung der pro-Caspase-1, welche
die Reifung der pro-inflammatorischen Zytokine IL-1p und IL-18 katalysiert, fiihrt zur
Freisetzung dieser Zytokine, die — wie bereits oben beschrieben — zur Aktivierung weiterer
Immunzellen und somit zu einer sich potenzierenden inflammatorischen Antwort beitragen

(Abbildung 4) (Baldrighi et al. 2017; Vetrani et al. 2022; Groslambert und Py 2018).
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Abbildung 4 Formierung und Aktivierung des NLRP3 Inflammasoms in humanen Monozyten (eigene
Darstellung). Der erste Schritt (Priming) der Inflammasomaktivierung kann sowohl durch inflammatorische
Zytokine als auch durch Lipopolysaccharide vermittelt werden. Durch die Bindung dieser Stimuli an Zytokin-
bzw. Toll-like-Rezeptoren, wird die Aktivierung des NFkB-Signalwegs induziert, wodurch wiederum die
NLRP3 und pro-IL-1p Expression gesteigert wird. Ein zweites unabhéngiges Signal, welches durch den infolge
von fettreicher Erndhrung und Ubergewicht auftretenden metabolischen Stress vermittelt werden kann, fiihrt
zur Formierung des ASC Specks. Hierdurch kommt es zur Aktivierung der pro-Caspase-1, welche daraufthin
die Spaltung von pro-IL-1p und pro-IL-18 katalysiert. Zudem 16st die kanonische Aktivierung des NLRP3
Inflammasoms eine spezielle Form des Zelltodes aus, die als Pyroptose bezeichnet wird. Dabei spaltet die aktive
Caspase-1 das Protein Gasmerdin D, dessen N-terminales Fragment Poren in der Zellmembran formt. Der
Verlust der Zellintegritit fiihrt zur Freisetzung inflammatorischer Zytokine sowie weiterer damage-associated
molecular patterns, die wiederum zur Aktivierung des Endothels sowie weiterer Immunzellen beitragen und
somit zu einer sich potenzierenden inflammatorischen Antwort fithren (Baldrighi et al. 2017).

ASC, apoptosis-associated speck-like protein containing a CARD domain; GSDM, Gasdermin D; IL,
Interleukin; LPS, Lipopolysaccharide; NLRP3, NOD-like receptor pyrin domain-containing protein 3; NT, N-
terminales Ende; TLR, Toll-like-Rezeptor.

Somit stellt die Inhibierung dieses inflammatorischen Geschehens einen wichtigen praventiven
Ansatzpunkt dar, um die LGI und die Entstehung inflammatorischer Erkrankungen in einem
sehr frithen sub-klinischen Stadium zu hemmen. Moglicherweise konnten diese, bei
iibergewichtigen/adipdsen Risikopatienten, fehlregulierten Prozesse der
Inflammasomaktivierung durch Anthocyane und deren Metabolite positiv beeinflusst werden.
Allerdings ist der Einfluss von Anthocyanen und insbesondere ihrer Metabolite auf die

Aktivierung des NLRP3 Inflammasoms in humanen Monozyten bisher unklar.
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Anthocyanen wird ein hohes gesundheitsforderndes Potenzial zugeschrieben. Allerdings ist die
Bioverfligbarkeit nativer Anthocyane relativ gering. Nur etwa 1-2 % der liber die Nahrung
aufgenommenen Anthocyane gelangen unveridndert in den systemischen Kreislauf, da diese
sowohl im Gastrointestinaltrakt als auch in der Leber intensiv metabolisiert werden. Dabei
entsteht eine Vielzahl an phenolischen Metaboliten, die vermutlich in einem hoheren Ausmal
zur biologischen Wirksamkeit der Anthocyane beitragen als die nativen Verbindungen selbst.
Ziel dieser Dissertation war es daher, das anti-migratorische und anti-inflammatorische
Potenzial von Anthocyanen sowie deren Metaboliten in kanzerogenen Zellen zu untersuchen.
Dabei sollten im Rahmen dieser Dissertation die folgenden zwei Hauptfragestellungen

untersucht werden:

1. Welchen Einfluss haben Anthocyane und ihre Metabolite auf die Migration kanzerogener

Zellen?

2. Welchen Einfluss haben Anthocyane und ihre Metabolite auf die Aktivierung des NLRP3

Inflammasoms?

Fiir die Beantwortung der ersten Fragestellung wurde bereits im Vorfeld eine randomisierte,
Placebo-kontrollierte Cross-over-Interventionsstudie durchgefiihrt, im Rahmen derer junge,
gesunde Probanden, liber einen Zeitraum von 4 Wochen, téglich 330 mL eines Anthocyan-
reichen Trauben-/Heidelbeersafts (80 % Traubensaft, Sorte Accent, 20 % Heidelbeersaft) bzw.
330 mL eines Anthocyan-reduzierten Placebosafts zu sich nahmen. Sowohl vor als auch nach
der jeweiligen Intervention wurden Blutproben gewonnen und die Anthocyane sowie deren
Metabolite mittels Festphasenextraktion aus dem Plasma isoliert. AnschlieBend wurde im

ersten Teil dieser Dissertation, mithilfe von in vitro-Migrationsmodellen (Boyden Kammer),

der Einfluss der aus dem Plasma isolierten Anthocyane sowie deren Metabolite auf die
Migration von Kolon- (HT-29 und Caco-2) und Pankreaskarzinomzellen (PANC-1 und AsPC-
1) untersucht. Da Zelladhédsionsmolekiile an der Tumoradhdsion und -migration beteiligt sind,
wurde in der vorliegenden Arbeit ebenfalls untersucht, inwiefern die Expression dieser durch
aus dem Plasma isolierte Anthocyane sowie deren Metabolite beeinflusst wird. Dazu wurde die

Expression der Zelladhidsionsmolekiile auf den Tumor- und Endothelzellen

durchflusszytometrisch analysiert. Da die Behandlung mit Chemotherapeutika eine wichtige

Sdule der Tumortherapie darstellt, wurde ebenfalls untersucht, inwiefern aus dem Plasma

isolierte Anthocyane sowie deren Metabolite die Wirkung des Chemotherapeutikums 5-
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Fluorouracil (5-FU), welches hédufig im Rahmen konventioneller Behandlungsregime

eingesetzt wird, beeinflussen.

Fiir die Beantwortung der zweiten Fragestellung wurde im zweiten Teil dieser Dissertation

zunichst ein in vitro-Modell etabliert, um den Einfluss von Anthocyanen und ihrer Metabolite

auf die Aktivierung des NLRP3 Inflammasoms in THP-1 Monozyten zu untersuchen. Hierzu
wurden die Zellen zundchst mit LPS stimuliert (Priming) und/oder die Aktivierung des NLRP3
Inflammasoms mit Nigericin induziert. Nach erfolgreicher Validierung dieses Modells, wurde
der Einfluss von Anthocyanen und ihrer Metabolite auf die Aktivierung des NLRP3
Inflammasoms untersucht. Dazu wurden die monozytiren THP-1 Zellen mit einem Anthocyan-
reichen Trauben-/Heidelbeerextrakt oder mit phenolischen Metaboliten prainkubiert, bevor das
NLRP3 Inflammasom — wie bereits beschrieben — mit LPS und/oder Nigericin aktiviert wurde.
Die Expression von ASC und NLRP3 sowie die Formierung der ASC Specks wurde

durchflusszytometrisch bestimmt. Zudem wurde die Caspase-1-Aktivitdt in THP-1 Monozyten

mithilfe eines Biolumineszenz-basierten Assays gemessen und die Sekretion von IL-13 sowie

IL-18 in den Zellkulturiiberstand mittels ELISA erfasst.

Eine Ubersicht der zur Untersuchung der beiden Hauptfragestellungen verwendeten in vitro-

Modelle ist in Abbildung 5 dargestellt.
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Abbildung 5 In vitro-Modelle zur Untersuchung des Einflusses von Anthocyanen und ihrer Metabolite
auf die Migration und die Aktivierung des NLRP3 Inflammasoms in kanzerogenen Zellen (eigene

Darstellung).
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Abstract: Cancer mortality is mainly due to metastasis. Therefore, searching for new
therapeutic agents suppressing cancer cell migration is crucial. Data from human studies
regarding effects of anthocyanins on cancer progression, however, are scarce and it is unclear
whether physiological concentrations of anthocyanins and their metabolites reduce cancer cell
migration in vivo. In addition, interactions with chemotherapeutics like 5-fluorouracil (5-FU)
are largely unknown. Thus, we combined a placebo-controlled, double-blinded, cross-over
study with in vitro migration studies of colon cancer cell lines to examine the anti-migratory
effects of plasma-isolated anthocyanins and their metabolites (PAM). Healthy volunteers (n =
35) daily consumed 0.33 L of an anthocyanin-rich grape/bilberry juice and an anthocyanin-
depleted placebo juice for 28 days. PAM were isolated before and after intervention by solid-
phase extraction. HT-29 and Caco-2 cells were incubated with PAM in a Boyden chamber.
Migration of HT-29 cells was significantly inhibited by PAM from juice but not from placebo.
In contrast, Caco-2 migration was not affected. Co-incubation with 5-FU and pooled PAM from
volunteers (n = 10), which most effectively inhibited HT-29 migration, further reduced HT-29
migration in comparison to 5-FU alone. Therefore, PAM at physiological concentrations

impairs colon cancer cell migration and may support the effectiveness of chemotherapeutics.

Keywords: anthocyanins; migration; intervention study; colon cancer; 5-fluorouracil; grapes;

bilberry; antioxidant capacity; juice
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Abstract: Cancer mortality is mainly due to metastasis. Therefore, searching for new therapeutic
agents suppressing cancer cell migration is crucial. Data from human studies regarding effects of
anthocyanins on cancer progression, however, are scarce and it is unclear whether physiological
concentrations of anthocyanins and their metabolites reduce cancer cell migration in vivo. In addition,
interactions with chemotherapeutics like 5-fluorouracil (5-FU) are largely unknown. Thus, we
combined a placebo-controlled, double-blinded, cross-over study with in vitro migration studies of
colon cancer cell lines to examine the anti-migratory effects of plasma-isolated anthocyanins and
their metabolites (PAM). Healthy volunteers (n = 35) daily consumed 0.33 L of an anthocyanin-rich
grape/bilberry juice and an anthocyanin-depleted placebo juice for 28 days. PAM were isolated before
and after intervention by solid-phase extraction. HT-29 and Caco-2 cells were incubated with PAM in
a Boyden chamber. Migration of HT-29 cells was significantly inhibited by PAM from juice but not
from placebo. In contrast, Caco-2 migration was not affected. Co-incubation with 5-FU and pooled
PAM from volunteers (n = 10), which most effectively inhibited HT-29 migration, further reduced
HT-29 migration in comparison to 5-FU alone. Therefore, PAM at physiological concentrations
impairs colon cancer cell migration and may support the effectiveness of chemotherapeutics.

Keywords: anthocyanins; migration; intervention study; colon cancer; 5-fluorouracil; grapes; bilberry;
antioxidant capacity; juice

1. Introduction

Colorectal cancer (CRC) is one of the most common cancer types worldwide. In 2020,
more than one million patients were newly diagnosed and ~600,000 CRC deaths oc-
curred [1]. However, CRC incidence shows distinct geographic variations, with higher
incidence rates in industrialized countries revealing Western lifestyle, and particularly
Western diet, as major modifiable risk factors [2,3]. Although the 5-year relative survival
rate for CRC patients with localized disease is about 90% [4], metastasis is associated
with poor outcomes. In CRC patients with metastasis, the 5-year relative survival rate
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dramatically declines to 14% [4]. Therefore, CRC is the second leading cause of cancer
death globally [1] and searching for new therapeutic agents to impair tumor progression
and metastasis is critical.

Carcinogenesis and metastasis are associated with oxidative stress that is character-
ized by excessive levels of reactive oxygen species (ROS) [5]. ROS are highly reactive and
capable of damaging macromolecules such as DNA, proteins, and lipids, as well as cellular
structures, thus promoting malignant transformation [5,6]. In addition, mitochondrial
dysfunction and high ROS levels increment the migratory and invasive potential of several
cancer cell lines [7-9]. Therefore, antioxidants are hypothesized as chemopreventive and
chemotherapeutic agents [6]. In recent years, several plant-derived phytochemicals, par-
ticularly polyphenols, have attracted remarkable attention for their potential to prevent
tumor initiation, promotion, and progression, due to their low cost, low toxicity, and the un-
desirable adverse side effects of chemotherapeutical drugs [10]. Anthocyanins, a subgroup
of flavonoids, belong to the most prevalent group of polyphenols in fruits [11] and are
responsible for their orange to bluish-red color [12-14]. Pelargonidin, cyanidin, delphinidin,
peonidin, petunidin, and malvidin are the predominant dietary anthocyanidins. These
six anthocyanidins account for more than 90% of all yet identified anthocyanins [15]. How-
ever, anthocyanins in fruits are primarily present as glycosides or acylated glycosides.
Berries such as blueberries, blackberries, raspberries, cranberries, and grapes show antho-
cyanin contents between 21 and 390 mg per 100 g fresh weight [16] with peonidin and
cyanidin being the major anthocyanins in grapes and berries, respectively [17]. It is well
known, that due to their structural polyphenolic characteristics, anthocyanins exhibit a high
antioxidative potential, e.g., because of their capability for donating electrons [18], scaveng-
ing ROS [19,20], preventing ROS-induced oxidative damage or influencing antioxidative
enzyme expression [21,22]. In epidemiological studies, total dietary anthocyanin intake
is inversely associated with CRC [18,23,24]. In addition, numerous in vitro and in vivo
studies reveal that anthocyanins are able to decelerate CRC promotion and progression
by several mechanisms such as triggering cell cycle arrest and apoptosis or inhibiting
proliferation and invasion by different signaling pathways [10,17], whereas studies re-
garding the anti-migratory effects of anthocyanins on colon cancer cells are scarce [25-27].
Nonetheless, it is also known that the bioavailability of anthocyanins is relatively low
and native anthocyanins are only detectable at very low concentrations in the systemic
circulation [28,29]. Anthocyanins which are not absorbed in the duodenum reach the
lower gastrointestinal tract where they are metabolized by the gut microbiota. Recently,
it has been shown that microbially metabolized anthocyanin compounds account for the
majority of absorbed berry phenols [30]. Moreover, these anthocyanin metabolites also
show bioactive properties and seem to be more effective than native anthocyanins to reduce
Caco-2 cell proliferation [17]. In this context, we have recently shown for the first time
that physiological concentrations of anthocyanins and their metabolites isolated from the
plasma of healthy volunteers after a single dose of an anthocyanin-rich juice were able to
reduce tumor cell migration of the pancreatic cancer cell line PANC-1 in vitro [31]. This
was accompanied by a significant reduction in ROS levels and decreased matrix metal-
loproteinases (MMP-2 and MMP-9), as well as NF-kB, mRNA expression [31]. Despite
the common concept of antioxidants as tumor suppressors, recent evidence indicates that
antioxidants may also act as tumor promotors, especially in metastasis [6]. Therefore, the
role of ROS and antioxidants such as anthocyanins during metastasis are still not fully
understood [32]. Similarly, the prognostic importance of enzymatic and non-enzymatic
biomarkers of oxidative stress in colorectal cancer progression and metastasis is still unclear.
In CRC patients biomarkers of oxidative stress are significantly increased, whereas the total
antioxidant capacity (TAC) is significantly lower compared with healthy controls [5,33].
Thus, CRC patients may be more vulnerable to oxidative stress and administering of an-
thocyanins might improve the antioxidant capacity, overall health, and the outcome for
CRC patients.
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Therefore, the primary outcome of the present study was to determine whether
physiological concentrations of anthocyanins and their metabolites, isolated from plasma
of healthy volunteers after long-term consumption of an anthocyanin-rich grape/bilberry
juice, impair the migratory potential of two colon cancer cell lines, HT-29 and Caco-2,
in vitro. Although both cell lines were isolated from adenocarcinoma and exhibit epithelial
phenotypes [34-36], HT-29 and Caco-2 cells were chosen due to their varying grade of
differentiation [37] and their different migratory, as well as metastatic, potential [36].
We further aimed to investigate whether possible anti-migratory effects were associated
with alterations of antioxidant status parameters in the plasma or urine of the volunteers
(secondary outcome).

2. Materials and Methods
2.1. Preparation and Characterization of the Anthocyanin-Rich Juice and the
Anthocyanin-Depleted Placebo

The anthocyanin-rich juice and the anthocyanin-depleted placebo were produced at
the Hochschule Geisenheim University (Department of Beverage Research, Geisenheim,
Germany) and were similar to the juices for the ANTHONIA study with minor
modifications [21,38]. Briefly, juices were made from 80% red grape juice (grape variety
Accent) and 20% bilberry juice (Heidelbeersaft blank BIO (Bayernwald KG, Hengersberg,
Germany). Grapes were extracted in a press and the resulting juice was separated, blended
with the bilberry juice, pasteurized, and hot-filled into 0.33 L brown glass bottles. Placebo
juice was obtained by passing the juice through SP70 Sepabeads® absorber resin (Resindion
S.rl, Binasco, Italy). Both juices were analyzed directly after membrane filtration (0.45 um)
for basic analytical parameters such as total phenolics, concentrations of anthocyanins,
and TEAC (Trolox equivalent antioxidative capacity) as described elsewhere [39]. Antho-
cyanins were analyzed by LC-MS as previously described [21]. Quantitation was carried
out in duplicate using peak areas detected at 520 nm and based on external calibration
via the reference substance cyanidin-3-O-glucoside (0.1-100 mg/L; linearity of calibration,
12 = 0.9999). For cyanidin-3-O-glucoside, the limit of detection was 0.01 mg/L and the limit
of quantitation was 0.04 mg/L.

2.2. Study Design and Study Subjects

The randomized, placebo-controlled, double blinded, cross-over ATTACH study
(Anthocyanins Target Tumor cell Adhesion—Cancer vs. Endothelial Cell (HUVEC) In-
teractions study) was carried out at the Department of Nutritional Science, Justus Liebig
University, Giessen (Germany) between April and August 2019. Sample size was calculated
based on the results of our previous published migration study [31] with a 3- and x-error
of 0.8 and 0.05 and a drop-out rate of 20%. Calculations were made with Stata Version
15.1 (StataCorp LLC, College Station, TX, USA) from ASKNET solutions AG (Karlsruhe,
Germany). In total, 45 healthy students from the Justus Liebig University, Giessen were
recruited and due to exclusion criteria (drugs and antibiotics in the last 3 months before
the study, vitamin and mineral supplementation, as well as intestinal or cardiovascular
diseases) 2 were excluded. After randomization 8 declined to participate due to non-
compliance with the nutritional recommendations. From the 35 volunteers (female n = 27
and male n = 8), 13 were omnivores, 8 vegetarians, 2 vegans and 1 pescetarian with a mean
=+ SD age of 24.4 + 2.3 years (range: 19-29 years), an initial body weight of 64.3 = 17.9 kg
(range: 49-93 kg), and a BMI of 21.7 & 2.6 kg/ m? (range: 18.4-27.6 kg/ m?). Baseline char-
acteristics did not change during the total study period. Of the 35 subjects, 34 collected all
samples (blood and urine), whereas one subject had an incomplete urine sample collection.

Volunteers received the beverages, denoted as “one” or “two”, weekly at the Depart-
ment of Nutritional Science. The beverages were filled in brown bottles to ensure blinding
and distributed weekly to the volunteers by the lab personal. Participants were instructed
to daily consume 0.33 L of the anthocyanin-rich juice or the anthocyanin-depleted placebo
for 28 days. They were instructed to keep the juices cool and to avoid their exposure to
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direct light. Thus, after a 7-day wash-out period, a 28-day intervention period followed,
and the first phase was completed by a 14-day run-out period. After the run-out phase, the
next phase started with the next beverage (Figure 1).

anthocyanin-low diet . « anthocyanin-low diet >
£y run-in intervention run-out |\ /|  run-in intervention
g -g 1 (wash-out-phase) (juice or placebo juice) /.:"‘:\ (wash-out-phase) (juice or placebo juice)
& 7-d 28-d 14-d 7-d 28-d
day 0 day 28 day 0 day 28
sample collection sample collection
(blood and 24h-urine) (blood and 24h-urine)

Figure 1. Study design of the ATTACH study. Participants consume the anthocyanin-rich juice and
the anthocyanin-depleted placebo. Before (day 0) and after each intervention (day 28), blood and
24 h-urine samples were collected and processed for biochemical analyses (1 = 35). d, day.

As phenolic compounds including anthocyanins are present in many foodstuffs and
beverages, participants were explicitly counseled prior to the start of the study to fol-
low a low phenolic/anthocyanin diet during the run-in and intervention period to avoid
possible effects of other phenolics, especially anthocyanins, from the diet. Similar to our
ANTHONIA study, the volunteers received a list of categorizing foodstuffs including bev-
erages into “quantitatively limited” and “not being allowed” with slight modifications [21].
Foodstuffs were categorized according to their anthocyanin content based on data using
the USDA Database for the Flavonoid Content of Selected Foods (release 3.3 (2018); http:
/ /www.ars.usda.gov/, accessed on 1 March 2019) or a database on polyphenol contents
in food (Polyphenol-Explorer, release 3.0; http:/ /www.phenol-explorer.eu/compounds,
accessed on 1 March 2019) (Table S1).

Participants were also instructed to record their dietary intake over 3 days during each
intervention period in order to estimate their daily energy and nutrient intakes. Dietary
records were analyzed using the DGE-PC Professional software, version 1.10.0.0 (Table S2).
Participants were instructed to maintain their usual physical activity.

The study protocol was approved by the local ethics committee (registration number
13/10) and according to the guidelines laid down in the Declaration of Helsinki. It is
registered at DRKS (Deutsche Register Klinischer Studien) with the registration number
DRKS00014767. Written informed consent was obtained from all included participants and
data collection was conducted by the Department of Nutritional Science (Giessen, Germany).

2.3. Collection of Plasma and Urine Samples

Sample collection occurred before and after the two intervention periods. After an
initial 7-day run-in period, participants were instructed to collect their 24 h-urine and
blood was drawn by venipuncture into tubes with EDTA as anticoagulant (Sarstedt & Co.,
Nuembrecht, Germany). Plasma was separated immediately by centrifugation (1200x g
for 15 min; 4 °C). The supernatant was divided into aliquots and stored at —80 °C until
assayed (day 0). Volunteers again collected their 24 h-urine at the end of the intervention
and consumed the juice after an overnight fast together with breakfast on the last day of
the intervention period. Plasma samples were collected 6 h after juice ingestion (day 28).

2.4. Isolation of Plasma Anthocyanins and Their Metebaolites by Solid Phase Extraction

Plasma extraction of anthocyanins and their metabolites was based on the method
described recently [40]. Briefly, each aliquot (1 mL of plasma acidified with 30 uL of
50% aqueous formic acid (Lgc Promochem, Wesel, Germany)) was loaded onto an Oasis-
HLB (1 mL/30 mg) SPE cartridge (Waters, Inc., Eschborn, Germany), preconditioned with
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1 mL of methanol (Thermo Fischer Scientific, Langenselbold, Germany) and 1% formic acid,
followed by 1 mL of acidified water (1% formic acid). The cartridge was then washed with
1 mL of acidified water, after which anthocyanins and their metabolites were eluted with
1 mL of acidified methanol. Afterwards, eluates were dried under N, for approximately
3 h [40]. For cell migration studies with HT-29 and Caco-2 cells, dried anthocyanins isolated
from plasma as well as their metabolites (PAM) were resolved in the same volume of culture
media (1 mL; pH 7.2) as the original plasma volume (1 mL).

2.5. Cell Culture

The two human colon carcinoma cell lines HT-29 (HTB-38) and Caco-2 (HTB-37) were
purchased from the American Type Culture Collection (ATCC) (San Diego, CA, USA).
HT-29 is a cell line with epithelial morphology that was isolated in 1964 from a primary
tumor obtained from a 44-year-old female patient with colorectal cancer by J. Fogh [34].
HT-29 cells were grown in RPMI 1640 GlutaMax (Invitrogen GmbH, Darmstadt, Germany)
supplemented with 1 mmol/L sodium pyruvate (Invitrogen GmbH, Darmstadt, Germany)
and 10% fetal calf serum (FCS) (Invitrogen GmbH, Darmstadt, Germany). Caco-2 are
epithelial cells isolated from colon tissue derived from a 72-year-old male with colorectal
adenocarcinoma and has been widely used as a model of the intestinal epithelial barrier [35].
Cells were grown in DMEM (Invitrogen GmbH, Darmstadt, Germany) supplemented with
5 mM L-glutamine (Invitrogen GmbH, Darmstadt, Germany), 1 mmol/L sodium pyruvate
and 10% FCS. Thus, both cell lines were isolated from colon adenocarcinomas and were
most widely used for in vitro studies to compare their tumorigenicity genotype [41-43].
Both cell lines were sub-cultured twice a week, incubated at 37 °C in a humidified 5% (v/v)
CO;, atmosphere and used between passages 10 to 35. Culture medium was changed every
two days.

2.6. Cell Migration of Colon Cancer Cells In Vitro

Tumor cell migration was assessed in a Boyden chamber with the use of the CytoSelect
24-well Cell Migration Assay (CellBiolabs, San Diego, CA, USA) according to earlier
studies [31]. The feeder trays were coated with 100 uL of 10 ug/mL collagen (Merck
GmbH, Darmstadt, Germany) and aspirated until dryness. Onto the upper side of the
24-well feeder chamber (diameter of the chamber 6.5 mm; pore size 8 um), cells at a density
of 1 x 10°/mL were seeded in DMEM or RPMI 1640 GlutaMax containing 1% FCS and
diluted PAM (day 0 vs. day 28), whereas DMEM or RPMI 1640 GlutaMax supplemented
with 10% FCS were added to the lower chamber [41]. Cells were incubated in the feeder
tray for 36 h at 37 °C. Then cells on the lower side were detached from the membrane
using a cell detachment solution and afterwards lysed with a fluorescent-dye-containing
buffer. The extent of migration was assessed by the intensity of the fluorescence signal,
which was measured with a Synergy H1 microplate fluorescence reader (Biotek, Karlsruhe,
Germany). The number of migrated cells was determined according to a calibration curve
(500 to 15,000 cells). Results are expressed as median with interquartile range from n = 35
or n = 34 volunteers. A 100 mM stock of 5-FU (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) was prepared in absolute DMSO (Merck GmbH, Darmstadt, Germany) and
stored at —20 °C. The concentration of DMSO was less than 1% of drug treatment. For
treatment, 5-FU was diluted in culture media and added to cultures to give the desired
final concentration.

2.7. Assessment of Cell Viability by Flow Cytometry

Viability of cells was determined by flow cytometry with the Guava® ViaCount™
reagent (Luminex, MV’s, Hertogenbach, Netherlands). Therefore, HT-29 cells were seeded
at a density of 1 x 10° cells/mL in 24-well plates in complete medium with or without
PAM from the anthocyanin-rich juice, which were isolated before or after the 28-day inter-
vention as well as with different concentrations of 5-FU. After 36 h incubation, cells were
washed twice with PBS (Invitrogen GmbH, Darmstadt, Germany) and trypsinized with
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TrypLE Express (Invitrogen GmbH, Darmstadt, Germany). Cell viability and cytotoxicity
were measured according to the manufacturer’s instructions using a Guava® Muse® Cell
Analzyer (Luminex, MV’ss, Hertogenbach, Netherlands).

2.8. Oxidative Biomarkers in Plasma and Urine Samples

Oxidative biomarkers in plasma and urine samples were measured before (day 0) and
after each intervention period (day 28). Enzyme activities of superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) were determined by colorimetric methods
according to the manufacturer’s instructions (Cayman Chemical Company, Ann Arbor,
MI, USA) in a Synergy H1 microplate fluorescence reader (Biotek, Karlsruhe, Germany)
as described previously [21]. The amount of water and lipid soluble antioxidants in
plasma was assessed using the ABTS (2,2-azino-di-3-ethylbenzthiazoline sulphonate) assay
(Cayman Chemical Company, Ann Arbor, MI, USA). Generation of ABTS" from ABTS by
metmyoglobin is inhibited by antioxidants and yields a reduction in absorbance at 405 nm.
The capacity of antioxidants to reduce ABTS* generation was compared with that of Trolox
and quantified as Trolox equivalents (mmol/L TEAC) [21]. All analyses were performed in
duplicate and intra-assay coefficients of the assays were <12%. The total phenolic content
(TPC) in urine samples was determined after solid-phase extraction (SPE) (Oasis® MAX
96-well plate cartridges) using a rapid Folin-Ciocalteu method described earlier [44,45].
Briefly, in a thermo microtiter 96-well plate, 170 uL of Milli-Q water, 15 pL of the urine
extract, 12 puL of the Folin-Ciocalteu reagent (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and 30 pL of 20% sodium carbonate were mixed. After 1 h of incubation at room
temperature in the dark, the absorbance was measured at 750 nm using an UV /VIS Thermo
Multiskan Spectrum spectrophotometer (Vantaa, Finland). Gallic acid (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) was used as a standard and quantified as gallic
acid equivalents (mg/L). All samples were processed in triplicate and the coefficient of
variation (CV) was <10%. Results were multiplied by the urine output and expressed as
gallic acid equivalents (GAE) in mg/24 h

2.9. Statistical Analyses

Data from the volunteers who completed all phases of the study (n = 35; n = 34) were
analyzed. The outcome measures were prospectively designated as the differences in
migration of HT-29 and Caco-2 cells in vitro (primary outcome) and antioxidative parame-
ters (secondary outcome) of placebo and juice treatment before (day 0) and after (day 28)
intervention. Before-treatment versus after-treatment data within groups were analyzed
using a repeated measures one-way ANOVA, with Sidak’s post hoc test. A mixed model
with multiple comparison test (Sidak’s) were used for data sets with missing values. The
normality of continuous variables was assessed using Kolmogorov-Smirnov normality
test. Asterisks are used in the figures to denote p values < 0.05, which were considered
significant. Data were expressed as mean £ SD or as median with interquartile range
(25th—75th percentile). Correlation analyses were evaluated using Spearman correlation (r)
with differences between values from day 28 and day 0 after anthocyanin-rich juice intake
(e.g., A values = values ]_28-days—values J_0-days). GraphPad Prism 9 Version 9.3.1. from
ASKNET solutions AG (Karlsruhe, Germany) was used for data analyses.

3. Results
3.1. Composition of the Anthocyanin-Rich Juice and the Anthocyanin-Depleted Placebo

In this cross-over, placebo-controlled intervention study, an anthocyanin-rich grape/
bilberry juice was given to healthy male and female volunteers for 28 days in order to
investigate the influence of PAM on cancer cell migration in vitro. To eliminate possi-
ble effects of other juice compounds, an anthocyanin-depleted placebo juice was also
applied. The anthocyanin-rich juice exhibited an especially high antioxidant activity corre-
sponding to a higher TEAC value (27 £ 1.7 mmol/L), as well as higher concentrations of
total phenolics (2622 &+ 56 mg/L catechin equivalents) and anthocyanins (942 £ 10 mg/L
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cyanidin-3-O-equivalents) in comparison with the anthocyanin-depleted placebo (TEAC:
1.0 £ 0.04 mmol/L; total phenolics: 115 £ 5.0 mg/L catechin equivalents; anthocyanins:
6.3 £ 0.5 mg/L cyanidin-3-O-glucoside equivalents). In comparison with commercially
available grape (TEAC: 10-12 mmol/L) and blueberry juices (TEAC: 13-17 mmol/L) the
TEAC value of our juice was approximately 2-3-fold higher [46-48]. Regarding antho-
cyanins, which were the main phenolics in both beverages, the applied beverages con-
siderably differed in their profile and contents (Table 1). Due to the high grape content,
peonidin-3,5-O-diglucoside and malvidin-3,5-O-diglucoside were the most abundant an-
thocyanins in the juice and accounted for more than 51.5% of all anthocyanins, followed
by peonidin-3-O-glucoside and malvidin-3-O-glucoside. In comparison with the juice, the
placebo contained only minor amounts of anthocyanins.

Table 1. Anthocyanin composition of the anthocyanin-rich juice and the anthocyanin-depleted placebo *.

Anthocyanin-Rich Anthocyanin-Depleted

Juice Placebo
Anthocyanins (mg/L) (%) mg/L (%)
peonidin-3,5-O-diglucoside 346 +£ 125 36.8 1.7 £ 0.02 26.9
malvidin-3,5-O-diglucoside 138 8.4 14.7 0.88 + 0.06 14.0
peonidin-3-O-glucoside 83.5+64 8.9 0.37 £ 0.01 5.9
malvidin-3-O-glucoside 63.4 £3.8 6.7 0.30 £ 0.01 47
delphinidin-3-O-glucoside 61.5+29 6.5 0.80 + 0.03 12.7
delphinidin-3-O-galactoside 53.6 £ 0.6 5.7 0.75 £ 0.01 11.9
delphinidin-3-O-arabinoside 534 +1.6 57 0.56 + 0.02 74
petunidin-3-O-glucoside 437+19 4.6 0.37 £ 0.02 5.8
cyanidin-3-O-arabinoside 272+ 17 29 0.11 + 0.02 1.7
cyanidin-3,5-O-diglucoside 182+ 1.6 1.9 0.29 £ 0.00 4.6
malvidin-3-(6"-O-coumaryl)-5-O- 171404 1.8 n.d. n.d.

diglucoside

petunidin-3-O-galactoside 132 +0.3 1.4 0.11 £ 0.01 1.8
petunidin-3-O-arabinoside 8.8+0.0 0.9 0.05 £+ 0.01 0.8
malvidin-3-O-arabinoside 53+0.0 0.6 0.02 £ 0.00 0.3
peonidin-3-O-galactoside 43 +0.0 0.5 0.01 £ 0.00 0.1
delphinidin-3,5-O-diglucoside 34400 0.4 0.09 £+ 0.01 14
Sum 942 + 10 100 6.3+05 100

! Juices were analyzed by LC-MS (n > 2) and data are expressed as mean & SD mg cyanidin-3-O-glucoside
equivalents per L.n.d., non-detectable

3.2. Influence of Plasma Anthocyanins and Their Metabolites on HT-29 and Caco-2 Colon Cancer
Cell Migration

Anthocyanins and their metabolites were extracted by SPE from plasma samples
before (0 d) and after the intervention (28 d) with juice or placebo. Afterwards, dried PAM
were solved in cell culture media and applied to the two colon cancer cell lines HT-29 and
Caco-2. As shown in Figure 2, cancer cell migration was differently affected by incubation
with PAM from both beverages. In case of HT-29 cells, PAM from the juice significantly
reduced cancer cell migration from 3806 (3646—4013) to 3453 (3052-3787) cells per cavity
(p < 0.001). In comparison, no inhibition was observed after exposure to PAM from the
placebo (Figure 2a). In contrast to HT-29 cells, migration of Caco-2 cells was neither
influenced by PAM from the placebo nor by PAM from the juice (Figure 2b). Therefore, this
study shows that physiological concentrations of PAM significantly impair the migratory
potential of HT-29 cells, whereas migration of Caco-2 cells was not affected.
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Figure 2. Migration of HT-29 and Caco-2 cells in vitro. HT-29 (a) and Caco-2 (b) cells were incubated
with PAM from the anthocyanin-depleted placebo (P; n = 34) and anthocyanin-rich juice (J; n = 35) that
were isolated before (0 d) and after 28-day (28 d) intervention. Migration was studied in a Boyden
chamber with collagen-coated transwells. Basal cells in the lower chamber were measured after 36 h
and migrated cell counts were detected fluorometrically as described in the Methods section. HT-29
cells (c) were exposed to indicated concentrations of 5-FU alone (5, 10, and 15 pM) and with pooled
PAM (n = 10; most effective from (a)). Values are presented as aligned dot plots with median and
interquartile range (25th-75th) (a,b) or means with standard deviation (c). Significant differences
were calculated with a mixed model with multiple comparison test (Sidak’s) or ANOVA with multiple
comparison test (Sidak’s). Values were different with ** p < 0.01 and *** p < 0.001 compared with the
corresponding controls or with # p < 0.05 compared with 5-FU (15 pM) alone. ns, non significant.

To examine the effect of 5-fluorouracil (5-FU) on HT-29 cell migration, various concen-
trations of 5-FU were applied. 5-FU is a common chemotherapeutic agent in colorectal can-
cer [49,50] and it is known that flavonoids can interact with chemotherapeutic agents [51].
However, possible interactions between anthocyanins and 5-FU are largely unknown. As
shown in Figure 2c, HT-29 cell migration was concentration-dependently inhibited by
5-FU treatment. Compared with untreated control cells, incubation of HT-29 cells with the
most effective 5-FU concentration (15 uM) significantly reduced colon cancer cell migration
from 4472 4 231 to 2882 == 289 cells per cavity (p < 0.001). To further investigate, possi-
ble synergistic or even antagonistic effects of PAM on 5-FU treatment, HT-29 cells were
co-incubated with 5-FU and pooled PAM from volunteers (n = 10) that most effectively in-
hibited HT-29 cancer cell migration. In comparison with 5-FU alone (15 pM), co-incubation
with pooled PAM further decreased HT-29 cell migration from 2882 4= 289 to 2338 4= 71 cells
per cavity (p < 0.05), respectively (Figure 2c). These results indicate that physiological
concentrations of anthocyanins and their metabolites may promote the effects of classical
chemotherapeutic agents like 5-FU.
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3.3. Influence of Plasma Anthocyanins and Their Metabolites on HT-29 and Caco-2 Cell Viability

To investigate possible cytotoxic effects of PAM on colon cancer cells, HT-29 were
incubated with the pooled PAM from volunteers that most effectively inhibited HT-29
cancer cell migration (n = 10). As shown in Figure 3 viability of HT-29 cells was neither
affected by incubation with PAM for 36 h, nor by 5-FU in low doses (<25 uM). In contrast,
50 uM 5-FU significantly decreased viability of HT-29 cells compared with controls. In
addition, PAM showed no cytotoxic effects in non-tumor cells (Figure S1).
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Figure 3. Effects of PAM (a) and 5-FU (b) on HT-29 cell viability. HT-29 cells were seeded at a density
of 1 x 10° cells/mL in 24-well plates in complete medium with or without PAM from the anthocyanin-
rich juice that were isolated before (J (0 d)) or after 28-day intervention (J (28 d)) or with medium
alone (con), as well as with different concentrations of 5-FU. After 36 h incubation, cells were washed
twice with PBS, trypsinized and cell viability was measured using a Guava® Muse® Cell Analyzer.
Data are expressed as bars [%] with standard deviation. Significant differences were calculated with
ANOVA with multiple comparison test. Values were different with ** p < 0.001 compared with viable
cells of the controls (con) or with #** p < 0.001 compared with dead cells of the controls (1 = 2).

3.4. Effects of the Anthocyanin-Rich Juice and the Anthocyanin-Depleted Placebo on Antioxidative
Biomarkers in Plasma and Urine

Biomarkers of oxidative stress are significantly increased in CRC patients, whereas
TAC is significantly lower compared with healthy controls [5,33]. Thus, we aimed to
investigate whether long-term consumption of an anthocyanin-rich juice improves the
antioxidant status of healthy volunteers. A significant increase of median (25th-75th per-
centile) plasma SOD activity from 7.53 (6.27-9.55) to 9.52 (7.21-10.69) U/mL (p < 0.001) was
observed after a 28-day intervention with the juice. In contrast, no change in plasma SOD
activity was found after consumption of the placebo (Figure 4a). Similarly, after ingestion
of the anthocyanin-rich juice, plasma CAT and GPx activity significantly increased from
4.92 (3.77-8.00) to 6.42 (4.33-8.24) nmol/min/mL (p < 0.001) and from 75.92 (69.10-90.18)
to 85.22 (74.28-91.96) nmol /min/mL (p < 0.05), respectively. Again, CAT and GPx activity
remained unchanged after placebo intake (Figure 4b,c).

The antioxidant capacity of plasma samples was estimated as TEAC comprising the
antioxidative capacity of both lipophilic and hydrophilic compounds. Comparable to an-
tioxidative enzyme activities in plasma, the median TEAC value significantly increased after
ingestion of the anthocyanin-rich juice from 1.09 (1.02-1.19) to 1.21 (1.07-1.35) mmol/mL
(p < 0.001). However, after placebo intake no significant change was observed.

(Figure 4d). In contrast to the observations for plasma antioxidative enzymes and
capacity, no significant differences were found with respect to urine TPC after intake
of both, placebo and juice (Figure 4e). Interestingly, heatmap analysis (Figure 4, upper
panels) shows that GPx activity from vegetarians (volunteers 1-12) was higher than those
of omnivores. In summary, these results show that consumption of an anthocyanin-rich
juice for 28 days significantly improves the antioxidant status of healthy volunteers.
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Figure 4. Effects of the anthocyanin-rich juice and the anthocyanin-depleted placebo on antioxidative

parameters before and after intervention. Study participants consumed 0.33 L of the anthocyanin-
depleted placebo (P) and anthocyanin-rich juice (J) over 28 days. Before (0 d) and after (28 d)
intervention, blood samples were drawn and 24 h-urine samples were collected. Enzyme activities of
SOD (U/mL) (a), CAT (nmol/min/mL) (b), GPx (nmol/min/mL) (c) as well as TEAC (mmol/mL)
(d) were measured in plasma (n = 35). TPC (mg GAE/24 h) (e) was measured in urine (1 = 34).

Upper panel: Heatmap analyses showed single values for each participant. Lower panel: Values

are presented as aligned dot blot bars with median and interquartile range (25th-75th). Significant

differences were calculated with a mixed model with multiple comparison test (Sidak’s) or ANOVA

with multiple comparison test (5idak’s). Values after intervention were different with * p < 0.05,
** p < 0.005 to corresponding controls. ns, non significant.
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3.5. Correlation between Parameters of Antioxidant Capacity and Migration

We further aimed to investigate, whether the increase in antioxidant status parameters
in the plasma of healthy volunteers after 28-day consumption of the anthocyanin-rich juice
was correlated with the significant decrease of HT-29 colon cancer cell migration that was
observed in vitro (Figure 5). In fact, the higher the increase in SOD activity in plasma after
consumption of the anthocyanin-rich juice (Figure 5a), the higher the anti-invasive effect
was on HT-29 cell migration in vitro (p < 0.05). In contrast, no correlation was observed
between other antioxidant parameters in plasma, indicating a possible link between plasma
SOD activity and colon cancer metastasis.
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Figure 5. Scatter plots of antioxidant parameters and HT-29 migration. Correlation between HT-29
cell migration in vitro and SOD activity (a), CAT activity (b), GPx activity (c), and TEAC (d) in plasma.
Correlation between the parameters were evaluated using Spearman correlation (r) with differences
(5) between values from day 28 and day 0 after anthocyanin-rich juice intake (1 = 35).

4. Discussion

Considering that about every fourth colon cancer patient displays distant metastases
after resection [52] and cancer mortality is mainly due to metastasis lesions [52,53], search-
ing for new therapeutic agents to suppress cancer cell invasion and migration is crucial.
However, data from human studies regarding the effects of anthocyanins on colon cancer
progression are scarce and to date, it has not yet been clarified whether anthocyanins, par-
ticularly at physiological concentrations, have an impact on cancer cell migration in vivo.
To overcome these limitations, the present study was designed to determine the anti-
migratory effects of anthocyanins and their plasma metabolites on cell migration after
long-term ingestion of an anthocyanin-rich grape/bilberry juice. Therefore, we combined
a placebo-controlled, double-blinded, cross-over intervention study with in vitro migration
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studies of two colon cancer cell lines, HT-29 and Caco-2. Healthy students daily consumed
0.33 L of an anthocyanin-rich juice in comparison to an anthocyanin-depleted placebo for
28 days. Blood samples were drawn before and after intervention. Subsequently, plasma
samples were used to isolate PAM that were applied to a collagen-coated Boyden chamber
for the measurement of colon cancer cell migration. To the best of our knowledge, this is the
first study that showed that physiological concentrations of PAM significantly impair the
migratory potential of HT-29 cells. In contrast, migration of Caco-2 cells was not affected.
Although both cell lines were isolated from colon adenocarcinomas, they show differences
in pheno- and genotypes, as well as in their grade of differentiation [54]. Hence, it is
not surprising that undifferentiated HT-29 cells showed an obviously higher migratory
potential compared with the more differentiated Caco-2 cells, which is underlined by the
much higher number of migrated HT-29 cells in our experiments.

One of the most common and effective chemotherapeutic agents used for the treat-
ment of CRC is 5-FU [50], although the benefit from 5-FU is often compromised by
chemoresistance [49]. Therefore, it is vital to search for adjuvant agents and to investi-
gate possible synergistic or even antagonistic effects of PAM on 5-FU treatment. Indeed,
co-incubation of HT-29 cells with 5-FU and PAM further decreased cell migration com-
pared with 5-FU treatment alone. Similarly, Li et al. recently reported that black raspberry
anthocyanins significantly increased the anti-proliferative and anti-migratory effects of
5-FU and Celecoxib in colon cancer cell lines [55]. However, proliferation of Caco-2 cells
was not affected by single treatment with black raspberry anthocyanins [55]. Accordingly,
physiological concentrations of anthocyanins and their metabolites might possibly enhance
the anti-migratory effect of 5-FU in Caco-2 cells. However, a possible synergistic effect of
PAM and 5-FU from all volunteers was not investigated in the present study due to the
limited sample material.

Metastasis is a multistep process that comprises cell migration from the primary
tumor site, cell invasion, attachment to endothelial cells, extravasation, proliferation, and
angiogenesis at the distal site [53,56]. Degradation of the extracellular matrix, especially
collagen, mediated by proteolytic enzymes such as MMP-2 (gelatinase-A) and MMP-9
(gelatinase-B), is known to be the first step and plays a crucial role during cell migration
and invasion [31,57]. While the anti-migratory and anti-invasive effects of anthocyanins
have been reported for several cancer types, data regarding their impact on colon cancer cell
migration are limited. The migration and invasion of HT-29 cells was significantly inhibited
by an anthocyanin extract from Vitis coignetiae Pulliat, a member of the grape family, by
suppressing MMP-2 and MMP-9 expression, which was likely due to the inhibition of NF-
kB activation [25]. The inhibitory effects of anthocyanins on MMP-2 and MMP-9 expression
were also shown in HCT-116 colon cancer cells [26]. Interestingly, Zhang et al., recently
reported that black raspberry anthocyanins increased miR-24-1-5p expression in colon
cancer cell lines, whereas miR-24-1-5p overexpression was associated with a significant
decline of HCT-116 and Caco-2 migration [27]. However, these anti-invasive and anti-
migratory effects were only shown at concentrations much higher than anthocyanin levels
usually observed in plasma. Nevertheless, we have recently shown for the first time
that physiological concentrations of anthocyanins and their metabolites isolated from the
plasma of healthy volunteers are able to reduce tumor cell migration of the pancreatic
cancer cell line PANC-1 in vitro [31]. This was accompanied by a significant reduction
of ROS and decreased MMP-2 and MMP-9 levels, as well as NF-kB mRNA expression,
suggesting that physiological concentrations of PAM may be adequate due to synergistic
and additive effects. Although in the present study the underlying mechanisms remain
unknown, it is most likely that inhibition of HT-29 cell migration is also attributed to
suppression of the NF-kB pathway, as well as decreased expression of MMPs. In the
present study the applied anthocyanin-rich juice was made from an eighty /twenty mixture
of red grapes and bilberries with peonidin-3,5-O-diglucoside, malvidin-3,5-O-diglucoside,
and peonidin-3-O-glucoside representing the major anthocyanins. It has been shown that
peonidin-3-O-glucoside significantly inhibits MMP secretion and migration of lung cancer
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cells [58]. In addition, peonidin has been reported to be the most potent anthocyanidin
comparing the anti-migratory and anti-invasive capabilities of the five anthocyanidins
cyanidin, malvidin, peonidin, petunidin, and delphinidin [59]. Peonidin significantly
suppressed migration and invasion of highly invasive H1299 cells by about 20% even
at a relatively low concentration (6.25 uM) [59]. Furthermore, synergistic anti-migratory
and anti-invasive effects have been reported for a mixture comprising the five aglycons
at equimolar concentrations [59]. However, this approach did not consider the impact of
anthocyanin metabolites, which are much more abundant in plasma compared with native
anthocyanins [38]. In addition, the bioavailability of native anthocyanins is low due to
(1) their low stability and degradation at physiological pH values in the small intestine,
(2) their metabolization through Phase Il enzymes, and (3) their metabolism by the intestinal
microbiota [60-62]. Regarding the pharmacokinetics of anthocyanins, native anthocyanins
reach maximum plasma levels 30-60 min after ingestion [38]. In contrast to the ANTHONIA
study [21], blood samples were drawn approximately 6 h after juice ingestion in the present
study. At this time, Phase-II as well as microbiota-derived metabolites are present in
the systemic circulation [63]. Therefore, the present study suggests that not only native
anthocyanins but also their metabolites exert potent anti-migratory properties. However,
we did not identify which anthocyanins and metabolites are responsible for the observed
anti-migratory effects. Therefore, characterization of these compounds should be addressed
in future studies.

Epidemiological studies indicate protective effects of dietary polyphenols against
oxidation- and inflammation-related diseases such as cancer, cardiovascular diseases,
diabetes mellitus, and neurodegenerative diseases [64,65]. It has been shown that the TAC
of CRC patients is significantly lower compared with healthy controls [5,33]. Furthermore,
CRC progression and metastasis are also associated with a significant decline in TAC, as well
as lower CAT and GPx activities in serum and plasma, respectively [5,66]. Therefore, CRC
patients may be more vulnerable to oxidative stress and the administering of anthocyanins
might improve the antioxidant capacity, overall health, and outcome of CRC patients.
Our results show that daily intake of an anthocyanin-rich juice for 28 days significantly
improves plasma antioxidant capacity of healthy volunteers determined by enzymatic
and non-enzymatic biomarkers. Plasma antioxidant capacity, measured as TEAC, was
significantly higher after consumption of the anthocyanin-rich juice, whereas no change in
TEAC was seen after ingestion of the anthocyanin-depleted placebo. Similarly, activities of
the antioxidant enzymes SOD, CAT, and GPx were significantly increased after the juice,
whereas the enzyme activities were not affected by the placebo. These results are in line
with our recent findings from the ANTHONIA study [21]. Interestingly, GPx activity was
not affected after consumption of an anthocyanin-rich grape/bilberry juice for 14 days [21].
Discrepancies in the results for GPx activity may be explained by different intervention
times. In addition, there were slight differences between the grape/bilberry juices during
the two studies. Both juices were made from an eighty/twenty mixture of red grapes
and bilberries. Whereas in the ANTHONIA study the two grape varieties, Dakapo and
Accent, were used, only the variety Accent was utilized in the present study, resulting in the
different anthocyanin pattern of the juices. Thus, malvidin-3-O-glucoside and peonidin-
3-O-glucoside were the major anthocyanin in the ANTHONIA study, whereas peonidin-
3,5-O-diglucoside and malvidin-3,5-O-diglucoside represent the main anthocyanins in
the present study. However, expression of the antioxidant enzymes SOD, CAT, and GPx
is controlled by the redox sensitive transcription factor nuclear factor-erythroid 2 p45-
related factor 2 (Nrf2) [67]. It is well known that anthocyanins, but also their gut-derived
metabolites, are able to activate the Nrf2 pathway and consequently upregulate the defense
against ROS and oxidative stress [68,69]. Compared with cells from the primary tumor site,
metastatic cancer cells displayed higher ROS concentrations [6]. The ROS lowering effects
of anthocyanins and their degradation products (gallic acid, syringic acid, protocatechuic
acid, and phloroglucinol aldehyde) have been demonstrated in different colon cancer cell
lines [67]. In addition, we have recently shown that physiological plasma concentrations
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of PAM significantly reduce ROS generation in PANC-1 cells [31]. However, possible
ROS lowering effects of PAM in HT-29 and Caco-2 cells have not been investigated in the
present study. Recently, Yang et al., 2021 reported that blueberry anthocyanins significantly
increased SOD activity in the lungs and livers of mice in vivo. In addition, in these organs
reduced metastasis of breast cancer cells, which are known to be highly invasive, was
observed [70], indicating a possible link between SOD activity and metastasis. However, to
the best of our knowledge no study so far has investigated possible associations between
the enzymatic and non-enzymatic antioxidant capacity in plasma and colon cancer cell
migration. Interestingly, the higher the increase of SOD activity in plasma after 28 days
intervention with the anthocyanin-rich juice, the higher the anti-invasive effect on HT-29
cell migration was in vitro. Although this correlation was weak, the impact of anthocyanins
and their metabolites on tumor metastasis is much more complex in vivo. Besides direct
effects on cancer cells, PAM may also influence other cell types such as immune cells [70]
and consequently the microenvironment and migratory potential of tumor cells. To date,
the role of anthocyanins during tumor migration of colon cancer patients is not fully
understood and should be further investigated.

The present study has some limitations. First, participants were advised to adhere
to a diet low in phenolics and anthocyanins during the run-in and intervention phase.
These strong dietary limitations may not reflect a healthy and balanced diet. Furthermore,
nutritional limitations were the reason for the high drop-out rate or termination of the study.
Therefore, future studies should address whether the consumption of anthocyanin-rich
beverages in addition to a normal diet also show health-promoting effects. Secondly, it
remains to be shown which plasma anthocyanins and metabolites, as well as molecular
mechanisms, are responsible for the anti-migratory effects. Finally, it could not be ruled out
that the observed effects are in part mediated by other phenolic compounds also present in
the anthocyanin-rich grape/bilberry juice.

5. Conclusions

To the best of our knowledge, we demonstrated for the first time that plasma-isolated
anthocyanins and their metabolites significantly decrease migration of colon cancer cells
in vitro. Furthermore, our data indicate that physiological concentrations of anthocyanins
and their metabolites may enhance the efficacy of classical chemotherapeutic agents like 5-FU.
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Abstract: Pancreatic cancer is primarily considered to be a metastatic disease with a low 5-
year survival rate. We aimed to detect if plasma-isolated anthocyanins and their metabolites
(PAMs) modulate pancreatic cancer cells migration and to describe molecular targets of PAMs
in this process. Plasma metabolites were isolated by solid-phase extraction before and after a
28-days intervention trial involving 35 healthy subjects comparing effects of a daily
anthocyanin-rich juice intake vs. placebo. Plasma extracts were used for migration and
mechanistic in vitro studies as well as for metabolomic analysis. Pancreatic PANC-1 and AsPC-
1 were used for migration studies in a Boyden chamber co-cultured with endothelial cells.
Expression of adhesion molecules on cancer and endothelial cells were determined by flow
cytometry and NF-kB (nuclear factor-kappa B) p65 and focal adhesion kinase activation were
measured by immunoassays. UHPLC-MS/MS metabolomics was done in plasma and urine
samples. Plasma extracts isolated after the intake of the anthocyanin-rich juice significantly
reduced PANC-1 migration, but not AsPC-1 migration. In PANC-1, and to a lower extent in
endothelial cells, plasma extracts after juice intake decreased the expression of B1- and 4-
integrins and intercellular adhesion molecule-1. Pooled plasma from volunteers with the highest
inhibition of PANC-1 migration (n = 10) induced a reduction of NF-kB-p65 and FAK-
phosphorylation in cancer and in endothelial cells. Concerning metabolites, 14 were
significantly altered by juice intervention and PANC-1 migration was inversely associated with
the increase of o-coumaric acid and peonidin-3-galactoside. PAMs were associated with lower

PANC-1 cell migration opening new strategies for metastatic pancreatic cancer treatment.
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Boyden chamber co-cultured with endothelial cells. Expression of adhesion molecules on cancer and endothelial
cells were determined by flow cytometry and NF-kB (nuclear factor-kappa B) p65 and focal adhesion kinase
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Metastasis is a multistep process in which cell adhesion molecules
(CAMs), such as integrins and selectins play pivotal roles [2]. Malignant
cells from the primary tumor infiltrate the surrounding tissue and enter
the circulation by blood vessel intravasation and extravasation into the
target tissue [2,3]. Alterations in the expression of several CAMs are
known to modulate the migratory and invasive potential of cancer cells
[4].

Strategies to improve the health outcomes in pancreatic cancer are
challenging. Not only primary prevention strategies associated with a
healthy lifestyle are discussed, but also secondary prevention strategies.
Epidemiological studies revealed a potential benefit of diets high in
fruits and vegetables [5-7]. A group of bioactive phytochemicals
responsible for ‘anti-cancer’ effects are anthocyanins (ACNs). ACNs
could account for up to 80% of the total polyphenolic content in berries
[8]. However, ACNs bioavailability is low, and large amounts of dietary
ACNs are fermented by gut microbiota [9,10]. As a result, several
phenolic acids and other metabolites are generated [10,11]. Whether
parent ACNs or their metabolites are responsible for these ‘anti-cancer’
effects is not fully understood. Recently, a screening of polyphenol
metabolites on HCT116 3D-spheroids revealed that the ACN-related
metabolite, 3',4'-dihydroxyphenyl-y-valerolactone (3,4-DHPV),
reduced cancer cells spheroid integrity [12] underlining the role of gut
microbiota fermentation of ACNs. Furthermore, a blueberry extract
decreased CAM expression in several cancer cell lines and inhibited
migration of breast and prostatic cancer cell lines (MDA-MB-231 and
PC-3 cells), respectively [13]. Nonetheless, only few in vitro studies re-
ported changes in CAM expression in cancer and endothelial cells in
response to ACNs.

Previously, we showed that 60 min after a single ACN dose, plasma
extracts from volunteers inhibited migration of the pancreatic cancer
cell line PANC-1 in vitro [14]. Furthermore, we observed a reduction of
migration of the colon cancer cell line HT-29 after a daily ingestion of
ACNs over 28 days [15]. Therefore, our aims were to investigate: 1)
whether plasma metabolites, isolated after a 28-day intervention, would
reduce migration of two pancreatic cancer cell lines (PANC-1 and
AsPC-1); 2) whether expression of adhesion molecules on cancer and
endothelial cells were influenced by plasma ACN metabolites; 3) which
molecular mechanisms were involved; and 4) which metabolites in
plasma and urine were altered during a long-term ACN intake and how
they associate with the inhibitory effects on migration.

2. Materials and methods
All details on materials are given in the Supplementary Table 1.
2.1. Study design and subjects

Details on the ATTACH study (Anthocyanins Target Tumor cell
Adhesion—Cancer vs. Endothelial Cell (HUVEC)) have been published
previously [15]. Briefly, this was a randomised, double-blind, place-
bo-controlled, cross-over, 28-days intervention comparing the effects of
an ACN-rich juice (J) (330 ml/day, 942 mg/L of ACNs and 2622 mg/L of
total polyphenols) and an ACN-depleted (330 ml/day, 6.3 mg/L of ACNs
and 115 mg/L of total polyphenols) placebo juice (P), with a 2-week
wash-out and 1-week run-in period. Thirty-five young, healthy volun-
teers participated in the intervention. Sample size was calculated based
on the results of our previous published migration study [14] with - and
a-error of 0.8 and 0.05 and a drop-out rate of 20%. CONSORT flowchart
diagram is shown in Supplementary Figure 1. Participants were
randomly assigned (random-table). The study protocol was approved by
the local ethic committee in GieBen (Germany) (registration number
13/10) and performed according to the guidelines laid down in the
Declaration of Helsinki. Written informed consent was obtained from all
participants and the trial is registered at DRKS (Deutsche Register Kli-
nischer Studien; DRKS00014767). The present manuscript is reported
following the CONSORT checklist Supplementary Table 2.

Biomedicine & Pharmacotherapy 158 (2023) 114076
2.2. Blood and urine sample preparation

Blood and 24 h-urine samples were collected before (day 0) and at
the end (day 28) of the two intervention periods. Blood was taken 6 h
after beverages intake of day 28 into EDTA-tubes and centrifuged to
separate plasma. Acidified urine samples were then stored at — 80 °C
until assayed. Extraction of plasma metabolites for cell culture assays
and plasma and urine sample preparation for metabolomics analysis are
described in the Supplementary Data (S1 and S2).

2.3. Cell culture and functional assays

Details on cancer cell lines and endothelial cells are given in the
Supplementary Data (S3 and S4).

2.4. Outcomes
2.4.1. Primary outcome

2.4.1.1. Cell migration of pancreatic cancer cells in-vitro. Tumor cell
migration was assessed in a Boyden membrane chamber with the use of
the CytoSelect 24-well Cell Migration Assay as described previously [14,
15]. The 24-well feeder chamber (diameter of the chamber 6.5 mm; pore
size 8 um) tray was coated with 50 pL of 0.1% fibronectin and aspirated
until dryness. Thereafter, HUVECs (5 x10%/ml) were seeded onto the
fibronectin-coated inserts and allow to grow confluent. Two-days
post-confluence, transepithelial electrical resistance (TEER) was deter-
mined before the experiments by using a Millicell® ERS volt-ohmmeter.
A TEER value > 250 Q per cm? was used as an indicator for an intact
endothelial layer suitable to be used for functional studies. Pancreatic
cancer cells (1 x10%/ml) were seeded in Endothelial growth medium II
supplemented with 2.5% fetal calf serum (FCS) containing diluted
plasma extracts of the participants, whereas Endothelial growth medium
11 supplemented with 12.5% FCS was added to the lower basal chamber.
The cells were incubated in the feeder tray for 36 h at 37 °C, and cells on
the lower side were then detached from the membrane using a cell
detachment solution and afterwards lysed with fluorescent
dye-containing buffer. The extent of migration was assessed by the in-
tensity of the fluorescence signal with a microplate fluorescence reader.
The number of migrated cells was determined according to a calibration
curve (0-7500 cells). The results are expressed as medians and IQR
(25th-75th).

2.4.2. Secondary outcome

2.4.2.1. Analysis of CAMs by flow cytometry analysis. Basal and
“CytoMIX -stimulated expression of surface marker such as cell adhesion
molecules (CAMs) and Vascular endothelial growth factor receptor
(VEGF-R) were analyzed under pre-confluent (PANC-1 and AsPC-1) or
post-confluent (HUVECs) conditions. Cells were washed twice with
phosphate buffered saline (PBS) and detached with TrypLE™ Express-
solution for cancer cells or accutase-solution (0.15 ml/cm?) for endo-
thelial cells. After the detachment, cells were centrifugated (220xg for 3
min) and supernatant was decanted. Pellet was washed twice with PBS,
resuspended in cold 100 uL. MACS Running Buffer (pH 7.2) for staining
procedures. Results are expressed as means + SD or median with IQR
(25th-75th). More details about staining procedures are given in the
Supplementary data (S5).

2.4.2.2. Cytokine quantification, detection of NF-kB p65, FAK (focal
adhesion kinase) activation and reactive oxygen species (ROS) determi-
nation. Commercially available ELISAs were used to determine cyto-
kines, activation of NF-kB p65 and FAK in the supernatants of cells and
were done by the manufacturer’s instructions. ROS determination and
sample preparation have been described previously (14). The results are
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Fig. 1. Migration of PANC-1 and AsPC-1 in a
Boyden chamber co-cultured with HUVECs
representing endothelial cells in vitro. PANC-1
(A) and AsPC-1 (B) were exposed to plasma
extracts from the placebo (P) and juice (J)
intake before (0d) and after (28d) intervention.
1 Migration across the endothelial layer into the
lower chamber was measured after 36 h.
Migration was measured fluorometrically in a
Boyden chamber as described in Materials and
Methods Section 2.4.1. Values are expressed as
aligned dot blot with median and interquartile
range (25th-75th). Significant differences were
calculated with repeated measurements One-
way ANOVA and values with * were different
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expressed as mean + SD and more details are given in the Supplemen-
tary data (S6-S8).

2.4.3. Exploratory outcome

2.4.3.1. Targeted metabolomics UHPLC-MS/MS analysis. The UHPLC-
MS/MS analysis has been explained previously [16]. Briefly, the anal-
ysis of plasma and urine was performed by using the 1290 Infinity
UHPLC system coupled to a QTRAP 6500 mass spectrometer equipped
with Ion Drive Turbo V ion source. Luna Omega Polar C18 column, 100
mm X 2.1 mm (i.d. 1.6 pym) with a porous polar C18 security guard
cartridge were used to perform the chromatographic separation. More
details are described in the Supplementary data (S9 and 10).

2.5. Statistical analysis

2.5.1. Cell culture data analyses

Data from the volunteers who completed all phases of the study were
analyzed (n = 35). The outcome measures were prospectively desig-
nated as the differences in migration of PANC-1 and AsPC-1 in vitro
(primary outcome) and mechanistic parameters (secondary outcome) of
placebo and juice treatment before and after intervention. Before-
treatment versus after-treatment data within groups were analyzed
using a repeated measures one-way ANOVA with Siddk’s post hoc test.

with p-value < 0.05 to corresponding controls
(n = 34).

The normality of continuous variables was assessed using Kolmogorov-
Smirnov normality test. Asterisks are used in the figures to denote p
values < 0.05, which were considered significant. GraphPad Prism 9
(Version 9.3.1.) was used for data analyses.

2.5.2. Metabolomics data analyses

Pre-processing of metabolomics data is described in the Supple-
mentary Data (S10). To assess the effects of the juice intervention, we
used a linear mixed model (LMM) including treatment (juice/placebo),
age, and sex as fixed effects and subject as random effect. P-values were
adjusted for multiple comparisons using the Benjamini-Hochberg false
discovery rate (FDR) and results were integrated in a volcano plot. We
selected as significant those metabolites with a logoFC > |0.584| and an
FDR-adjusted p-value < 0.05. Associations between plasma anthocyanin
metabolites and migration experiments and adhesion molecules
expression were tested using linear mixed models adjusted for age, sex
and treatment as fixed effects, and subject as random effect. R statistical
software version 4.1.3 was used for metabolomics statistical analyses.

3. Results & discussion
Thirty-five volunteers (female n = 27 and male n = 8), with a mean

(+ SD) age of 24.4 (£ 2.3) years old, an initial body weight of 64 + 18 kg
and a BMI of 21.7 + 2.6 kg/m?, completed the protocol while one
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Fig. 2. Expression of CAMs on cancer cells and endothelial cells after incubation with plasma extracts from ACN-rich juice. Expression of adhesion molecules on
PANC-1 (A) as well as on non-stimulated and CytoMIX -stimulated HUVECs (B and C) after incubation with plasma extracts from volunteers ingested the ACN-rich
juice (J) over 28 days. CAMs were measured fluorometrically by flow cytometry as described in the Materials and Method Section 2.4.2. Values are expressed as
median of main fluorescence intensity (MFI) with interquartile range (25th-75th). Significant differences were calculated with repeated measurements One-way
ANOVA and values with *, * * and * ** were different with p-value < 0.05, p-value < 0.01 and p-value < 0.001 to corresponding controls (n = 34).



H. Mostafa et al.

A B
& *%
_ < 1.0
o I Sz
- ] ‘:‘2(?,0.8
) ] Sa °
= Eco 08
Z = 400+ sEQ
[ 1 €8 % 04
o ] 38~
S5 ] C o5 0.2
S S 200- s23g
=] - @ QO 0.0
E . 29
] a - .0.2
1
S
SR—
S D
S o
B q?p\ N §Q
b) N
E
QA2.5
e
5 @20
sT.®
SE£21s
£8 x
=
22;10
Sa &
o 0 05
29
o

Biomedicine & Pharmacotherapy 158 (2023) 114076

C D
%k k
80- - . 4-
v ] = ]
<= 1 £v 1
s £ 60 2 3 34
c2 ] T2 ]
K= ] 0o's
T & 40 z 2,1
s> L < x
[ — E o 4
o< J :‘: 4
2% 204 = 31
8._ : l;‘—' 4
[ ] PO S 0-
—
S D
S o
» W

F G
e 8
o 607 = ]
!2 1 3 —_— o
<% _ E:__v_) ]
LI.S_ E ._EQ,S—
-2 B= o
CE~40 ) i
SE2 . §J&,4.
o Y i ~— -
258 i Eoﬁ.l)x .
§3 3 20- 3‘5‘:2-
551 ] .EI.ij
c 1 —_ ]
= o- - 0-

EXTE
Q )
» WU

Fig. 3. Molecular Targets of plasma extracts previous and after juice intervention in PANC-1 and HUVECs. (A). PANC-1 migration across the endothelial layer into
the lower chamber of co-culture model were measured after 36 h with pooled plasma metabolites of the 10 samples with the highest percentage of migration
reduction). (B-G) PANC-1 and CytoMIX -stimulated HUVECs were seeded onto 6-well plates and incubated with pooled PAMs for 36 h. Thereafter, cells were lysed
and phosphorylation of p65 (B, E) and FAK (C, F) were measured colorimetrically by ELISA as described in the Materials and Method Section 2.4.2. (D, G) ROS
generation was measured after 36-h exposure to PAMs from ACN-rich juice (J) before (d0) and after 28-d (d28) intervention. Thereafter, cells were washed with PBS
and incubated with 5 pmol/L H,DCFDA for 30 min at 37 °C. Fluorescence intensity was measured (Ex/Em 485/535) as described in Materials and Methods Section
2.4.2. Values are expressed as means with standard deviation. Significant differences were calculated with t-test and values with * * were different with p-value

< 0.01 compared to corresponding controls (n = 3).

subject had an incomplete urine sample collection (blood n = 35; urine
n = 34).

3.1. Primary and secondary outcome: cancer cell migration, expression of
adhesion molecules and mechanism

As shown in Fig. 1, plasma extracts had different effects on cancer
cell migration in vitro depending on the cancer cell line. In PANC-1,
extracted-plasma metabolites after the ACN-rich juice reduced cell
migration significantly in comparison to plasma extracts after placebo
(Fig. 1A). On the other hand, no reduction was observed for the
migration of AsPC-1 (Fig. 1B). As viability of PANC-1 and AsPC-1 was
not affected by incubation with plasma extracts under the experimental
conditions (data not shown), one reason for these differences could be
the influence of plasma extracts on expression of surface molecules and
secretion of cytokines that stimulate endothelial cells (Supplementary
data S11 and S12). Briefly, in comparison to AsPC-1, PANC-1 expressed
higher levels of a3-, a4-, 81- and B2-integrin, E-selectin, ICAM-1 and
VEGF-R. However, only Bl-integrin and ICAM-1 expression were
significantly reduced on PANC-1 by plasma metabolites extracted after
juice intake (Fig. 2A). Furthermore, PANC-1 showed a higher secretion
of cytokines, such as TNF-a, IL-18, and VEGF compared to AsPC-1,
indicating a higher potential for activating CAMs on endothelial cells
(Supplementary data S4). Higher expression of CAMs and cytokines
secretion may be responsible for higher interaction with endothelial
cells and thus migration of PANC-1 across the endothelial layer. To
investigate the effect of plasma extracts after juice intake on CAMs of

HUVECs, cells were stimulated for 36 h with a so-called CytoMIX (TNF-
o, IL-18 and VEGF), which were secreted by cancer cells. As shown in
Fig. 2B and Fig. 2C, CytoMIX-stimulation resulted in increased expres-
sion of B4-integrin and ICAM-1 in comparison to non-stimulated
HUVECs, whereas plasma extracts after juice intake significantly
reduced only CytoMIX-stimulated ICAM-1 expression.

Expression of CAMs on tumor cells and the expression of receptors on
endothelial cells are important steps in the multistep-cascade of
migration and metastasis [17]. It has previously been shown that ACNs
were able to reduce cancer cell migration by inhibiting phosphorylation
of signalling proteins [18,19]; however, we acknowledge that
311 mg/day of ACNs would be difficult to achieve within a diet. How-
ever, compared to other studies we used ACN and their metabolites
isolated from plasma samples. Most of the previous studies examined the
relation between ACN-rich diet and anti-cancer activities using food
frequency questionnaires, or after extracting the ACN-related phenolic
metabolites from a prepared stock solution directly used in cancer cells
[20-24]. However, this result support studies showing that cancer
chemoprevention combined with bioactive phytochemicals could be
associated with less toxicity and improved efficacy [25-27].

To investigate the mechanisms behind the observed anti-migratory
effects on PANC-1, we pooled the plasma extracts from the volunteers
with the highest percentage of migration reduction (n = 10). NF-kB p65
and FAK phosphorylation as well as ROS generation were analyzed after
incubation with this pool of extracted plasma samples. The redox-
sensitive NF-kB and FAK pathways are associated with the regulation
of adhesion molecules. As shown in Fig. 3A, incubation of cells with
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pooled plasma extracts after juice intervention over 36 h significantly
reduced cell migration. Concomitantly, incubation with plasma extracts
after juice intervention significantly blocked phosphorylation of p65
and FAK in PANC-1 and also in CytoMIX-stimulated HUVECs (Fig. 3B-C
and E-F) and reduced ROS levels in PANC-1 and stimulated HUVECs
(Fig. 3D and G). FAK and NF-kB p65 were associated with increased
cancer cell migration and cancer metastasis through higher expression
of a- and B-integrins [28,29]. Therefore, reduction of intracellular cell
signalling pathways by plasma ACN metabolites opens a new window
concerning cancer preventive strategies.

3.2. Exploratory outcomes: metabolomics analyses

From plasma and urine metabolome, 14 out of 902 metabolites (379
in plasma and 523 in urine) were significantly associated with ACN-rich
juice intake as shown in Fig. 4. Among these, 3 plasma metabolites
resulting from ACN-gut microbiota metabolism were found to be
increased: 2,4,6-trihydroxybenzaldehyde (THBAId), 4'-hydroxy-3'-
methoxyphenyl-y-valerolactone glucuronide (MHPV-G) and 3',4'-dihy-
droxyphenyl-y-valerolactone (3,4-DHPV). In urine, 11 metabolites
increased after the ACN-rich juice intervention; from these, 6 metabo-
lites were parent ACNs (peonidin-3-galactoside, peonidin-3-glucoside,
peonidin-3-arabinoside, cyaniding-3-arabinoside, malvidin-3-glucoside
and delphinidin-3-glucoside), while the other 5 metabolites were gut
microbial phenolic metabolites (o-coumaric acid (0COU), 3'-methyl-
epicatechin sulphate (MeEC-3-S), 2-hydroxybenzoic acid-sulphate, 3,4-
DHPV-3-glucuronide, and 3,4-DHPV-4-glucuronide). In particular,
THBAId, 3,4-DHPV and MHPV-G had been shown to have anti-cancer
activities, but at supra-physiological doses [22-24,30]. However, we
did not observe any association between the increment of plasma
THBAId, 3,4-DHPV and MHPV-G and the reduction in PANC-1 migra-
tion. Because ACNs can be rapidly absorbed in the stomach, reach the
blood and disappear from the circulation within few hours [31,32], it
was expected that parent ACNs were only significantly altered in urine
and not in plasma. Associations between PANC-1 migration as well as
CAM expression of PANC-1 and of stimulated HUVECs with plasma and
urine metabolites altered by ACN-rich juice are shown in Supplementary
Figure 6. The increment of peonidin and oCOU in urine were inversely
associated with PANC-1 migration. Similarly, ICAM-1 expression in
PANC-1 was inversely associated with the increase in urinary excretion
of MeEC-3-5.

Limitations of our study are the use of extracted plasma from young
and healthy volunteers on cancer cell lines in vitro. Due to the intense

metabolization and fermentation of ACNs, which may vary according to
age, sex, and lifestyle, we cannot ascertain that these anti-migratory
effects would be observed in patients with cancer or if there would be
any interaction with classical chemotherapeutics.

In conclusion, the study showed for the first time that ACN and
metabolites isolated from plasma after a long-term ACN-rich juice
intervention reduced the migration and expression of CAMs in PANC-1
cancer cells in vitro through activation of FAK- and NF-kB-pathways as
well as the reduction of ROS. These results are promising and could open
a window to investigate interactions of ACNs with classical cancer
prevention strategies.
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LPS/nigericin-induced inflammasome activation by inhibiting ASC speck formation
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Abstract: Inflammasomes are multi-protein complexes, which are formed in response to tissue
injury, infections, and metabolic stress. However, aberrant inflammasome activation has been
linked to several inflammatory diseases. Anthocyanins have been reported to attenuate NLR
family pyrin domain-containing 3 (NLRP3) inflammasome activation, but the influence of
grape/blueberry anthocyanins and especially their gut-derived metabolites on NLRP3
inflammasome activation in human monocytes remains unclear. Therefore, human leukemic
monocytes (THP-1 cells, Tohoku Hospital Pediatrics-1 cells) were preincubated with different
concentrations of grape/blueberry anthocyanins, homovanillyl alcohol, or 2,4,6-
trihydroxybenzaldehyde (THBA) before the NLRP3 inflammasome was activated by
lipopolysaccharide and/or nigericin. Apoptosis-associated speck-like protein containing a
CARD (ASC) speck formation, as well as ASC and NLRP3 protein expression, were
determined using flow cytometry. Caspase-1 activity was measured in cultured cells, and pro-
inflammatory cytokine secretion was determined using enzyme-linked immunosorbent assays.
Anthocyanins and their metabolites had no effect on ASC or NLRP3 protein expression.
However, THBA significantly inhibited ASC speck formation in primed and unprimed THP-1
monocytes, while caspase-1 activity was significantly declined by grape/blueberry
anthocyanins. Furthermore, reduced inflammasome activation resulted in lower pro-
inflammatory cytokine secretion. In conclusion, our results show for the first time that
grape/blueberry anthocyanins and their gut-derived metabolites exert anti-inflammatory effects

by attenuating NLRP3 inflammasome activation in THP-1 monocytes.

Keywords: anthocyanins; gut-derived metabolites; NLRP3 inflammasome; ASC specks;
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linked to several inflammatory diseases. Anthocyanins have been reported to attenuate NLR family
pyrin domain-containing 3 (NLRP3) inflammasome activation, but the influence of grape /blueberry
anthocyanins and especially their gut-derived metabolites on NLRP3 inflammasome activation in
human monocytes remains unclear. Therefore, human leukemic monocytes (THP-1 cells, Tohoku
Hospital Pediatrics-1 cells) were preincubated with different concentrations of grape/blueberry
anthocyanins, homovanillyl alcohol, or 2,4,6-trihydroxybenzaldehyde (THBA) before the NLRP3
inflammasome was activated by lipopolysaccharide and /or nigericin. Apoptosis-associated speck-
like protein containing a CARD (ASC) speck formation, as well as ASC and NLRP3 protein expression,
were determined using flow cytometry. Caspase-1 activity was measured in cultured cells, and
pro-inflammatory cytokine secretion was determined using enzyme-linked immunosorbent assays.
Anthocyanins and their metabolites had no effect on ASC or NLRP3 protein expression. However,
THBA significantly inhibited ASC speck formation in primed and unprimed THP-1 monocytes, while
caspase-1 activity was significantly declined by grape/blueberry anthocyanins. Furthermore, reduced
inflammasome activation resulted in lower pro-inflammatory cytokine secretion. In conclusion, our
results show for the first time that grape /blueberry anthocyanins and their gut-derived metabolites
exert anti-inflammatory effects by attenuating NLRP3 inflammasome activation in THP-1 monocytes.

Keywords: anthocyanins; gut-derived metabolites; NLRP3 inflammasome; ASC specks; grapes; blueberries

1. Introduction

Anthocyanins are water-soluble secondary plant metabolites, which represent a sub-
class of flavonoids [1]. They possess a broad range of biological activities and several
epidemiological [2-5], as well as experimental [6,7], studies indicate their beneficial health
effects especially on cardiovascular diseases. In Europe, mean dietary anthocyanin intake is
reported to range from 19 to 65 mg/d, where berries, grapes, and wine are the main dietary

Metabolites 2024, 14, 203. https:/ /doi.org/10.3390/metabo14040203

https: / /www.mdpi.com/journal / metabolites



Metabolites 2024, 14, 203

2 of 15

sources [8]. However, in contrast to other flavonoids, absorption of anthocyanins is low [9].
Therefore, most of the ingested anthocyanins reach the colon, where they are extensively
metabolized by the gut microbiota into low-molecular-weight metabolites [7,10,11]. These
metabolites may be absorbed in the colon by the monocarboxylate transporter-1 [12], thus
the gut microbiota plays a crucial role in anthocyanin bioavailability [7,11]. In addition,
anthocyanins are unstable at basic pH values and spontaneous degrade into aldehydes and
phenolic acids, such as 2,4,6-trihydroxbenzaldehyde (THBA, phloroglucinaldehyde) and
3,4-dihydroxybenzoic acid (protocatechuic acid) in the gastrointestinal tract [7,13]. Hence,
gut-derived metabolites can derive from the human gut microbiota or spontaneous antho-
cyanin degradation. THBA is a degradation product, which results from the A-ring, thus
THBA could be formed by each parent anthocyanin independent of B-ring substitution [14].
Therefore, THBA is found at much higher plasma concentrations compared to its parent
anthocyanins [15,16]. In this context, using UHPLC-MS/MS analyses, we have recently
shown in a randomized, placebo-controlled, crossover trial that THBA was significantly
increased in plasma after long-term consumption of an anthocyanin-rich grape/blueberry
juice, while plasma concentrations of parent anthocyanins were unaltered [17]. In addition,
homovanillyl alcohol (HVA) was significantly increased in feces samples after consump-
tion of the grape/blueberry juice (unpublished data). Furthermore, parent anthocyanins
have a short half-life compared to their low-molecular-weight metabolites [10]. Therefore,
it is assumed that observed beneficial health effects of dietary anthocyanins are mainly
mediated by persistent high metabolite concentrations [18].

Inflammasomes are multi-protein complexes, which can be formed by myeloid cells
in response to tissue injury, infections, and metabolic stress as part of the innate immune
response [19,20]. However, aberrant inflammasome activation has been linked to several
inflammatory diseases such as atherosclerosis, diabetes mellitus type 2, and neurodegener-
ative diseases [21]. Canonical NLR family pyrin domain-containing 3 (NLRP3) inflamma-
some activation leads to the formation of a large multimeric ASC speck, comprising NLRP3,
the adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC),
and pro-caspase-1. Upon inflammasome assembly, auto-catalytic activation of caspase-1
takes place, resulting in the maturation and release of the inflammatory cytokines IL-13
and IL-18. Furthermore, activation of caspase-1 causes pyroptosis, an inflammatory form
of programmed cell death [22]. Thus, inhibition of the NLRP3 inflammasome may exert
beneficial health effects in the prevention and treatment of inflammatory diseases. There-
fore, searching for new approaches to prevent NLRP3 inflammasome activation is crucial.
Anthocyanins and their gut-derived metabolites are known for their anti-inflammatory
and anti-oxidative properties [23-25]. In addition, anthocyanins have been reported to
attenuate NRLP3 inflammasome activation in several in vitro and in vivo studies. For
instance, malvidin supplementation diminished NLRP3 inflammasome activation in mice
with LPS-induced acute liver injury [26]. Similarly, malvidin inhibited activation of the
NLRP3 inflammasome in mice with acute kidney injury and human renal tubular epithelial
cells [27]. However, the influence of grape/blueberry anthocyanins and especially their
gut-derived metabolites on NLRP3 inflammasome activation in human monocytes remains
unclear. Therefore, the present study aimed to determine the potential of grape/blueberry
anthocyanins and their gut-derived metabolites homovanillyl alcohol (HVA) and THBA to
attenuate NLRP3 inflammasome activation. In summary, to the best of our knowledge, our
results show for the first time that grape/blueberry anthocyanins and their gut-derived
metabolites exert anti-inflammatory effects by attenuating NLRP3 inflammasome activation
in THP-1 monocytes.

2. Materials and Methods

2.1. Preparation and Characterization of the Powdered Anthocyanin-Rich Grape/Blueberry Extract
The anthocyanin-rich grape/blueberry extract (GBE) was produced at Geisenheim

University (Department of Beverage Research, Geisenheim, Germany) from an anthocyanin-

rich grape/blueberry juice. Briefly, the juice was made from 80% red grape juice (grape
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variety Accent (Hochschule Geisenheim University, Geisenheim, Germany)) blended with
20% bilberry juice (Heidelbeersaft blank BIO; Bayernwald KG, Hengersberg, Germany).
The juice was loaded onto a pilot column (Kronalab Chromatographie und Labortechnik
GmbH, Sinsheim, Germany) filled with SP70 Sepabeads® absorber resin (Resindion S.r.l.,
Binasco, Italy), and water-soluble juice constituents like sugars, organic acids, and minerals
were washed out with distilled water. Afterwards anthocyanins and colorless polyphenols
were eluted with ethanol (Merck GmbH, Darmstadt, Germany). The ethanolic fraction was
concentrated using rotary evaporation (Hei-Vap Industrial 0.1.6; Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany), and the resulting anthocyanin-rich extract was
spray dried (B-290 mini Spray Dryer; Biichi Labortechnik GmbH, Essen, Germany) with
maltodextrin (DE17-19; Applichem GmbH, Darmstadt, Germany) as the carrier agent. The
powdered extract was analyzed after membrane filtration (0.45 uM) for total phenolics, and
anthocyanins were analyzed using HPLC-PDA /ESI-MS as previously described [28]. A
representative LC-MS chromatogram of the powdered anthocyanin-rich grape/blueberry
extract is shown in Figure S1. Quantitation was carried out in duplicate using peak areas
detected at 520 nm and based on external calibration via the reference substance cyanidin-3-
glucoside (0.1-100 mg/L; linearity of calibration, r> = 0.9999). For cyanidin-3-glucoside, the
limit of detection was 0.01 mg/L and the limit of quantitation was 0.04 mg/L. Anthocyanins
were identified using mass spectra and literature data.

2.2. THP-1 Cell Culture

THP-1 cells are derived from a 1-year-old patient with acute monocytic leukemia and
are reported to be a reliable model for NLRP3 inflammasome activation [22,29]. The THP-1
cell line was obtained from Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany). Monocytic THP-1 cells were cultured in
complete media RPMI-1640 GlutaMAX™ (Invitrogen GmbH, Darmstadt, Germany) sup-
plemented with 7.5% fetal bovine serum (Invitrogen GmbH) and 10 mM Hepes (Invitrogen
GmbH). Cells were kept at 37 °C in a humidified incubator at 5% CO,, and cell density
was maintained between 2 x 10 and 1 x 10° cells/mL. THP-1 cells can be cultured up to
3 months without a change in cell behavior [30] and were used between passage 9 and 18.

2.3. Cell Viability and Cytotoxicity

THP-1 cells (8 x 10° cells/mL) were seeded in 48-well plates and subjected to various
concentrations of grape/blueberry anthocyanins or their gut-derived metabolites [17].
The molecular structures of the gut-derived metabolites HVA and THBA are shown in
Figure S2. The GBE was freshly prepared each time at a concentration of 1 mg/mL. For
HVA (purity 99%, CAS No.: 2380-78-1; Sigma-Aldrich, Taufkirchen, Germany) and THBA
(purity > 97%; CAS No.: 487-70-7; Sigma-Aldrich), stock solutions of 10 mM were prepared.
Treatment solutions were sterile-filtered, and THP-1 cells were incubated with the indicated
concentrations for 24 h. The cytotoxic effects of each treatment solution were assessed using
flow cytometry. Therefore, THP-1 cells were stained with Guava® ViaCount™ Reagent
(Merck GmbH) and incubated for 10 min at room temperature in the dark. A total of
1000 events were acquired on a Guava® Muse® Cell Analyzer (Merck GmbH), and cell
viability was determined. The representative gating strategy is shown in Figure S3.

2.4. NLRP3 Inflammasome Activation

To examine the influence of grape/blueberry anthocyanins and their gut-derived
metabolites on the NLRP3 inflammasome, TPH-1 monocytes were preincubated with dif-
ferent concentrations of the GBE, HVA, or THBA for 24 h before the NLRP3 inflammasome
was activated. After preincubation with grape/blueberry anthocyanins or their gut-derived
metabolites, the medium was replaced and THP-1 monocytes were either left untreated or
primed with 10 ng/mL LPS (Escherichia coli 0111: B4, Sigma-Aldrich) in serum-free media
for 4 h before the inflammasome was activated by adding 10 uM nigericin (Sigma-Aldrich)
for further 40 min.
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2.5. Flow Cytometry

Intracellular ASC speck formation, as well as ASC and NLRP3 protein expression,
were determined using flow cytometry. THP-1 monocytes were fixed and permeabilized
(Biolegend, Amsterdam, The Netherlands) according to the manufacturer’s instructions.
Fixed cells were stored in sodium azide-containing buffer at 4 °C until the next day. Then,
cells were intracellularly stained with fluorescence-labeled monoclonal antibodies [anti-
ASC-PE (Biolegend) and anti-NLRP3-APC (Miltenyi, Bergisch Gladbach, Germany)] or
the corresponding isotype controls [mouse IgG1k (Biolegend) and IgG1-REAfinity™ (Mil-
tenyi)] in the dark at room temperature for 10 or 20 min, respectively. In total, 10,000 cells
were acquired on a BD FACSCanto™ II Flow Cytometer (BD Bioscience, Heidelberg, Ger-
many), and flow cytometric data were analyzed with FlowJo software version 10.8.1 (BD
Bioscience, Heidelberg, Germany). To exclude debris, cells were first gated using forward
light scatter area (FSC-A) versus side scatter area (SSC-A). Next, FSC-A versus FSC-height
(FSC-H) was used to perform doublet exclusion. Single cells were then gated for ASC and
NLRP3 expression compared to the matching isotype control, and median fluorescence
intensity (MFI) was assessed (Figure S4). High ASC-expressing cells were further gated
using ASC fluorescence pulse area (ASC-A) and ASC fluorescence pulse width (ASC-W).
ASC speck forming cells were selected via the observed reduction in ASC-W due to ASC
condensation and the percentage of ASC speck-positive cells was quantified (Figure S5).

2.6. Caspase-Glo® 1 Inflammasome Assay

Caspase-1 activity in cultured cells was measured using the Caspase-Glo® 1 Inflamma-
some Assay (Promega, Walldorf, Germany). Briefly, THP-1 monocytes (5 x 10* cells) were
seeded in a white opaque 96-well plate. Cells were either left untreated or the NLRP3 in-
flammasome was activated as indicated. For the measurement of caspase-1 activity, 100 uL
of Caspase-Glo® Reagent was added to each well and luminescence was measured after
60 min on a BioTek Synergy H1 microplate reader (Biotek GmbH, Karlsruhe, Germany).

2.7. Enzyme-Linked Immunosorbent Assays (ELISA)

Secretion of the pro-inflammatory cytokines IL-13 and IL-18 into the cell culture
supernatant was determined using commercial ELISA kits (Invitrogen) according to the
manufacturer’s instructions. Absorbance was measured at 450 nm using a BioTek Synergy
H1 microplate reader (Biotek GmbH).

2.8. Statistical Analyses

GraphPad Prism version 10.0.3 (GraphPad Software, San Diego, CA, USA) was used
for statistical analyses. All experiments were run in duplicate, and results are expressed
as means =+ SD (standard deviation). Significant differences between treatments were
calculated with one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons test. Adjusted p-values of <0.05 were considered statistically significant, and
adjusted p-values are given in all figures.

3. Results
3.1. Composition of the Powdered Anthocyanin-Rich Grape/Blueberry Extract

In total, the anthocyanin content of the powdered grape/blueberry extract was
61.4 mg/g. Due to the high grape content of the juice that the extract originated from,
almost half of the identified anthocyanins were peonidin derivates (about 47%). Peonidin-
3,5-diglucoside was the most abundant anthocyanin, followed by malvidin-3,5-diglucoside
and delphinidin-3-arabinoside (Table 1). The total phenol content of the powdered grape/
blueberry extract was 185 mg/g, with 18 mg/g colorless phenolics.
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Table 1. Anthocyanin composition of the powdered anthocyanin-rich grape/blueberry extract.

1

Anthocyanins Rt [min] [M+H]* Amax [nm] mg/g [%]
Delphinidin-3,5-diglucoside 7.10 627,465, 303 520 0.3 0.4
Cyanidin-3,5-diglucoside 8.65 611, 449, 287 514 1.3 2.0
Delphinidin-3-galactoside 9.57 465, 303 522 3.2 52
Delphinidin-3-glucoside 10.41 465, 303 522 37 6.0
Peonidin-3,5-diglucoside 11.13 625, 463, 301 513 234 38.1
Delphinidin-3-arabinoside 11.84 435,303 522 6.7 109
Malvidin-3,5-diglucoside 12.06 655,493, 331 521 6.7 10.9
Petunidin-3-galactoside 12.72 479, 317 524 0.8 1.3
Cyanidin-3-arabinoside 13.03 419, 287 517 1.5 25
Petunidin-3-glucoside 13.52 479,317 521 2.6 43
Peonidin-3-galactoside 14.10 463, 301 515 0.2 0.4
Petunidin-3-arabinoside 14.59 449,317 524 0.5 0.9
Peonidin-3-glucoside 15.00 463, 301 516 5.1 8.3
Malvidin-3-glucoside 15.95 493, 331 524 3.9 6.4
Malvidin-3-arabinoside 16.99 463, 331 526 0.3 0.5
Malvidin-3-(6"-coumaryl)-5-diglucoside 21.69 801, 639, 493, 331 524 1.2 1.9
Y 61.4 100

I The powdered grape/blueberry extract was analyzed using HPLC-PDA /ESI-MS (n = 2), and the data were
expressed as mean & SD mg cyanidin-3-glucoside equivalents per g. Rt, retention time; [M+H]*, photoionization
mass; Amax (lambda max), wavelength maxima.

3.2. Effect of Grape/Blueberry Anthocyanins and Their Gut-Derived Metabolites on THP-1
Cell Viability

To determine the potential cytotoxic effects of grape/blueberry anthocyanins and their
gut-derived metabolites on THP-1 cells, THP-1 monocytes were treated with increasing
concentrations of the GBE, HVA, or THBA for 24 h before cell viability was measured
using flow cytometry. As shown in Figure 1a, incubation with 0 to 500 ug/mL of the GBE
for 24 h had no effect on cell viability. In addition, HVA concentrations up to 125 uM
were nontoxic to THP-1 monocytes (Figure 1b). In contrast, cell viability was slightly
affected by the highest THBA concentration and decreased from 95.5 £ 1.0% for control
cells to 90.0 = 3.8% for THBA-treated cells (p < 0.01; Figure 1c). Based on these results, non-
cytotoxic GBE concentrations of 15 and 50 pg/mL were used for all subsequent experiments.
For gut-derived anthocyanin metabolites, non-cytotoxic concentrations of 1 and 50 uM
were selected to represent physiological, as well as pharmacological, doses.
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Figure 1. Effect of grape/blueberry anthocyanins and their gut-derived metabolites on THP-1 cell
viability. THP-1 monocytes were incubated with the indicated concentrations of (a) the GBE, (b) HVA,
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or (c) THBA for 24 h before cell viability was measured by flow cytometry. Data are presented as
mean =+ SD (n = 3). Significant differences compared to the untreated control were calculated using
one-way ANOVA followed by Dunnett’s multiple comparisons test. ** p < 0.01.

3.3. Grape/Blueberry Anthocyanins and Their Gut-Derived Metabolites Have No Effect on ASC
and NLRP3 Protein Expression in THP-1 Monocytes

LPS is a toll like-receptor 4 agonist, and priming THP-1 cells with LPS for several
hours is reported to result in transcriptional upregulation of several inflammasome com-
ponents [22]. To investigate the influence of grape/blueberry anthocyanins and their
gut-derived metabolites on ASC and NLRP3 protein expression, THP-1 monocytes were
preincubated with different concentrations of the GBE, HVA, or THBA before the NLRP3
inflammasome was primed with LPS. ASC and NLRP3 protein expression were deter-
mined using flow cytometry, whereas high basal protein expression rates were observed
in THP-1 monocytes. However, neither ASC nor NLRP3 protein expression was induced
through LPS priming in the present study. In addition, preincubation with grape/blueberry
anthocyanins and their gut-derived metabolites had no effect on ASC or NLRP3 protein
expression in THP-1 monocytes (Figure S6).

3.4. Grape/Blueberry Anthocyanins and Their Gut-Derived Metabolites Attenuate ASC Speck
Formation in THP-1 Monocytes

ASC speck formation is a hallmark of NLRP3 inflammasome activation. While under
resting conditions ASC molecules are diffuse distributed in the cytoplasm, NLRP3 inflam-
masome activation leads to the formation of a single supramolecular ASC speck. This
condensation of ASC molecules could be observed using flow cytometry as a decline in ASC
pulse width (ASC-W) [31]. Therefore, the quantification of ASC speck-positive cells using
flow cytometry is a sensitive method to determine NLRP3 inflammasome activation on a
cellular level [22]. To validate this method, THP-1 monocytes were either left untreated or
primed with LPS followed by activation of the inflammasome with the pore-forming toxin
nigericin [32]. As expected, no formation of ASC specks could be observed in untreated
and LPS-treated THP-1 monocytes. In contrast, nigericin treatment with and without prior
LPS priming resulted in a significant increase of ASC speck-positive cells compared to the
untreated control (p < 0.0001; Figure 2).

Control LPS Nigericin LPS + Nigericin

ASC-W

ASC-A

ASC speck” cells [%]
- o N
o o o (3. o

LPS - + - +

Nigericin - - + +

(b)

Figure 2. Detection of ASC speck formation in THP-1 cells using flow cytometry. THP-1 monocytes
were either left untreated or primed with LPS followed by activation of the NLRP3 inflammasome
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with nigericin as mentioned in the methods section. Flow analysis was performed and the percentage
of ASC speck-positive cells was quantified. Data are presented as (a) representative dot plots
and (b) column bars with mean + SD (n = 3). Significant differences compared to the untreated
control were calculated using one-way ANOVA followed by Dunnett’s multiple comparisons test.
** p < 0.0001.

After validating this method, we next investigated potential inhibitory effects of
grape/blueberry anthocyanins and their gut-derived metabolites towards NLRP3 inflam-
masome activation. Therefore, THP-1 monocytes were preincubated with different con-
centrations of the GBE, HVA, or THBA before the NLRP3 inflammasome was activated
with LPS and/or nigericin. There was a decline in the percentage of ASC speck-positive
cells after preincubation with the GBE (15 ug/mL) in LPS- and nigericin-treated cells.
However, after correction for multiple comparisons this effect was no longer statistically
significant (Figure 3a). In contrast, no impact of GBE treatment on ASC speck formation in
unprimed nigericin-treated cells was observed (Figure 3b). Interestingly, THBA (50 uM)
significantly inhibited ASC speck formation in LPS- and nigericin-treated THP-1 monocytes
(p < 0.01), while HVA had no effect (Figure 3c). However, the percentage of ASC speck-
positive cells was decreased by low and high HVA, as well as THBA, doses in unprimed,
nigericin-treated THP-1 monocytes, whereas the effects of THBA were still significant after
correction for multiple testing (p < 0.05; Figure 3d). Taken together, these results indicate
that grape/blueberry anthocyanins and their gut-derived metabolites attenuate ASC speck
formation in primed and unprimed THP-1 monocytes.
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Figure 3. Effect of grape/blueberry anthocyanins and their gut-derived metabolites on ASC speck
formation in THP-1 cells. THP-1 monocytes were preincubated with the indicated concentrations of
grape/blueberry anthocyanins and their gut-derived metabolites before the NLRP3 inflammasome
was activated as mentioned in the methods section. Cells were flow cytometrically analyzed and
the percentage of ASC speck-positive cells was quantified. Data are presented as mean + SD (1 = 3).
Significant differences compared to (a,c) LPS- and nigericin-stimulated cells or (b,d) cells treated only
with nigericin were calculated using one-way ANOVA followed by Dunnett’s multiple comparisons
test. * p < 0.05 and ** p < 0.01.
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3.5. Effect of Grape/Blueberry Anthocyanins and Their Gut-Derived Metabolites on Caspase-1
Activity in THP-1 Monocytes

Upon NLRP3 inflammasome activation, ASC and pro-caspase-1 molecules interact
via their respective caspase recruitment domains, leading to the auto-proteolytic activation
of caspase-1 [33]. This activation of caspase-1 is usually monitored through western blot
analysis of cleaved caspase-1. However, this method does not directly reflect caspase-1
activity. For this reason, in the present study, a bioluminescent, coupled-enzyme assay
utilizing a Z-WEHD-aminoluciferin substrate for caspase-1 was used to determine caspase-
1 activity. Active caspase-1 cleaves the Z-WEHD-aminoluciferin substrate, leading to the
release of aminoluciferin, resulting in a luciferase reaction and light production, which can
be measured with a luminescence microplate reader [34].

As shown in Figure S7a, inflammasome activation led to a significant increase in
caspase-1 activity in nigericin-stimulated THP-1 monocytes. Nevertheless, this response
was significantly enhanced by priming with LPS. To confirm the specific determination of
caspase-1 activity, the caspase-1 inhibitor Ac-YVAD-CHO was used for testing in parallel
wells in preliminary tests. We further assessed whether caspase-1 activity was influenced by
grape/blueberry anthocyanins and their gut-derived metabolites in THP-1 cells. Therefore,
THP-1 monocytes were preincubated with different concentrations of the GBE, HVA, or
THBA before the NLRP3 inflammasome was activated by LPS and/or nigericin. We found
that caspase-1 activity was significantly inhibited by preincubation with the GBE both in
LPS and nigericin, as well as in cells treated only with nigericin (p < 0.0001; Figure 4a,b).
Surprisingly, caspase-1 activity slightly but not significantly increased in LPS-primed cells
preincubated with the gut-derived anthocyanin metabolites HVA and THBA (Figure 4c).
Similarly, after inflammasome activation, caspase-1 activity was enhanced in unprimed
HVA or THBA-treated THP-1 monocytes (p < 0.05; Figure 4d). In conclusion, these results
indicate that grape/blueberry anthocyanins inhibit inflammasome activation by inhibiting
caspase-1 activity, while gut-derived metabolites may exert contrary effects on caspase-1-
activity in THP-1 monocytes.
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Figure 4. Effect of grape/blueberry anthocyanins and their gut-derived metabolites on caspase-
1 activity in THP-cells. THP-1 monocytes were preincubated with the indicated concentrations
of grape/blueberry anthocyanins and their gut-derived metabolites before the NLRP3 inflam-
masome was activated as mentioned in the methods section. Caspase-1 activity was measured
by using the Caspase-Glo® 1 Inflammasome Assay and luminescence was measured. Data are
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presented as mean &+ SD (n = 3). Significant differences compared to (a,c) LPS- and nigericin-
stimulated cells or (b,d) cells treated only with nigericin were calculated using one-way ANOVA
followed by Dunnett’s multiple comparisons test. * p < 0.05, **** p < 0.0001. RLU, relative light unit.

3.6. Grape/Blueberry Anthocyanins and Their Gut-Derived Metabolites Ameliorate Inflammatory
Cytokine Secretion after NLRP3 Inflammasome Activation in THP-1 Monocytes

Secretion of the inflammatory cytokines IL-1(3 and IL-18 requires the cleavage of their
pro-forms into their bioactive forms by active caspase-1 [21]. Thus, we next investigated the
efficacy of grape/blueberry anthocyanins and their gut-derived metabolites to attenuate
pro-inflammatory cytokine release. Therefore, THP-1 monocytes were preincubated with
different concentrations of the GBE, HVA, or THBA before the NLRP3 inflammasome was
activated by LPS and/or nigericin, and IL-1§3 and IL-18 concentrations in the cell-culture
supernatants were measured using ELISAs. Our results show that NLRP3 inflammasome
activation significantly induced IL-1$3 and IL-18 secretion in primed and unprimed THP-
1 monocytes (Figure S7b,c), albeit that inflammatory cytokine release was significantly
enhanced by LPS priming. However, preincubation with the GBE (15 and 50 ug/mL) de-
creased IL-13 concentrations in the cell-culture supernatants of LPS- and nigericin-treated
cells, whereas the effect of the higher concentration was still significant after correction
for multiple testing (p < 0.01; Figure 5a). In addition, preincubation with THBA (50 uM)
drastically declined IL-1§3 secretion after LPS/nigericin-induced inflammasome activation
(p < 0.01), whereas preincubation with HVA showed only modest effects (Figure 5c). In
addition, the efficacy of grape/blueberry anthocyanins and their gut-derived metabolites
to attenuate IL-18 secretion was less pronounced even at high concentrations (Figure 5b,d).
After inflammasome activation, IL-18 release by THP-1 monocytes was decreased by prein-
cubation with the GBE (15 pg/mL) and THBA (50 uM). However, after correction for
multiple testing these effects were no longer statistically significant. Consequently, these
results indicate that grape/blueberry anthocyanins and their gut-derived metabolites ame-
liorate inflammatory cytokine secretion after inflammasome activation in THP-1 monocytes,
whereas the efficacy of grape/blueberry anthocyanins and their metabolites to attenuate
IL-18 secretion is less pronounced.
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Figure 5. Effect of grape/blueberry anthocyanins and their gut-derived metabolites on inflammatory
cytokine secretion in THP-1 cells. THP-1 monocytes were preincubated with the indicated concentrations
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of grape/blueberry anthocyanins and their gut-derived metabolites before the NLRP3 inflammasome
was activated as mentioned in the methods section. The release of (a,c) IL-1 and (b,d) IL-18 into the
cell-culture supernatant was measured using ELISA. Data are presented as mean £ SD of at least
three replicated experiments. Significant differences compared to LPS- and nigericin-stimulated cells
were calculated using one-way ANOVA followed by Dunnett’s multiple comparisons test. ** p < 0.01.

4. Discussion

In the last years, growing evidence indicates a link between excessive NLRP3 in-
flammasome activation and inflammatory diseases [21]. Therefore, searching for new
approaches to preventing NLRP3 inflammasome activation is crucial. Anthocyanins and
their gut-derived metabolites are known for their anti-inflammatory and anti-oxidative
properties [23-25]. Therefore, the present study aimed to determine the potential of
grape/blueberry anthocyanins, and especially their gut-derived metabolites, to attenuate
NLRP3 inflammasome activation.

Canonical inflammasome activation is a two-step process comprising priming and
activation. During the priming step, damage-associated molecular patterns and pathogen-
associated molecular patterns such as LPS induce the nuclear factor (NF)-kB mediated
expression of different NLRP3 inflammasome components [35]. For this reason, we primed
THP-1 monocytes with LPS for several hours before ASC and NLRP3 protein expression
was assessed using flow cytometry. We noted a high basal NLRP3 protein expression,
which was also observed by Gritsenko et al. [19]. However, neither ASC nor NLRP3
protein expression was induced by LPS in the present study. In another study, ASC protein
expression was not significantly altered by LPS priming in primary human monocytes,
whereas NLRP3 protein expression was significantly upregulated [36]. In addition, LPS
priming of primary human monocytes and THP-1 cells also resulted in higher NLRP3
protein expression rates in a further study [19]. However, in these studies, 10- to 100-fold
higher LPS concentrations were used, and protein expression was assessed through western
blot analyses [19,36]. In contrast, protein expression was determined using flow cytometry
on a single cell level in the present study. Therefore, discrepancies in study results may be
due to experimental and methodological differences.

Several studies reveal that anthocyanins exert anti-inflammatory properties by inhibit-
ing NF-«B signaling pathway activation [37]. Therefore, we next examined the influence
of grape/blueberry anthocyanins and their gut-derived metabolites on ASC and NLRP3
protein expression in THP-1 monocytes. A recent study reported that ASC and NLRP3
mRNA levels were significantly decreased by different blueberry extracts in LPS-treated
murine RAW?264.7 macrophages [38]. Moreover, NLRP3 protein expression was also sig-
nificantly inhibited to varying extents depending on the respective blueberry variety [38].
In other studies, malvidin, which is the predominating anthocyanin in blueberries [39],
inhibited LPS-induced NLRP3 protein expression in various mouse tissues [26,27,40,41]. In
contrast, the observed effects of malvidin on ASC protein expression are more inconsistent.
While LPS-induced ASC protein expression has been found to be significantly decreased
by malvidin treatment in liver and kidney tissues of mice, ASC expression in mice cere-
brum was not affected [26,27,40]. Similarly, in a randomized placebo-controlled clinical
trial, mRNA levels of ASC and NLRP3 were not significantly lower in peripheral blood
mononuclear cells (PBMCs) from patients with nonalcoholic fatty liver disease (NAFLD),
compared to the control group, after 12 weeks of anthocyanin supplementation [42]. In
addition, no inhibitory effects of grape/blueberry anthocyanins and their gut-derived
metabolites on ASC or NLRP3 protein expression in THP-1 monocytes were observed in
the present study. Therefore, we next investigated whether grape /blueberry anthocyanins
and their gut-derived metabolites inhibit NLRP3 inflammasome assembly rather than ASC
or NLRP3 expression.

ASC speck formation is a unique hallmark of inflammasome activation that can be
observed using fluorescence microscopy. In addition, western blot analyses can be used to
discriminate between ASC monomers and ASC oligomers [22]. However, these techniques
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are either non-quantitative or time consuming. Therefore, ASC speck formation was de-
termined using intracellular flow cytometry in the present study. This powerful approach
was recently introduced by Sester et al. and allows researchers to assess the formation
of ASC specks on a single cell level [22,31]. Although neither ASC nor NLRP3 protein
expression was induced by LPS priming in the present study, inflammasome activation
was significantly higher in LPS-primed cells compared to unprimed cells, as shown by
a significantly higher percentage of ASC speck-positive THP-1 monocytes. Therefore,
our results illustrate that priming regulates NLRP3 inflammasome activation beyond the
transcriptional upregulation of inflammasome components. Indeed, growing evidence
indicates that priming of the NLRP3 inflammasome induces complex post-translational
modifications such as ubiquitination and phosphorylation, which influence NLRP3 inflam-
masome activation [21,43]. To the best of our knowledge, our results show for the first
time that ASC speck formation is attenuated by grape/blueberry anthocyanins and their
gut-derived metabolites in primed, as well as unprimed, THP-1 monocytes. The fact, that
ASC speck formation was also diminished in unprimed monocytes indicates that antho-
cyanins and their gut-derived metabolites may possibly prevent NLRP3 oligomerization
and/or ASC-NLRP3 interaction. In this context, Erianin, a low-molecular-weight molecule
with two phenyl rings, has been reported to prevent NLRP3 inflammasome assembly by
direct binding to the NLRP3 protein [44]. On the other hand, nigericin treatment causes
mitochondrial dysfunction, resulting in increased reactive oxygen species (ROS) generation
and oxidative stress, which are known to induce NLRP3 inflammasome activation [32].
Cellular redox homeostasis is maintained by the nuclear factor erythroid 2-like factor 2
(Nrf2) signaling pathway [45]. A recent study reported that malvidin significantly increased
Nrf2 protein expression in the colon tissue of mice with LPS-induced septic intestinal in-
jury [41]. Furthermore, another study found that pretreatment with malvidin decreased
LPS/ATP-induced ASC oligomerization, as well as ASC speck formation, in human re-
nal tubular epithelial cells (HK-2 cells) by activating the Nrf2 pathway, and decreased
ROS generation [27]. In addition, malvidin has been found to alleviate LPS/ATP-induced
mitochondrial dysfunction and ROS generation in BV-2 microglia cells [40]. Similarly,
anthocyanins from Hibiscus syriacus L. inhibited LPS/ATP-induced NLRP3 inflammasome
activation in BV-2 microglia cells by alleviating mitochondrial ROS production in a further
study [46]. Therefore, grape/blueberry anthocyanins and their gut-derived metabolites
may inhibit ASC speck formation in THP-1 monocytes by ameliorating oxidative stress and
preventing the interactions of inflammasome components.

Upon NLRP3 inflammasome activation, ASC and pro-caspase-1 molecules interact via
their respective caspase recruitment domains, leading to the auto-proteolytic activation of
caspase-1, which is an inflammatory caspase that catalyzes the maturation and release of
IL-1p and IL-18 [32]. Hence, inhibition of caspase-1 activity may diminish the inflammatory
response. Therefore, we next investigated whether the observed reduction in ASC speck
formation by grape/blueberry anthocyanins and their gut-derived metabolites was accom-
panied by a decrease in capase-1 activity. Our results show that caspase-1 activity was
significantly inhibited by grape/blueberry anthocyanins in primed and unprimed THP-1
monocytes, indicating that grape/blueberry anthocyanins may inhibit the recruitment
and/or the auto-catalytic activation of caspase-1. However, anthocyanins may also inhibit
caspase-1 expression. A recent study reported that treatment with different blueberry
extracts reduced the levels of mRNA and protein expression of caspase-1 in RAW264.7
macrophages [38]. In addition, studies have found LPS-induced protein expression of
cleaved caspase-1 to be significantly decreased by malvidin treatment in several mouse
tissues [26,27,40]. Similarly, malvidin reduced the protein levels of cleaved caspase-1 in
LPS/ATP-treated HK-2 cells [27]. Therefore, grape/blueberry anthocyanins may decrease
caspase-1 activity by inhibiting the expression and activation of its inactive pro-form.

The maturation and release of the inflammatory cytokines IL-1f3 and IL-18 require
active caspase-1 [21]. Therefore, we finally examined the influence of grape/blueberry
anthocyanins and their gut-derived metabolites on IL-1 and IL-18 secretion into the cell-
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culture supernatant of LPS- and nigericin-treated THP-1 monocytes. As recently reported,
IL-1p3 is not basally expressed in human monocytes, whereas IL-18 is constitutively ex-
pressed [19]. However, in the present study NLRP3 inflammasome activation by nigericin
treatment significantly induced IL-1 and IL-18 release in primed and unprimed THP-1
monocytes. These results indicate that at least low levels of IL-1§3 are basally expressed in
THP-1 monocytes. In addition, preincubation with grape/blueberry anthocyanins and their
gut-derived metabolites significantly decreased IL-1f3 concentrations in the cell-culture
supernatants of LPS- and nigericin-treated THP-1 monocytes, whereas the effects on IL-
18 concentrations were only modest and less pronounced even at high concentrations.
Therefore, grape/blueberry anthocyanins and their gut-derived metabolites may not only
attenuate ASC speck formation and caspase-1 activity but also pro-inflammatory cytokine
expression. Indeed, gene expression of IL-13 has been found to be significantly inhibited
by blueberry extracts in murine RAW264.7 macrophages [38], and red raspberry supple-
mentation has been found to prevent high-fat-diet-induced IL-13, as well as IL-18, mRNA
and protein expression in the liver tissue of mice [47]. Similarly, in other studies, malvidin
alleviated LPS-induced IL-1(3 expression in several mouse tissues [26,27,41]. In addition,
after supplementation of anthocyanins for 12 weeks, IL-1 and IL-18 mRNA expression
rates have been found to be significantly lower in PBMCs from NAFLD patients compared
to the placebo group [42], and IL-13 and IL-18 plasma levels also significantly decreased in
the anthocyanin group [42]. Taken together, this evidence indicates that grape/blueberry
anthocyanins and their gut-derived metabolites attenuate pro-inflammatory cytokine re-
lease upon NLRP3 inflammasome activation and therefore may exert beneficial health
effects in the prevention and treatment of inflammatory diseases.

To the best of our knowledge, our results show for the first time that grape/blueberry
anthocyanins and their gut-derived metabolites exert anti-inflammatory effects by atten-
uating NLRP3 inflammasome activation in primed and unprimed human monocytes. In
particular, THBA exhibited a strong potential to inhibit NLRP3 inflammasome activation,
while the dampening impact of THBA on NLRP3 inflammasome activation was more
pronounced at the high, supraphysiological concentration. In contrast, maximal systemic
THBA concentrations between 103 and 582 nM were observed after single doses of 500 mg
13C-labeled cyanidin-3-glucoside or elderberry anthocyanins, respectively [15,16]. There-
fore, the physiological relevance of the current results has to be considered. However,
potential additive and synergistic effects of anthocyanin metabolites may exert in vivo [48],
amplifying the efficiency of physiologically attainable anthocyanin and metabolite con-
centrations to inhibit inflammasome activation. One strength of the current study is that
several events of the NLRP3 inflammasome activation cascade were monitored through
the evaluation of multiple read-outs. In addition, ASC speck formation was determined
using intracellular flow cytometry, which is a sensitive and powerful approach to assess
inflammasome activation. However, the underlying molecular mechanisms by which
grape/blueberry anthocyanins and their gut-derived metabolites attenuate NLRP3 inflam-
masome activation remain to be shown and should be addressed in future studies, since
understanding the precise molecular pathways involved would provide deeper insights
into the observed outcomes. One limitation of the present study is that cancerogenic cells,
like THP-1 monocytes, may not completely reflect the behavior of primary cells. However,
THP-1 cells display similar features of NLRP3 inflammasome activation compared to pri-
mary human monocytes. In addition, THP-1 cells have been confirmed as a sufficient model
to assess NLRP3 inflammasome activation in prior studies [19,29]. Nevertheless, most
of our knowledge about the influence of anthocyanins and their metabolites on NLRP3
inflammasome activation comes from preclinical in vitro studies and animal models. Trans-
lating findings from those models to humans requires careful consideration of interspecies
differences in metabolism and physiology. Therefore, further clinical studies confirming
these findings in primary human monocytes are necessary to provide conclusions that are
even more definitive.
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5. Conclusions

In conclusion, our results show that grape/blueberry anthocyanins and their metabo-
lites exert anti-inflammatory effects by attenuating NLRP3 inflammasome activation. There-
fore, grape/blueberry anthocyanins and especially their physiological relevant metabolite
THBA might be useful for the prevention and treatment of several inflammatory diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/metabo14040203/s1, Figure S1: Representative HPLC-MS chro-
matogram of the powdered anthocyanin-rich grape/blueberry extract; Figure S2: Molecular struc-
tures of gut-derived anthocyanin metabolites; Figure S3: Gating strategy to assess cell viability;
Figure 54: Gating strategy to assess ASC and NLRP3 protein expression; Figure S5: Gating strategy to
assess ASC speck formation; Figure S6: Effect of grape/blueberry anthocyanins and their gut-derived
metabolites on ASC and NLRP3 protein expression in THP-1 cells; Figure S7: NLRP3 inflammasome
activation in THP-1 cells.
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4.1 Einfluss von Anthocyanen und ihrer Metabolite auf die Migration kanzerogener

Zellen

Laut statistischem Bundesamt stellen Tumorerkrankungen die zweithdufigste Todesursache in
Deutschland dar (Statistisches Bundesamt 2024). Vor dem Hintergrund, dass mehr als 90 %
aller tumorbedingten Sterbefille auf Metastasen zuriickzufiihren sind, stellt die Inhibierung der
Metastasierung einen wichtigen therapeutischen Ansatzpunkt dar. Daher wurde, im ersten Teil
der vorliegenden Dissertation, der Einfluss physiologischer Anthocyan- und Metabolit-

Konzentrationen auf das Migrationspotenzial kanzerogener Zellen untersucht.

Um zu untersuchen, inwiefern Anthocyane und ihre Metabolite die Migration kanzerogener
Zellen beeinflussen, wurde im Vorfeld, am Institut fiir Erndhrungswissenschaft der Justus-
Liebig-Universitit Giefen, eine randomisierte, Placebo-kontrollierte  Cross-over-
Interventionsstudie durchgefiihrt, im Rahmen derer 35 junge, gesunde Probanden (Alter: 24,4
+ 2,3 Jahre; BMI: 21,7 £ 2,6 kg/m?), iiber einen Zeitraum von 4 Wochen, tdglich 330 mL eines
Anthocyan-reichen = Trauben-/Heidelbeersafts (942 mg/L  als  Cyanidin-3-Glukosid-
Aquivalente, 2622 mg/L Gesamtphenole) bzw. 330 mL eines Anthocyan-reduzierten
Placebosafts (6 mg/L als Cyanidin-3-Glukosid-Aquivalente, 115 mg/L Gesamtphenole) zu sich
nahmen. Sowohl vor als auch nach der jeweiligen Intervention wurden Blutproben genommen
und die Anthocyane sowie deren Metabolite mittels Festphasenextraktion aus dem Plasma
isoliert, um deren Einfluss auf die Migration kanzerogener Zellen in vitro zu untersuchen. Dies
ermdglichte es, die in vivo stattfindende Absorption, Verteilung, Metabolisierung und
Ausscheidung (Bioverfiigbarkeit) der Anthocyane in den in vifro-Funktionsstudien zu
beriicksichtigen. Eine detaillierte Beschreibung des Studiendesigns ist in Behrendt et al. (2022)
dargestellt. Die Ergebnisse der ATTACH-Studie (Anthocyanins Target Tumor cell Adhesion -
Cancer vs. Endothelial Cell (HUVEC) interactions) zeigen, dass die nach 4-wochiger
Intervention mit einem Anthocyan-reichen Trauben-/Heidelbeersaft aus dem Plasma gesunder
Probanden isolierten Anthocyane sowie deren Metabolite, in physiologischen Konzentrationen,
in vitro die Migration von Kolonkarzinom- und Pankreaskarzinomzellen (HT-29 und PANC-
1) hemmen (Behrendt et al. 2022; Mostafa et al. 2023). Dabei gingen die fiir PANC-1
beobachteten, anti-migratorischen Effekten mit einer verminderten ICAM-1 sowie Integrin-f1
Expression auf den Pankreaskarzinomzellen einher (Mostafa et al. 2023). In diesem
Zusammenhang konnte bereits gezeigt werden, dass Verdanderungen der Integrin Expression

das invasive und migratorische Potenzial der Tumorzellen beeinflussen (Cooper und Giancotti
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2019). Insbesondere Integrin-B1 scheint sowohl in vitro als auch in vivo eine wichtige Rolle fiir
die Progression und Metastasierung von Tumoren zu spielen. So konnte bereits fiir
verschiedene Tumorarten gezeigt werden, dass die Expression von Integrin-f1 mit der Bildung
von Metastasen sowie einer schlechteren klinischen Prognose assoziiert ist (Pan et al. 2018).
Zudem kann in vitro die Adhdsion und Migration von Pankreaskarzinomzellen durch
Knockdown von Integrin-f1 gehemmt werden. Dariiber hinaus konnte im Tiermodell gezeigt
werden, dass durch Knockdown von Integrin-f1 sowohl das Wachstum des Primértumors um
50 % reduziert als auch die spontane Metastasierung der Pankreaskarzinomzellen vollstdndig
gehemmt wird (Grzesiak et al. 2011). Allerdings muss an dieser Stelle offenbleiben, ob die
Expression von Zelladhdsionsmolekiilen auf Kolonkarzinomzellen in dhnlicher Weise durch
aus dem Plasma isolierte Anthocyane sowie deren Metabolite beeinflusst wird. In diesem
Zusammenhang konnten Yun et al. (2010) jedoch bereits zeigen, dass das invasive Potenzial
von Kolonkarzinomzellen (HT-29) durch Applikation eines, aus Trauben (Vitis coignetiae
Pulliaf) hergestellten, Anthocyan-haltigen Extrakts gehemmt wird, was mit einer verminderten
ICAM-1 Expression einherging. Zudem konnte beobachtet werden, dass Delphinidin die
Invasion und Migration von Kolonkarzinomzellen hemmt, indem es die Expression von

Integrin-aV/B3 sowie die Aktivierung des FAK-SFK-Signalwegs inhibiert (Huang et al. 2019).

Neben der Integrin-Liganden-Interaktion wird die Tumorzelladhdsion und -migration auch
durch Zytokine (IL-1B, TNF-0) und Wachstumsfaktoren (VEGF, vascular endothelial growth
factor), die von den Tumorzellen sekretiert werden, beeinflusst. Diese konnen sowohl autokrin
auf die Tumorzellen selbst wie auch parakrin auf die Endothelzellen wirken. So zeigen die
Ergebnisse der vorliegenden Arbeit, dass die basale Expression von Integrin-f4 und ICAM-1
auf humanen Endothelzellen durch Inkubation mit einem CytoMix aus TNF-o, IL-1p und
VEGF stimuliert wird. Dabei wurde die Zytokin- und Wachstumsfaktor-induzierte ICAM-1
Expression auf den Endothelzellen durch aus dem Plasma isolierte Anthocyane sowie deren
Metabolite signifikant gechemmt (Mostafa et al. 2023). Dies konnte wiederum die Adhésion der
Tumorzellen an das Endothel wie auch die transendotheliale Migration beeinflussen. Zudem
zeigen die Ergebnisse der vorliegenden Arbeit, dass aus dem Plasma isolierte Anthocyane
sowie deren Metabolite die Aktivierung des NFxB- sowie die Aktivierung des FAK-SFK-
Signalwegs, sowohl in PANC-1 als auch in CytoMix-stimulierten HUVECs, hemmen (Mostafa
et al. 2023). In diesem Zusammenhang konnte bereits gezeigt werden, dass durch Applikation
eines FAK Inhibitors die Integrin-p1 Expression auf Kolonkarzinomzellen (HCT116 und
SW480) gehemmt wird (Buhrmann et al. 2017). Zudem wird durch die Aktivierung des FAK-

SFK-Signalwegs die Stabilitit endothelialer Zell-Zell-Kontakte herabgesetzt, wodurch die
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transendotheliale Migration der Tumorzellen erleichtert wird (Reymond et al. 2013; Sulzmaier
et al. 2014). Somit konnte die Inhibierung dieser Signalwege fiir die verminderte Expression
der Zelladhdsionsmolekiile auf den Endothel- und Tumorzellen sowie die beobachteten anti-

migratorischen Effekte verantwortlich sein.

Die Behandlung mit Chemotherapeutika stellt eine wichtige Sdule der Tumortherapie dar.
Insbesondere 5-FU ist eines der am héaufigsten eingesetzten und effektivsten
Chemotherapeutika bei der Behandlung des kolorektalen Karzinoms (Wang et al. 2021). Zudem
wird 5-FU auch im Rahmen konventioneller Behandlungsregime bei Pankreaskarzinomen
eingesetzt (Leitlinienprogramm Onkologie 2021). Praklinische in vitro- und in vivo-Studien
zeigen, dass Polyphenole die Wirksamkeit von Chemotherapeutika steigern konnen, wobei
hierbei vor allem der Einfluss auf wachstumsassoziierte Parameter untersucht wurde (Fantini
et al. 2015). Allerdings gibt es bisher nur wenige Studien, in denen potenzielle
Wechselwirkungen zwischen Anthocyanen und klassischen Chemotherapeutika untersucht
wurden. Li et al. (2021a) konnten in diesem Zusammenhang zeigen, dass die anti-proliferativen
sowie anti-migratorischen Effekte von 5-FU und Celecoxib durch Brombeer-Anthocyane
gesteigert werden. Zudem zeigen die Ergebnisse der vorliegenden Arbeit, dass durch die
Behandlung mit 5-FU die Migration von HT-29 Zellen dosisabhingig gehemmt wird. Dariiber
hinaus fiihrte die Koinkubation mit 5-FU und aus dem Plasma isolierter Anthocyane sowie
deren Metabolite zu einer stirkeren Hemmung der Migration von HT-29 Zellen als die alleinige
Behandlung mit 5-FU (Behrendt et al. 2022). Dabei sind die beobachteten anti-migratorischen
Effekte moglicherweise auf eine Hemmung des FAK-SFK-Signalwegs zuriickzufiihren. In
diesem Zusammenhang konnte bereits gezeigt werden, dass das Camptothecin-Analogon
Irinotecan die Migration von LM-8 Zellen hemmt, indem es die Autophosphorylierung der
FAK an Y397 reduziert (Yui et al. 2010). Somit konnten aus dem Plasma isolierte Anthocyane
sowie deren Metabolite moglicherweise die anti-migratorische Wirkung von 5-FU potenzieren,
indem sie — wie im Rahmen dieser Arbeit bereits fiir PANC-1 Zellen gezeigt werden konnte —
die Phosphorylierung der FAK inhibieren. Allerdings muss an dieser Stelle offenbleiben {iber
welche molekularen Mechanismen Anthocyane und ihre Metabolite die anti-migratorische
Wirkung von 5-FU beeinflussen. Zudem ist unklar, inwiefern aus dem Plasma isolierte
Anthocyane und deren Metabolite die Wirkung anderer Chemotherapeutika, sowie

Kombinationen dieser, ebenfalls beeinflussen.

Obwohl 5-FU eines der effektivsten Chemotherapeutika bei der Behandlung des kolorektalen
Karzinoms darstellt (Wang et al. 2021), wird dessen Wirksamkeit hdufig durch die Entwicklung
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von Chemoresistenzen beeintrachtigt (Vodenkova et al. 2020). In diesem Zusammenhang
scheint die gesteigerte Aktivierung des NFkB-Signalwegs, insbesondere die Aktivierung der
p65 Untereinheit, eine wichtige Rolle zu spielen (Fantini et al. 2015; Vodenkova et al. 2020).
So wirkt die Inhibierung des NFkB-Signalwegs der Entwicklung von Chemoresistenzen
effektiv entgegen (Vodenkova et al. 2020). Interessanterweise konnte ebenfalls gezeigt werden,
dass durch die Hemmung von VCAM-1 und Integrin-fl1 die Chemosensitivitit von
Tumorzellen gesteigert wird (Laubli und Borsig 2019). Die Ergebnisse der vorliegenden Arbeit
zeigen, dass aus dem Plasma isolierte Anthocyane sowie deren Metabolite, sowohl die
Aktivierung des NFkB-Signalwegs als auch die Integrin-fl  Expression der
Pankreaskarzinomzellen hemmen (Mostafa et al. 2023). Somit kdnnten Anthocyane und ihre
Metabolite moglicherweise nicht nur die Migration von Tumorzellen hemmen, sondern auch

deren Chemosensitivitét steigern.

Um zu untersuchen, welche Anthocyane und Metabolite fiir die beobachteten anti-
migratorischen Effekte verantwortlich sind, wurde in der Arbeitsgruppe von Prof. Dr. Cristina
Andrés-Lacueva (Biomarkers & Nutrimetabolomic Research Group, Nutrition & Food Science
Department, University of Barcelona, Spanien) eine Metabolom-Analyse der Plasma- und
Urinproben durchgefiihrt. Insgesamt konnten 902 Metabolite nachgewiesen werden, von denen
14 signifikant mit der Aufnahme des Anthocyan-reichen Trauben-/Heidelbeersafts assoziiert
waren. Interessanterweise nahm dabei im Plasma die Konzentration mikrobieller Metabolite
wie 2,4,6-Trihydroxybenzaldehyd, Methoxyphenyl-y-Valerolacton-Glucuronid und 3',4'-
Dihydroxyphenyl-y-Valerolacton signifikant zu, nicht aber die Konzentration nativer
Anthocyane (Mostafa et al. 2023). Ein Grund hierfiir konnte sein, dass Anthocyane schnell aus
dem systemischen Kreislauf eliminiert werden und eine deutlich kiirzere Plasmahalbwertszeit
aufweisen als ihre niedermolekularen, phenolischen Metabolite (Kay et al. 2017).
Interventionsstudien zeigen, dass bereits 0,5 bis 2 Stunden nach der oralen Aufnahme von
Anthocyanen maximale Plasmakonzentrationen dieser erreicht werden (Prior und Wu 2006).
Hierbei ist jedoch anzumerken, dass die im Rahmen der ATTACH-Studie gewonnen
Blutproben durchschnittlich 6 Stunden nach der letzten Saftaufnahme gewonnen wurden, so
dass moglicherweise — aufgrund der beschriebenen Pharmakokinetik — zu diesem Zeitpunkt

bereits kaum noch native Anthocyane im Plasma nachweisbar waren.

Sowohl fiir 2,4,6-Trihydroxybenzaldehyd als auch fiir y-Valerolactone konnten bereits anti-
kanzerogene Effekte gezeigt werden (Forester und Waterhouse 2010; Rubert et al. 2022;
Grimm et al. 2004). Zudem ist 3',4'-Dihydroxyphenyl-y-Valerolacton in der Lage die Adhdsion
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von THP-1 Zellen an TNF-o stimulierte humane Endothelzellen (human umbilical vein
endothelial cells, HUVECs) zu reduzieren, indem es die VCAM-1 Expression auf den
Endothelzellen hemmt (Lee et al. 2017). Im Gegensatz dazu war in der vorliegenden Arbeit
keiner der Plasmametabolite mit den beobachteten anti-migratorischen Effekten assoziiert.
Allerdings stellt die Bestimmung von Anthocyanen und ihrer Metabolite im Plasma nur eine
Momentaufnahme dar, wihrend die Bestimmung im 24-h Urin die Absorption der Anthocyane
quantitativ besser widerspiegelt (Kalt et al. 2020). Dies konnte erkldren, warum die in den in
vitro-Studien beobachteten anti-migratorischen Effekte zwar mit der Ausscheidung von
Anthocyanen und ihrer Metabolite im Urin, nicht aber mit den im Plasma zirkulierenden

Metaboliten assoziiert waren (Mostafa et al. 2023).

Die fiir die Herstellung des Interventionssafts verwendete Rebsorte Accent weist im Vergleich
zu anderen Rebsorten einen besonders hohen Anthocyan-Gehalt auf (Frohling et al. 2012).
Zudem machen Anthocyane bis zu 60 % der in reifen Heidelbeeren enthaltenen Polyphenole
aus (Kalt et al. 2020). Allerdings kann trotz des randomisierten, Placebo-kontrollierten
Studiendesigns, nicht vollstindig ausgeschlossen werden, dass die in der vorliegenden Arbeit
beobachteten Effekte, zumindest teilweise, auch auf andere im Trauben-/Heidelbeersaft

enthaltende phenolische Verbindungen zuriickzufiihren sein kénnten.

Dariiber hinaus konnten wir in den in vitro-Funktionsstudien Probanden-abhéngige Effekte
beobachten, die sowohl auf Unterschiede in der Absorption, Verteilung, Metabolisierung und
Ausscheidung (Bioverfiigbarkeit) der Anthocyane als auch auf Unterschiede in der
Zusammensetzung der intestinalen Mikrobiota zuriickzufiihren sein konnten (Eker et al. 2019).
In diesem Zusammenhang ist anzumerken, dass die in den Funktionsstudien verwendeten
Anthocyane sowie deren Metabolite aus dem Plasma gesunder Probanden isoliert wurden.
Allerdings kann bei Patienten mit kolorektalen Karzinom hiufig eine Zunahme pathogener
Bakterienspezies im Gastrointestinaltrakt beobachtet werden (Dysbiose). Zudem scheint diese
Dysbiose zur Pathogenese und Progression des kolorektalen Karzinoms beizutragen (Wong und
Yu 2023). Des Weiteren wirkt sich die Einnahme von Chemotherapeutika ebenfalls stark auf
die Zusammensetzung der intestinalen Mikrobiota (Roggiani et al. 2023) und somit auch auf
die Metabolisierung der Anthocyane aus. Daher sollte in zukiinftigen Studien untersucht
werden, inwiefern die Metabolisierung sowie die Bioverfiigbarkeit von Anthocyanen durch die

Einnahme von Chemotherapeutika beeinflusst wird.
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4.2 Einfluss von Anthocyanen und ihrer Metabolite auf die Aktivierung des NLRP3

Inflammasoms

Vor dem Hintergrund, dass die iibermiBige Aktivierung des NLRP3 Inflammasoms zur
Entstehung der LGI beitrégt, stellt die Inhibierung dieses inflammatorischen Prozesses einen
wichtigen priaventiven Ansatzpunkt dar, um der LGI und somit der Entstehung
inflammatorischer Erkrankungen — insbesondere kardiovaskuldrer Erkrankungen — in einem
sehr frithen sub-klinischen Stadium praventiv entgegenzuwirken. Daher wurde, im zweiten
Teil der vorliegenden Dissertation, der Einfluss von Anthocyanen und ihrer Metabolite auf die

Aktivierung des NLRP3 Inflammasoms in humanen Monozyten untersucht.

Zu diesem Zweck wurde zunichst ein in vitro-Modell etabliert, um die Formierung des NLRP3
Inflammasoms in THP-1 Monozyten zu induzieren. Hierzu wurden die Zellen mit LPS
stimuliert (Priming) und/oder die Aktivierung des NLRP3 Inflammasoms mit Nigericin
induziert. Wihrend unter basalen Bedingungen das Adaptormolekiil ASC diffus im Zytosol
verteilt ist, kommt es nach Aktivierung des NLRP3 Inflammasoms zur Formierung eines
einzelnen, makromolekularen ASC Specks. Die Kondensation der ASC-Proteine fiihrt zur
Abnahme der ASC Fluoreszenz Pulsweite, so dass sich ASC Speck-positive und -negative
Zellen mittels TOFIE (time of flight inflammasome evaluation) durchflusszytometrisch als
zwei getrennte Populationen darstellen lassen (Sester et al. 2015). Daher wurde diese
leistungsstarke Methode in der vorliegenden Arbeit genutzt, um die Aktivierung des NLRP3
Inflammasoms auf Einzelzellniveau nachzuweisen. Dabei konnte die Bildung von ASC Specks
nach Aktivierung des NLRP3 Inflammasoms, sowohl mit als auch ohne vorheriges Priming, in
THP-1 Monozyten durchflusszytometrisch nachgewiesen werden. Zudem konnte ein
signifikanter Anstieg der Caspase-1-Aktivitit sowie eine gesteigerte Sekretion
inflammatorischer Zytokine (IL-1p und IL-18) in den Zellkulturiiberstand beobachtet werden
(Behrendt et al. 2024).

Nach erfolgreicher Validierung dieses in vitro-Modells, wurde zunédchst der Einfluss nativer
Anthocyane auf die Aktivierung des NLRP3 Inflammasoms untersucht. Dazu wurden
monozytdre THP-1 Zellen mit verschiedenen Konzentrationen eines Anthocyan-reichen
Trauben-/Heidelbeerextrakts, welcher aus dem Interventionssaft der ATTACH-Studie
hergestellt wurde, priinkubiert, bevor das NLRP3 Inflammasom mit LPS und/oder Nigericin
in vitro aktiviert wurde. Hierbei zeigte sich, dass die Aktivierung des NLRP3 Inflammasoms in
THP-1 Monozyten durch Prédinkubation mit dem Anthocyan-reichen Trauben-
/Heidelbeerextrakt gehemmt wird. Dabei war die verminderte IL-1f und IL-18 Sekretion vor
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allem auf die signifikante Hemmung der Caspase-1-Aktivitdt zuriickzufiihren (Behrendt et al.
2024). Allerdings ist anzumerken, dass der in den in vitro-Studien eingesetzte Anthocyan-
reiche Trauben-/Heidelbeerextrakt nicht nur Anthocyane, sondern auch weitere phenolische
Verbindungen enthielt. Zudem sind Anthocyane bei den in der Zellkultur herrschenden
Bedingungen sehr instabil (Zhang et al. 2019), so dass die beobachteten anti-inflammatorischen
Effekte moglicherweise nicht nur auf die in dem Extrakt enthaltenen Anthocyane, sondern
zumindest teilweise auch auf andere phenolische Verbindungen sowie Degradationsprodukte
zuriickzufiihren sein konnten. Auflerdem ist bekannt, dass nur etwa 1-2 % der iiber die Nahrung
aufgenommenen Anthocyane unverdndert in den systemischen Kreislauf gelangen, da diese
sowohl durch korpereigene als auch durch Enzyme der intestinalen Mikrobiota intensiv
metabolisiert werden (Eker et al. 2019). Dabei entstehen zahlreiche phenolische Metabolite, die
wahrscheinlich in einem héheren AusmalBl zur biologischen Wirksamkeit der Anthocyane
beitragen als die nativen Verbindungen selbst (Kay et al. 2017). Daher sollte in der vorliegenden
Arbeit ebenfalls der Einfluss von 2,4,6-Trihydroxybenzaldehyd und Homovanillinalkohol auf
das NLRP3 Inflammasom untersucht werden, da der Anstieg dieser phenolischen Metabolite
im Plasma bzw. Fézes, im Rahmen der ATTACH-Studie, signifikant mit der Aufnahme des
Anthocyan-reichen Trauben-/Heidelbeersafts assoziiert war (Mostafa et al. 2023, nicht
publizierte Daten der ATTACH-Studie). Dabei zeigte sich, dass insbesondere durch
Préainkubation mit dem Plasmametaboliten 2,4,6-Trihydroxybenzaldehyd die Aktivierung des
NLRP3 Inflammasoms und somit die Sekretion der pro-inflammatorischen Zytokine IL-13 und
11-18 signifikant gehemmt wird (Behrendt et al. 2024). Allerdings ist anzumerken, dass in den
in vitro-Studien zum Teil hohe pharmakologische Konzentrationen von bis zu 50 pM eingesetzt
wurden (Behrendt et al. 2024). Im Gegensatz dazu wurden in humanen Interventionsstudien,
nach Bolusgabe von 500 mg '*C-markiertem Cyanidin-3-Glukosid bzw. 10 g Heidelbeerextrakt
(entspricht  2,4g  Anthocyanen), fiir  2,4,6-Trihydroxybenzaldehyd  maximale
Plasmakonzentrationen von 103 bis 582 nM beobachtet (Ferrars et al. 2014a; Ferrars et al.
2014b). Allerdings scheinen in vivo potenzielle additive und/oder synergistische Effekte die
Wirksamkeit physiologischer Anthocyan- und Metabolit-Konzentrationen zu verstirken. In
diesem Zusammenhang konnte bereits gezeigt werden, dass verschiedene Flavonoid-
Metabolite, sowohl einzeln als auch in Kombination, eine hohere biologische Wirksamkeit

aufweisen, als die nativen Verbindungen (D1 Gesso et al. 2015).

THP-1-Zellen stellen ein weit verbreitetes in vitro-Modell dar, um die Aktivierung des NLRP3-
Inflammasoms zu untersuchen. Allerdings wurden in den bisherigen Studien hauptsiachlich

differenzierte THP-1 Makrophagen untersucht (Zito et al. 2020). Wahrend die Aktivierung des
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NLRP3 Inflammasoms in Makrophagen einen zweistufigen Prozess darstellt, konnte kiirzlich
gezeigt werden, dass der Priming-Schritt fiir die Aktivierung des NLRP3 Inflammasoms in
humanen Monozyten (CD14"", THP-1 Monozyten) nicht zwingend erforderlich ist (Gritsenko
et al. 2020; Wittmann et al. 2021). Diese Ergebnisse konnten in der vorliegenden Arbeit fiir
THP-1 Monozyten bestétigt werden. Somit scheinen THP-1 Monozyten ein geeignetes in vitro-
Modell darzustellen, um die Aktivierung des NLRP3 Inflammasoms in humanen Monozyten
zu untersuchen. Jedoch ist anzumerken, dass es sich bei THP-1 Monozyten um kanzerogene
Zellen handelt, so dass die Ergebnisse der vorliegenden Arbeit moglicherweise nicht
vollstidndig auf primére, humane Monozyten iibertragbar sind. So wird durch die Bindung von
LPS an den TLR-4 die Aktivierung des NFkB-Signalwegs induziert, infolge dessen die
Transkription von NLRP3 Inflammasom-Komponenten gesteigert wird (Zito et al. 2020; Zheng
et al. 2020). Allerdings ist bekannt, dass primdre Monozyten im Vergleich zu THP-1
Monozyten stirker auf die Stimulation mit LPS reagieren. Dies ist vor allem auf die hohere
CD14 (cluster of differentiation) Expression primirer Monozyten zuriickzufithren. Dabei
fungiert CD14 als Co-Rezeptor, der zusammen mit dem TLR-4 das LPS Signal ins Zytosol der
Zelle weiterleitet (Bosshart und Heinzelmann 2016). Dies konnte auch erkldren, warum in der
vorliegenden Arbeit weder die Expression von ASC noch von NLRP3 durch Priming der THP-
1 Monozyten mit LPS gesteigert wurde (Behrendt et al. 2024). Allerdings induziert der
Priming-Schritt nicht nur die Transkription von Inflammasom-Komponenten, sondern auch
komplexe posttranslationale Modifikationen dieser, wie (De)-Ubiquitinierungs- und (De)-
Phosphorylierungsreaktionen, welche ebenfalls an der Regulation der Inflammasom
Aktivierung beteiligt sind (Grebe et al. 2018; Guo et al. 2015). Dies konnte erklaren, warum in
der vorliegenden Arbeit nach Priming mit LPS eine stirkere Aktivierung des NLRP3
Inflammasoms beobachtet wurde als ohne vorheriges Priming (Behrendt et al. 2024). Zudem
zeigen die Ergebnisse der vorliegenden Arbeit, dass Anthocyane sowie deren Metabolite die
Nigericin-induzierte Aktivierung des NLRP3 Inflammasoms hemmen (Behrendt et al. 2024).
Bei Nigericin handelt es sich um ein bakterielles, porenformendes Toxin, dass hdufig verwendet
wird, um die Aktivierung des NLRP3 Inflammasoms in vitro zu induzieren (Jo et al. 2016).
Allerdings kann das NLRP3 Inflammasom in vivo durch zahlreiche weitere, chemisch und
strukturell sehr unterschiedliche Stimuli, wie z.B. ATP und Cholesterol-Kristalle, aktiviert
werden, wobei die genauen molekularen Mechanismen die zur Aktivierung des NLPR3
Inflammasoms fiihren bisher nicht eindeutig geklirt wurden (Jo et al. 2016). Daher sollte

zukiinftig untersucht werden, ob Anthocyane und ihre Metabolite ebenfalls in der Lage sind
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z.B. die ATP- oder Cholesterol-Kristall-induzierte Aktivierung des NLRP3 Inflammasoms in

humanen Monozyten zu hemmen.

Zusammenfassend zeigen die Ergebnisse der vorliegenden Arbeit, dass Anthocyane sowie
deren Metabolite die Aktivierung des NLRP3 Inflammasoms in THP-1 Monozyten hemmen.
Dies konnte sich positiv auf das inflammatorische Geschehen auswirken und somit der
Entstehung inflammatorischer Erkrankungen — insbesondere kardiovaskulidren Erkrankungen —
priventiv entgegenwirken. Allerdings muss an dieser Stelle offenbleiben iliber welche
molekularen Mechanismen Anthocyane und ihre Metabolite die Hemmung des NLRP3
Inflammasoms in THP-1 Monozyten induzieren. Zudem ist anzumerken, dass die meisten
Erkenntnisse zum Einfluss von Anthocyanen und ihrer Metabolite auf die Aktivierung des
NLRP3 Inflammasoms aus praklinischen Tier- und in vitro-Studien stammen. Daher sollte die
physiologische Relevanz der Ergebnisse zukiinftig sowohl in primidren humanen Monozyten

als auch in klinische Studien bestétigt werden.
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Anthocyanen wird ein hohes gesundheitsforderndes Potenzial zugeschrieben. Allerdings ist die
Bioverfiigbarkeit nativer Anthocyane relativ gering. Nur etwa 1-2 % der iiber die Nahrung
aufgenommenen Anthocyane gelangen unverdndert in den systemischen Kreislauf, da sie
sowohl im Gastrointestinaltrakt als auch in der Leber intensiv metabolisiert werden. Dabei
entsteht eine Vielzahl an phenolischen Metaboliten, die vermutlich in einem héheren Ausmaf3
zur biologischen Wirksamkeit der Anthocyane beitragen als die nativen Verbindungen selbst.
Ziel dieser Dissertation war es daher, das anti-migratorische und anti-inflammatorische

Potenzial von Anthocyanen sowie deren Metaboliten in kanzerogenen Zellen zu untersuchen.

Da Tumorerkrankungen die zweithdufigste Todesursache in Deutschland darstellen und mehr
als 90 % aller tumorbedingten Sterbefdlle auf Metastasen zurlickzufiihren sind, stellt die
Inhibierung der Metastasierung einen wichtigen therapeutischen Ansatzpunkt dar. Daher
wurde, im ersten Teil dieser Dissertation, mithilfe von in vitro-Migrationsmodellen (Boyden
Kammer), der Einfluss physiologischer Anthocyan- und Metabolit-Konzentrationen auf das
Migrationspotenzial kanzerogener Zellen untersucht. Da Zelladhdsionsmolekiile eine
wichtige Rolle fiir die Tumoradhdsion und -migration spielen, wurde ebenfalls untersucht,
inwiefern die Expression dieser durch Anthocyane sowie deren Metabolite beeinflusst wird.
Dazu wurde die Expression der Zelladhdsionsmolekiile auf den Tumor- und Endothelzellen
durchflusszytometrisch analysiert. Dabei zeigte sich, dass die nach 4-wdochiger Intervention mit
einem Anthocyan-reichen Trauben-/Heidelbeersaft aus dem Plasma gesunder Probanden
isolierten Anthocyane sowie deren Metabolite, in physiologischen Konzentrationen, in vitro die
Migration von Kolonkarzinom- und Pankreaskarzinomzellen (HT-29 und PANC-1) hemmen.
Dabei gingen die fiir PANC-1 beobachteten anti-migratorischen Effekten mit einer
verminderten ICAM-1 sowie Integrin-f1 Expression auf den Pankreaskarzinomzellen einher.
Da die Tumorzelladhdsion neben der Integrin-Liganden-Interaktion auch durch
Wachstumsfaktoren und Zytokine, die von den Tumorzellen sekretiert werden, beeinflusst
wird, wurde zudem der Einfluss von Anthocyanen und ihrer Metabolite auf die CytoMix (TNF-
a, IL-1B und VEGF)-stimulierte Expression der Zelladhdsionsmolekiile auf den Endothelzellen
untersucht. Dabei konnte die CytoMix-induzierte ICAM-1 Expression durch aus dem Plasma
isolierte Anthocyane sowie deren Metabolite signifikant gechemmt werden. Zudem waren die
aus dem Plasma isolierten Anthocyane sowie deren Metabolite in der Lage die Aktivierung des
NF«B- und FAK-SFK-Signalwegs, sowohl in PANC-1 als auch in CytoMix-stimulierten

HUVECs, zu hemmen und so wiederum die Adhésion der Tumorzellen an das Endothel wie

32



5. Zusammenfassung

auch die transendotheliale Migration zu beeinflussen. Zudem wurde die Migration von HT-29
Zellen durch Koinkubation mit dem Chemotherapeutikum 5-FU und aus dem Plasma isolierter
Anthocyane sowie deren Metabolite stirker gechemmt als durch 5-FU allein. Allerdings ist die

klinische Relevanz dieser in vitro-Ergebnisse unklar.

Kardiovaskuldre Erkrankungen stellen die héufigste Todesursache in Deutschland dar.
Charakteristisch fiir diese vaskuldren Erkrankungen ist eine chronische, niedrig-gradige
Inflammation, die hiufig mit Ubergewicht und Adipositas assoziiert ist. Dabei scheint, auf
mechanistischer Ebene, eine iibermdfige Aktivierung des NLRP3 Inflammasoms zur
Entstehung der LGI beizutragen. Die kanonische Aktivierung des NLRP3 Inflammasoms
erfolgt typischerweise in zwei Schritten. Wahrend der erste Schritt (Priming) eine gesteigerte
Transkription der Inflammasom-Komponenten NLRP3 und pro-IL-1B bewirkt, induziert die
Aktivierung des NLRP3 Inflammasoms die autoproteolytische Aktivierung der pro-Caspase-1,
welche die Reifung der pro-inflammatorischen Zytokine IL-1B und IL-18 katalysiert. Die
Freisetzung dieser Zytokine fiithrt zur Aktivierung weiterer Immunzellen und so zu einer sich
potenzierenden inflammatorischen Antwort. Somit stellt die Inhibierung dieses
inflammatorischen Geschehens einen wichtigen praventiven Ansatzpunkt dar, um der LGI und
der Entstehung kardiovaskuldrer Erkrankungen in einem sehr frithen sub-klinischen Stadium
priaventiv entgegenzuwirken. Daher wurde, im zweiten Teil dieser Dissertation, der Einfluss
von Anthocyanen und ihrer Metabolite auf die Aktivierung des NLRP3 Inflammasoms in
humanen Monozyten untersucht. Dazu wurden monozytire THP-1 Zellen zundchst mit LPS
stimuliert (Priming) und/oder die Aktivierung des NLRP3 Inflammasoms mit Nigericin
induziert. Hierbei zeigte sich, dass die Aktivierung des NLRP3 Inflammasoms in THP-1
Monozyten durch Prdinkubation mit dem Anthocyan-reichen Trauben-/Heidelbeerextrakt
gehemmt wird. Dabei war die verminderte IL-1B und IL-18 Sekretion vor allem auf die
signifikante Hemmung der Caspase-1-Aktivitt zuriickzufiihren. Zudem wurde die Aktivierung
des NLRP3 Inflammasoms und somit die Sekretion von IL-1f und [1-18 durch Priinkubation
mit dem Plasmametaboliten  2,4,6-Trihydroxybenzaldehyd signifikant  gehemmt.
Zusammenfassend zeigen die Ergebnisse der vorliegenden Arbeit, dass Anthocyane als auch
deren Metabolite in der Lage sind die Aktivierung des NLRP3 Inflammasoms in THP-1
Monozyten zu hemmen. Dies konnte sich positiv auf das inflammatorische Geschehen
auswirken und somit der Entstehung inflammatorischer Erkrankungen, insbesondere
kardiovaskuldren Erkrankungen, prédventiv entgegenwirken. Allerdings sollte die

physiologische Relevanz der Ergebnisse zukiinftig durch klinische Studien bestitigt werden.
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Anthocyanins are attributed with a high health-promoting potential. However, bioavailability
of native anthocyanins is reported to be low. Only about 1-2% of dietary anthocyanins enter
the systemic circulation as native compounds, as they are extensively metabolized both in the
gastrointestinal tract and in the liver. This results in the formation of a wide range of phenolic
metabolites, which are presumed to contribute more substantially to the biological activity of
anthocyanins than the native compounds themselves. Therefore, the aim of this dissertation was
to investigate the anti-migratory and anti-inflammatory potential of anthocyanins and their

metabolites in different cancer cell lines.

Since cancer represents the second leading cause of death in Germany and more than 90% of
all cancer-related deaths are attributable to metastases, the inhibition of metastasis represents
an important therapeutic strategy. Therefore, in the first part of this dissertation, the influence
of physiological concentration of anthocyanins and their metabolites on the migratory potential
of carcinogenic cells was investigated using in vitro migration models (Boyden chamber assay).
As cell adhesion molecules play an important role in tumor cell adhesion and migration, the
extent to which their expression is influenced by anthocyanins and their metabolites was also
examined. For this purpose, the expression of cell adhesion molecules on tumor and endothelial
cells was analyzed by flow cytometry. The results demonstrated that physiological
concentrations of anthocyanins and their metabolites, isolated from the plasma of healthy
subjects following a four-week intervention with an anthocyanin-rich grape/blueberry juice,
inhibited the migration of colon and pancreatic cancer cells (HT-29 and PANC-1) in vitro. The
anti-migratory effects observed in PANC-1 cells were associated with reduced ICAM-1 and
integrin-f1 expression on the pancreatic cancer cells. Since tumor cell adhesion is influenced
not only by integrin-ligand interactions but also by growth factors and cytokines secreted by
tumor cells, the effects of anthocyanins and their metabolites on CytoMix (TNF-a, IL-1p, and
VEGF)-stimulated expression of cell adhesion molecules on endothelial cells were also
investigated. It was shown that CytoMix-induced ICAM-1 expression was significantly
inhibited by plasma-isolated anthocyanins and their metabolites. Furthermore, plasma-isolated
anthocyanins and their metabolites inhibited activation of the NFkB and FAK-SFK signaling
pathways in both PANC-1 and CytoMix-stimulated HUVECs, thereby influencing tumor cell
adhesion to the endothelium, as well as transendothelial migration. In addition, HT-29 colon

cancer cell migration was inhibited more strongly by co-incubation with the chemotherapeutic
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agent 5-FU plus plasma-isolated anthocyanins and their metabolites than by 5-FU alone.

However, the clinical relevance of these in vitro findings remains unclear.

Cardiovascular diseases represent the leading cause of death in Germany. These vascular
diseases are characterized by a chronic low-grade inflammation (LGI), which is frequently
associated with overweight and obesity. Mechanistically, excessive activation of the NLRP3
inflammasome may contribute to the development of the LGI. Canonical activation of the
NLRP3 inflammasome is a two-step process. While the first step (priming) induces increased
transcription of the inflammasome components NLRP3 and pro-IL-1, activation of the NLRP3
inflammasome subsequently induces the autoproteolytic activation of pro-caspase-1, which
catalyzes the maturation of the pro-inflammatory cytokines IL-1p and IL-18. The release of
these cytokines leads to the activation of additional immune cells and thus to a self-amplifying
inflammatory response. Consequently, inhibition of this inflammatory process represents an
important preventive strategy to counteract LGI and the development of cardiovascular diseases
at a very early subclinical stage. Therefore, in the second part of this dissertation, the influence
of anthocyanins and their metabolites on NLRP3 inflammasome activation was investigated in
human monocytes. For this purpose, monocytic THP-1 cells were first stimulated with LPS
(priming) and/or NLRP3 inflammasome activation was induced with nigericin. The results
demonstrated that activation of the NLRP3 inflammasome in THP-1 monocytes was inhibited
by preincubation with an anthocyanin-rich grape/blueberry extract. The reduced secretion of
IL-1B and IL-18 was mainly attributable to significant inhibition of caspase-1 activity.
Moreover, activation of the NLRP3 inflammasome and thus secretion of IL-1p and IL-18 were
significantly inhibited by preincubation with the plasma metabolite 2,4,6-
trihydroxybenzaldehyde.

In summary, the results of the present work demonstrate that both anthocyanins and their
metabolites are capable of inhibiting NLRP3 inflammasome activation in THP-1 monocytes.
This may positively influence inflammatory processes and thereby contribute to the prevention
of inflammatory diseases, particularly cardiovascular diseases. However, the physiological

relevance of these findings should be confirmed in future clinical studies.
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Table S1. Foodstuffs that were restricted or not allowed during the run-in and 28-day intervention period.

Foodstuffs allowed with minor restrictions!

Foodstuffs not allowed

Milk and milk products: milk, yoghurt and other milk
products with fruit, nuts (no red fruit).

Vegetables: yellow and green paprika, leek, spinach,
cauliflower, broccoli, onions (no red onions).

Fruit: bananas, pears, white grapes, apples (max. 1
piece/day), peaches, apricots (max. 1 piece/day), kiwis,
pineapple.

Breakfast cereals: cereals (no wholemeal/ without red
fruits/ dark chocolate/ bran).

Fat, spices: vegetable fat and oil, paprika spice, chili
spice, cayenne pepper, curry spice.

Sweets: ice cream with fruits, nuts (without red fruit /
dark chocolate), marmalade/ jam/ jelly (without red
fruit).

Allowed (per day): 1 cup of tea, 1 cup of coffee, 1 glass
of ale or glass of white wine (no red wine).

Please note: fruit and vegetable, if possible, have to be
peeled before consumption, especially, if consumed
more portions a day, forgo red fruits, no consume
external leaves of salad, no consume cereal products,
listed spice and mixed spices use sparing.

Fruit: blueberries, blackberries, cranberries,
strawberries,  bilberries, raspberries, currants,
lingonberries, cherries, red grapes, pomegranate,
plums, watermelon.

Fruit containing foodstuffs: red marmalade/ jellies,
cake with red fruits, yoghurt with red fruits, ice cream
with red fruits, desserts, muesli, muesli bars, cereals
with wholemeal, dark chocolate, cocoa powder,
gumdrop with fruit.

Vegetables: purple potatoes, purple carrots, tomatoes,
red and orange peppers, red cabbage, beetroot,
radicchio, red radish, rhubarb, red and black pulses
(kidney beans, red lentils), eggplant, pumpkin, red
onions.

Other: tomato sauce, puree, or paste, ketchup, red
pesto.

Avoid red wine, fruit and vegetable juice, fruit
spritzer, smoothies, fruit tea, green tea, coffee, rooibos
tea, alcoholic drinks (bear, wine, schnapps, and
liqueur).

Please note: anthocyanins may be food additives listed
as number E 163.

1Foodstuffs were categorized according to their anthocyanin content based on data using the USDA database for the Flavonoid
Content of Selected Foods (Release 3.3 (2018); http://www.ars.usda.gov/) or the database on polyphenol contents in food
(Polyphenol-Explorer, Release 3.0 (http://www.phenol-explorer.eu/compounds)



Table S2. Baseline characteristics and mean dietary intake of the study population during the two intervention

periods (n=34).

Dietary intake per day! Intervention period 1 Intervention period 2
Age, years 244+23

Weight, kg 64.3+11.7 63.2+12.07
BMI, kg/m? 21.7+2.6 21.3+22
Dietary intake

(3-day protocol)

Energy, kcal/d 1698 + 552 1855 + 578
Fat, g/d 63.4+179 64.4+18.7
Carbohydrates, g/d 250.9 +63.2 245.8 +48.1
Dietary fibre, g/d 20.3+5.3 19.4+6.0
Protein, g/d 60.6 +16.4 54.7 £13.7
Retinol equivalents, ug/d 714 + 263 682 +207
3-carotene, (ig/d 1,698 + 1,520 1,387 + 1,147
Vitamin E, pg/d 6,925 + 6,630 7,201 + 6,921
Vitamin C, mg/d 57.14 + 34.2 63.88 £ 40.4

1Participants recorded their dietary intake over 3 days during each intervention period. Dietary records were analyzed using the

DGE-PC professional software (Version 1.10.0.0) and values are expressed as means + SD .
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Figure S1. Effects of PAM on HUVE cell viability. Cells were seeded at a density of 1x10° cells/mL in 24-well plates in
complete medium with or without PAM from the anthocyanin-rich juice, which were isolated before (J (0d)) or after 28-days
intervention (J (28d)) or with medium alone (con). After 36 h incubation, cells were washed twice with PBS, trypsinized and
cell viability was measured using a Guava® Muse® Cell Analyzer. Data are expressed as bars [%] with standard deviation.
Significant differences were calculated with ANOVA with multiple comparison test (n=2).
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Supplementary methods

S1. Solid phase extraction (SPE) of plasma samples for cell culture assays. Plasma extraction of
anthocyanins and their metabolites was based on the method described recently [Behrendt et al 2022,
Kuntz S et al 2017]. Briefly, each aliquot (5 mL of plasma acidified with 150 pl of 50% aqueous
formic acid (LGC Promochem, Wesel, Germany)) was loaded onto an Oasis-HLB (5 mL/200 mg)
SPE cartridge (Waters, Inc., Eschborn, Germany), preconditioned with 5 mL of methanol (Thermo
Fischer Scientific, Langenselbold, Germany) and 1% formic acid, followed by 5 mL of acidified
water (1% formic acid). The cartridge was then washed with 5 mL of acidified water, after which
anthocyanins and their metabolites were eluted with 5 mL of acidified methanol. Afterwards, N, gas
was applied for 2h to dry the extract which was then stored at -80°C until further analysis. For cell
culture studies, SPE-isolated metabolites from 1 mL plasma were diluted in 1 mL DMEM (Dulbecco's
modified Eagle's medium), 1 mL RPMI 1640 (Roswell Park Memorial Institute) media or 1 ml
Endothelial growth medium II (Promocell GmbH, Germany), adjusted to pH 7.4, sterile filtered
(Micro-Spin Eppendorf filter, pore size 0.2 um; Eppendorf, Eugendorf, Germany) and immediately

used for cell culture studies.

S2. Plasma and urine sample preparation. Plasma and urine sample preparation including all
chemicals and standards used in this study have been described previously [Gonzalez-Dominguez R et
al 2020]. Plasma samples were prepared based on the protein precipitation approach. Briefly, the
precipitation solution was made of cold acetonitrile containing 1.5 M formic acid and 10 mM
ammonium formate. The reconstitution solution was water:acetonitrile (80:20, v/v) containing 0.1%
formic acid and 100 pg/L of a mixture of 13 internal standards (ISs). Using a Sirocco protein
precipitation plate, 100 ul of plasma were added and mixed with 400 ul of the protein precipitation
solution. The plate was then kept in a -20°C freezer for 10 min to promote the protein precipitation. N
pressure was applied and the extract was collected in a 96-well collection plate and transferred to the
speed vacuum concentrator until dryness. Finally, the samples were reconstituted with 100 ul of the
reconstitution solution containing the ISs mix and transferred to Agilent well plates for further
analysis. Urine samples were treated in two different procedures. Urine samples were taken from the -
80°C freezer and kept to be thawed and centrifuged for 10 min at 4°C at 10,000xg. The 13 ISs mix
mentioned above was used as ISs at a concentration of 100 pg/L. The first treatment was urine
dilution, i.e., a 50 pl aliquot of the centrifuged urine was diluted with 200 pl of ultrapure water
containing 0.1% formic acid (1:4 v/v) and the ISs- solution, and then transferred to 96-well plates for
further analysis. The second treatment was a reversed solid phase extraction (SPE) using Oasis HLB
plates. Conditioning of the plates was done by adding 1 ml of methanol and 1 ml of the equilibration
solution consisting of water with 0.1% formic acid and 10 mM of ammonium formate. Then, 1 ml of
urine containing 20 pl of 2% orthophosphoric acid and the set of the 13 ISs mix was loaded, followed

by 1 ml of the equilibration solution. Then, 1.5 ml of the elution solution were added consisting of



methanol with 0.1% formic acid and 10 mM ammonium formate. Finally, a speed vacuum
concentrator (Gyrozen®, scanspeed 32) was used to dry the extracts which were then reconstituted
with 100 ul of the previously mentioned reconstitution solution and transferred to Agilent well plates

for further analysis.

S3. Cancer Cell lines. The two human pancreatic carcinoma cell lines, PANC-1 and AsPC-1 were
purchased from American Type Culture Collection (ATCC) and cultured following the

recommendations of ATCC (http://www.lgcstandards-atcc.org/). PANC-1 is an epithelioid carcinoma

cell line derived from ductal cell origin of the human pancreas from a 56-year-old Caucasian male (3).
PANC-1 cells were sub-cultured twice a week in DMEM and supplemented with 5 mmol/L L-
glutamine, 1 mmol/L sodium pyruvate and 10% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere containing 5% CO,. AsPC-1, a human pancreatic adenocarcinoma cell line derived from
metastatic sites (ascites) of a 62-year-old Caucasian female were grown in RPMI 1640 medium and
supplemented as described above for PANC-1. After reaching 60% confluence, cells were passaged in

a 1:4 split ratio with TrypLE™

Express solution and passages between P12-P28 were used. Both cell
lines showed characteristics of tumorigenicity and differ in their pheno- and genotype [Wang Y et al

2020, Deer EL et al 2010].

S4. Endothelial cells. HUVECs (Human umbilical vein endothelial cells) were obtained from pooled

donors (from up to four different umbilical cords). These cells were cultured on 75-cm? flasks at 37°C,
5% CO; in Endothelial growth medium II supplemented with 10 ml ready-to-use growth supplement.
After reaching 80-90% confluence, cells were passaged in a 1:3 split ratio with accutase-solution
(0.15 ml/cm?) and were used at passages between P2-P6. Detached cells were seeded on 0.1%
fibronectin-coated wells and allowed to growth until they reached 100% confluence (mechanistic

studies) or on 0.1% fibronectin-coated 24-well-transwell inserts of 24-well-plates (migration studies).

S5. Analysis of cell surface proteins (CAM) by flow cytometry analysis. 100 uL of cell suspension
were used for staining with fluorochrome labelled monoclonal anti-human REAfinity™ antibodies
in Vl-channel (CD104 (B4-integrin)-Vioblue, CD 49d (Viobright V423)), Bl-channel (CD106
(VCAM-1)-FITC, CD49f (a6-integrin)-VioBright FITC), B2-channel (CD62E (E-selectin)-PE,
VEGFR-PE), B4-channel (CD18 (B2-integrin)-PE-Vio770), R1-channel (CD29 (B1-integrin), CD54
(ICAM-1)-APC) and R2-channel (CD49c¢ (a3-integrin)-APC-Vio770) and B3-channel for live-dead
exclusion with propidium iodide solution (PI). Fluorochrome labelled IgG1-REAfinity™ antibodies
were used as isotype controls. Compensation matrix for multicolour-measurement to avoid spillover
was presented in Supplemental Table 3. Briefly, 100 pl cell suspension was stained for 10 min at 4°C
under dark conditions with anti-human REAfinity™ or IgG1-REAfinity™ Isotype control or left
unstained. Reaction was stopped by adding 1000 pL cold MACS Running Buffer. Prior the flow

cytometry measurements, 10 ul of PI was used for exclusion of dead cells. Thereafter, 100 ul cells



suspension was measured automatically by flow cytometry with MACS Quant 10 (MQ10) and the
quantification was performed using the MACSQuantify Version 2.13.2 software (Miltenyi, Bergisch-
Gladbach, Germany) by comparing the mean fluorescence intensity (MFI). MFI was expressed as
median with interquartile range (25%-75"). Representative Gating strategy and MFI quantification

was given in Supplemental Figure 2.

S6. Cytokine determination. The secretion of tumor necrosis factor-a (TNF-a), interleukin-18 (IL-
1B), IL-8 and VEGF present in the supernatant of pancreatic cancer cells and unstimulated HUVECs
was measured colorimetrically using sandwich ELISAs with HRP-conjugate in the Digicsan Reader
(Asys, Austria) according to the manufacturer’s instructions. After the cultivation, the particulates
were removed from the cell culture supernatant immediately by centrifugation (1,500xg, 5 min, RT)
and samples were aliquoted and stored at -20°C with avoiding repeated freeze-thaw cycles.
Quantification of secreted proteins from cells was performed using the Microwin software Version
2.15 and concentrations were given as pg/mL. The minimum detectable dose (MDD) of human TNF-
o was 11.3 pg/mL, of IL-8 was 14.7 pg/mL, of human VEGF was 10.6 pg/mL, and of IL-1 was 6.9
pg/mL. The optical density (OD) of each well was measured within 30 min after stopping the HRP-
enzymatic reaction using the microplate reader at 450 nm. Concentrations were determined based on a
calibration curve using standards for all cytokines. Protein secretion was expressed as are expressed as

median with interquartile range (25%-75™).

S7. p65 and FAK activation measured by ELISA. Commercially available immunosorbent assays
for FAK and NF-kB were used to determine phosphorylated levels of FAK at tyrosine residue
397(FAK [pY397]) in prepared cell lysates and the InstantOne™ ELISA for measurement of
phosphorylated human NF-kB p65 in cell lysates. Cells were lysed using the recommended cell
extraction buffer after incubation with plasma extracts and lysates were collected and stored at —80°C.
The standard protocol of the manufacturer was followed thereafter. OD was measured at 450 nm and
the expression of pFAK and p65 protein was calculated using a four-parameter algorithm providing
the best standard curve fit. The background absorbance was subtracted from all data points, including

standards, unknowns and controls prior to plotting. The results are expressed as mean &+ SD.

S8. Determination of ROS with carboxy-H,-DCFDA  (5-(and-6)-carboxy-2',7'-
dichlorodihydrofluorescein di-acetate). ROS determination and sample preparation have been
described previously (5). Cellular ROS generation was determined by incubating cells in medium
with 5-(and-6)-carboxy-2’,7'-dichlorodihydrofluorescein diacetate (carboxy-H,-DCFDA). As noted by
the manufacturer, an increase in carboxy-H,-DCFDA fluorescence is primarily due to the reaction
with intracellular ROS. The cell-permeable carboxy-H,-DCFDA diffuses into cells and was retained
in the intracellular level after cleavage by intracellular esterases. Upon oxidation by ROS, the non-

fluorescent carboxy-H»,-DCFDA is converted to the highly fluorophore DCF (Ex 485 nm/Em 518



nm). Therefore, cells were grown in media with supplements and allowed to adhere for 24h on 24-
well plates. After replacing the media, cells were exposed to medium containing extracted plasma
samples (pH 7.4) and allowed to grow for another 5h. Cells were washed twice with HBSS and were
incubated at 37°C with 5 pmol/L carboxy-H,-DCFDA for 30 min. Fluorescence increment was
monitored over time using the Ascent microplate fluorescence reader. Fluorescence intensity (FI) after
30 min was subtracted from bassline values and the resulting SFI was expressed as 8FI/1x10° cells.

The results are expressed as mean + SD.

S9. Targeted metabolomics UHPLC-MS/MS analysis. Mobile phases were based on positive and
negative detection ion modes and were performed in separated runs in scheduled multiple reaction
monitoring (sSMRM). Positive ion mode consisted of water and acetonitrile and both of them
contained 0.5% formic acid, while the negative ion mode consisted of water containing 0.1% formic
acid and 10 mM ammonium formate and acetonitrile. This targeted metabolomics analysis was able to
detect and quantify more than 1,000 metabolites in a single short run using volumes as low as 2 pl of
the bio-fluid samples. Metabolites were identified by using commercial standards if available or by
using their predicted nominal masses, optimizing their fragmentation conditions and estimating their
quantity by using the calibration curves of other structurally similar metabolites and isomers.
Analytical validation was optimized by assessing the linearity of the calibration curves at 12 different
concentration levels between 0.1-10,000 pg/L. More information about validation and analytic
performance of the method can be found in previous publications [Behrendt et al 2022]. Quality
controls composed by a pool of samples from the study were processed following the same
procedures every 20 samples. Analyst 1.6.2 and Sciex OS software by Sciex were used for data
acquisition and data processing, respectively. Finally, the coefficients of variation for areas, retention
times and peak widths of the internal standards added to samples were calculated for analytical

reproducibility assessment.

S10. Preprocessing of the metabolomics data. Metabolites with more than 30% of missing values
were excluded from the analysis. For each metabolite, we calculated the fold change (FC) ratio
between its concentration at the end of dietary intervention and its baseline measurement. Normal
distribution of log>,FC in metabolites concentration was visually inspected. Afterwards, distances to
the group centroid were computed based on Euclidean distances to remove outliers from the data
matrix (£1.5xIQR). We wused the R/Bioconductor package ‘POMA’ for preprocessing
(10.1371/journal.pcbi.1009148).

S11. Basal expression of adhesion molecules on pancreatic cancer cells and secretion of
cytokines. The expression of adhesion molecules such as integrins and selectins on cancer cells is one
of the most important reasons of their migratory potential and therefore, their aggressivity. Circulating

cancer cells were able to migrate across the endothelial barrier and settle down to establish a



secondary tumour. o- and B-integrins, CAMs such as ICAM and VCAM as well as E-SEL (E-
selectins) are targets for therapeutics to reduce migration and inhibit metastatic processes. Here, we
investigated whether extracted plasma metabolites have an influence on expression levels of
pancreatic cancer cells because we have previously shown, that only PANC-1 migration, but not
AsPC-1 migration was reduced by incubating cells with plasma metabolites isolated from blood of
volunteers who received a short-term ACN ingestion [Kuntz S et al 2017]. Comparing surface
markers on the pancreatic cancer cell lines PANC-1 and AsPC-1, significant differences were
observed. Compared to AsPC-1, PANC-1 expressed significantly higher levels of a3-integrin (398 +
14), a4-integrin (117 + 8), B1-integrin (1623 + 73), B2-integrin (35 = 2), ESEL (53 + 3), ICAM-1 (361
+ 26) and VEGR-R (18 * 2). In case of a3-integrin, B1-integrin, and ICAM-1, the expression levels
were 12-fold, 5-fold and 90-fold higher on PANC-1 than on AsPC-1 cells (Supplementary Figure 3).
Adhesion of cancer cells to endothelial cells were not only influenced by the expression levels of
CAMs, their secretion of cytokines and VEGF could also influence the capability of migration. As
shown in Supplementary Figure 4, secretion of TNF-o, IL-1B8 and VEGF from PANC-1 was
significantly higher than the secretion from AsPC-1. After 36-h cultivation, TNF-a concentration in
the supernatant of cultivated PANC-1 was 128 & 11 pg/ml in comparison to that of AsPC-1 with 25 £
2.9 pg/ml. This was also seen for IL-18 (22 + 1.9 to 15 + 0.8) and VEGF (35 = 1.2 to 19 + 4.3),
whereas IL-8 secretion was not different between both pancreatic cancer cell lines (52 £ 1.2 to 53 +

4.8).

S12. Basal expression of adhesion molecules on endothelial cells and CYTOmix-induced
expression. In addition to the expression of CAMs, the so-called microclimate of the tumour plays an
essential role in the migration process of single tumour cells. In this context, the secretion of tumour
cell associated cytokines which act on the endothelial barrier is another aspect that influences tumour
aggressiveness. Binding of tumour cells with their CAMs to endothelial cells via the corresponding
receptors could also be a result of the cancer cell specific microclimate. In order to investigate the
effects of cytokines secreted from pancreatic cancer cells on HUVECs, HUVECs were exposed to a
mixture of cancer cell specific cytokines (CytoMIX), which were detected before (see S11).
Thereafter, expression levels of CAMs under basal und CytoMIX-stimulated cells were compared. As
shown in Supplementary Figure 5, surface receptors on HUVECs under basal unstimulated conditions
were expressed at very low levels. After a 36h stimulation with AsPC-1- CytoMIX (called "C1°) and
PANC-1- CytoMIX (called 'C2"), only B4-integrin and ICAM-1 expression were significantly
enhanced compared to basal levels. AsPC-1- CytoMIX increased B4-integrin and ICAM-1 0.2-fold
and 2-fold, whereas the PANC-1- CytoMIX enhanced PANC-1 4-integrin and ICAM-1 0.3-fold and
9-fold. Concerning all other markers, AsPC-1- and PANC-1- CytoMIX have no significant effects on

expression levels or other receptors on HUVECs (Supplementary Figure 5).



Supplementary Table 1: List of materials, biochemicals and kits used for cell culture assays

1290 Infinity UHPLC system

Agilent, XXX, U.S.A.

24-well plates

GreinerBioOne, Berlin, Germany

6-well plates

GreinerBioOne, Berlin, Germany

Accutase-solution

Promocell GmbH, Heidelberg, Germany

anti-human REAfinity™ antibodies

Miltenyi, Bergisch Gladbach, Germany

Ascent microplate fluorescence reader

ThermoScientific, Karlsruhe, Germany

AsPC-1

ATCC (LGC Standards GmbH), Wesel, Germany

Carboxy-H,-DCFDA

Invitrogen GmbH, Darmstadt, Germany

CytoSelect™ 24-well Cell Migration Assay (8 pm),

Colorimetric

CellBiolabs, San Diego, U.S.A.

Digicsan Reader

Asys, Eugendorf, Austria

DMEM (Dulbecco's modified Eagle's medium)

Invitrogen GmbH, Darmstadt, Germany

Endothelial growth medium II

Promocell GmbH, Heidelberg, Germany

FAK (Phospho) [pY397] Human ELISA Kit

ThermoScientific, Karlsruhe, Germany

Fetal bovine serum

PAA Laboratories GmbH, Colbe, Germany

Fibronectin solution

Sigma-Aldrich  Chemie = GmbH, Taufkirchen,

Germany

Formic acid

LGC Promochem, Wesel, Germany

GraphPad Prism Version 9

GraphPad Software, LLC, San Diego, U.S.A.

H1 microplate fluorescence reader

Biotec GmhH, Karlsruhe, Germany

HBSS

Invitrogen GmbH, Darmstadt, Germany

HUVECs

Promocell GmbH, Heidelberg, Germany

IgG1-REAfinity™ antibodies

Miltenyi, Bergisch Gladbach, Germany

Interleukin (IL-8) ELISA

ThermoScientific, Karlsruhe, Germany

Interleukin-18 (IL-18) ELISA

ThermoScientific, Karlsruhe, Germany

Ton Drive Turbo V ion source

Sciex, XXX, U.S.A.




L-glutamine

Invitrogen GmbH, Darmstadt, Germany

Luna Omega Polar C18 column

Phenomenex, XXX, U.S.A.

MACS Running Buffer

Miltenyi, Bergisch Gladbach, Germany

MACS Quant 10 (MQ10)

Miltenyi, Bergisch Gladbach, Germany

Methanol

ThermoScientific, Karlsruhe, Germany

Micro-Spin Eppendorf filter (pore size 0.2 pm)

Eppendorf, Hamburg, Germany

Millicell® ERS volt-ohmmeter

Millipore Corporation, Bedford, U.S.A.

NF-kB InstantOne™ ELISA

ThermoScientific, Karlsruhe, Germany

SPE cartridge Oasis-HLB (5 mL/200 mg)

Waters, Inc., Eschborn, Germany

PANC-1

ATCC (LGC Standards GmbH), Wesel, Germany

PBS

Invitrogen GmbH, Darmstadt, Germany

Propidium iodide solution (PI)

Miltenyi, Bergisch Gladbach, Germany

R statistical software

R foundation, Vienna, Austria

RPMI 1640 medium (Roswell Park Memorial
Institute)

Invitrogen GmbH, Darmstadt, Germany

Sodium pyruvate

Invitrogen GmbH, Darmstadt, Germany

TrypLE™ Express solution

ThermoScientific, Karlsruhe, Germany

Tumor necrosis factor-o (TNF-a) ELISA

ThermoScientific, Karlsruhe, Germany

Vascular endothelial growth factor (VEGF) ELISA

R&D Systems, Heidelberg, Germany




Supplementary Table 2: CONSORT 2010 checklist of information to include when reporting a randomised trial

Section/Topic Item No  Checklist item Reported on page No
Title and abstract
la Identification as a randomised trial in the title 1
1b Structured summary of trial design, methods, results, and conclusions (for specific guidance see 2
CONSORT for abstracts)
Introduction
Background and 2a Scientific background and explanation of rationale 2-3
objectives 2b Specific objectives or hypotheses 3
Methods
Trial design 3a Description of trial design (such as parallel, factorial) including allocation ratio 3, previously published [Behrendt et al 2022]
3b Important changes to methods after trial commencement (such as eligibility criteria), with reasons No changes
Participants 4a Eligibility criteria for participants 3, previously published [Behrendt et al 2022]
4b Settings and locations where the data were collected 3, previously published [Behrendt et al 2022]
Interventions 5 The interventions for each group with sufficient details to allow replication, including how and when 3, previously published [Behrendt et al 2022]
they were actually administered
Outcomes 6a Completely defined pre-specified primary and secondary outcome measures, including how and 4-5
when they were assessed
6b Any changes to trial outcomes after the trial commenced, with reasons No
Sample size 7a How sample size was determined 3, previously published [Behrendt et al 2022]
7b When applicable, explanation of any interim analyses and stopping guidelines
Randomisation:
Sequence generation 8a Method used to generate the random allocation sequence 3, previously published [Behrendt et al 2022]
8b Type of randomisation; details of any restriction (such as blocking and block size) No block size
Allocation 9 Mechanism used to implement the random allocation sequence (such as sequentially numbered 3, previously published [Behrendt et al 2022]
concealment containers), describing any steps taken to conceal the sequence until interventions were assigned
mechanism
Implementation 10 Who generated the random allocation sequence, who enrolled participants, and who assigned 3, previously published [Behrendt et al 2022]
participants to interventions
Blinding 11a If done, who was blinded after assignment to interventions (for example, participants, care providers, 3, previously published [Behrendt et al 2022]
those assessing outcomes) and how
11b If relevant, description of the similarity of interventions no similarity
Statistical methods 12a Statistical methods used to compare groups for primary and secondary outcomes 5
12b Methods for additional analyses, such as subgroup analyses and adjusted analyses 5

Results




Participant  flow

diagram is strongly

recommended)
Recruitment

Baseline data
Numbers analysed

Outcomes
estimation

Ancillary analyses
Harms

Discussion
Limitations

Generalisability
Interpretation

Other information
Registration
Protocol

Funding

13a

13b
14a
14b
15
16

17a

17b
18

19

20

21
22

23
24
25

For each group, the numbers of participants who were randomly assigned, received intended
treatment, and were analysed for the primary outcome

For each group, losses and exclusions after randomisation, together with reasons

Dates defining the periods of recruitment and follow-up

Why the trial ended or was stopped

A table showing baseline demographic and clinical characteristics for each group

For each group, number of participants (denominator) included in each analysis and whether the
analysis was by original assigned groups

For each primary and secondary outcome, results for each group, and the estimated effect size and its
precision (such as 95% confidence interval)

For binary outcomes, presentation of both absolute and relative effect sizes is recommended

Results of any other analyses performed, including subgroup analyses and adjusted analyses,
distinguishing pre-specified from exploratory

All important harms or unintended effects in each group (for specific guidance sce CONSORT for
harms)

Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, multiplicity of
analyses

Generalisability (external validity, applicability) of the trial findings

Interpretation consistent with results, balancing benefits and harms, and considering other relevant
evidence

Registration number and name of trial registry
Where the full trial protocol can be accessed, if available
Sources of funding and other support (such as supply of drugs), role of funders

Supplemental Data

Supplemental Data

3, previously published [Behrendt et al 2022]

6, previously published [Behrendt et al 2022]

6-7, Supplements

6-7, Supplements

6-7, Supplements

3, previously published [Behrendt et al 2022]

18




Supplementary Table 3: MultiColor 8 x 8 compensation matrix. Anti-REA MACS Comp Bead Kit
was used for compensation of fluorescence spillover of fluorochrome-conjugated REA finity™ antibodies.
Diluted (1:10 or 1:50) REAfinity™ fluorochrome-conjugated antibodies were incubated for 10 min in
dark at room temperature with 50 pl anti-REA "Comp Beads” or 50 ul blank “Comp Beads’. After
incubation, 1 ml MACSQuant running buffer was added to the reaction and fluorescence spillover was
automated measured with MQ10. Spillover matrix was saved as instrument settings for PANC-1, AsPC-1
and HUVEC. Individual fluorescence signals were organized in columns and fluorescence channels in
rows (8x8).

VioBlue | VioGreen | FITC PE PerCP- | PE- APC APC-
Vio770 | Vio770 Vio770

\%! 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
V2 0.0 1.0 0.0 0.0 0.0 0.002 0.0 0.0
Bl 0.0 0.0 1.0 0.029 0.0 0.007 0.0 0.0
B2 0.0 0.0 0.08 1.0 0.0 0.028 0.0 0.0
B3 0.0 0.0 0.016 0.207 1.0 0.0 0.013 0.001
B4 0.0 0.0 0.002 0.022 0.0 1.0 0.002 0.014
R1 0.0 0.0 0.0 0.0 0.0 0.003 1.0 0.053
R2 0.0 0.0 0.0 0.0 0.0 0.114 0.144 1.0




Enrollment Assessed for eligibility (n=45)

Excluded (n=10)

+ Mot meeting inclusion criteria (n=2)
+ Declined to participate (n= &)

+ Other reasons (n=0)

Randomized {n=35)

l

¥ { Allocation } y
Allocated to intervention (n=31) Allocated to intervention (n= 4)
+ Received allocated intervention {n=31) + Received allocated intervention (n=4)
+ Did not receive allocated intervention {give + Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0)
v [ Follow-Up I v
Lost to follow-up (give reasons) (n=0) Lost to follow-up (give reasons) (n=0)
Discontinued intervention {give reasons) (n=0) Discontinued intervention (give reasons) (n=0)
¥ | Analysis ] v
Analysed (n=31) Analysed (n= 4}
+ Excluded from analysis (give reasons) (n=0) + Excluded from analysis (give reasons) (n=0)

Supplementary Figure 1: CONSORT flowchart diagram.
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F
Path V1 VioBlue-A B1 FITC-A B2 PE-A PE-Vio770-A R1APC-A APC-Vio770-A
Mean Mean Mean Mean Mean Mean
P1\P2\P3 63.21 12,93 30.70 3144 10,15 37.89
P1\P2\P4 6324 1313 31.26 31.95 10.28 38.16
P1\P2\P5 64,21 14,57 35.89 36.04 11.43 39,82
P1\P2\P6 64,05 14,45 3422 36.17 11.36 39.66
PI\P2\P7 64,29 14,70 34,90 36.50 11,75 40,03
P1\P2\P8 63.26 1297 30.82 3157 10.17 37.97

Supplementary Figure 2. Gating strategy and quantification. (A) Cells were gated by FSC(A) vs.
FSC(H) plot: Gating the cells that have an equal area and height, thus removing clumps (greater FSC(A)
relative to FSC(H)) and debris (very low FSC) [P1-marker]; (B) PerCP-Vio770 vs. B2-channal plot:
broad selection of living cells (P2 marker) and exclusion of dead cells stained with propidium iodide [P2-
marker]; (C) Histogram plots of unstained cells in V1-channel (CD104); (D) Histogram plots of unstained
cells in V1-channel (CD104); Histogram markers were used to quantify the main fluorescence intensity
(means with SD or median with SD) for E) unstained and (F) stained cells [representative staining panel

1.
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Supplementary Figure 3. Protein expression of adhesion molecules and markers on PANC-1 and
ASPC-1 in vitro. Expression levels of a-integrins (A), B-integrins (B), CAMs and E-SEL (C) and VEGF-
R (D) on the cell surface of pancreatic cancer cells were measured under basal conditions. PANC-1 and
AsPC-1 cells were seeded onto 6-well plates (1x10° cells/mL) and allowed to adhere for 24 h. Thereafter,
medium was changed and cells grow for further 36h in corresponding medium. After incubation, medium
was removed, cells were washed twice with PBS, detached with 1 ml TrypLE™ Express solution and
centrifuged at 300xg for 5 min at RT. Cells were resuspended in MACS-Running buffer and expression
levels were measured after cells were stained with anti-human REA-antibodies coupled with
fluorochromes by flow cytometry as described in the Methods section (see 2.4.2.). Values are expressed
as means of main fluorescence intensity (MFI) with standard deviation (means = SD). Significant
differences between the pancreatic cancer cell lines were calculated with One-way ANOVA and values
were different with P*< 0.05, P**< (.01 and P***< (0.001 (n=3 in duplicates).
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Supplementary Figure 4. Secretion of cytokines and VEGF from PANC-1 and AsPC-1 in vitro.
PANC-1 and AsPC-1 were seeded onto 6-well plates (1 x 10° cells/mL) and allowed to adhere for 24h.
Thereafter, medium was changed and cells grow for further 36h in corresponding medium. After
incubation, supernatant was removed and centrifugated (1,500xg, 5 min, RT). Protein levels were
measured by ELISA as described in the Methods section (see 2.4.2.). Values are expressed as means of
secreted proteins as pg/ml + standard deviation (means + SD). Significant differences between the
pancreatic cancer cell lines were calculated with One-way ANOVA and values were different with P*<
0.05, P*¥*<0.01 and P***< 0.001 to corresponding controls (n=3 in duplicates).
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Supplementary Figure 5. Expression of adhesion molecules and markers on basal (unstimulated)
and CYTOmix-stimulated HUVEC in vitro. Expression of a-integrins (A), B-integrins (B), CAMs and
ESEL (C) and VEGF-R (D) on cell surface of HUVECs were measured under basal (unstimulated) or
stimulated conditions ('C1” or ‘C2"). HUVECs were seeded onto fibronectin (0.1%)-coated 6-well plates
(5 x 10° cells/mL) and allow to grow to confluence. After reaching confluence, medium was changed and
cells grow for further 36h in corresponding medium with AsPC-1-CYTOmix (C1: 25 pg/ml TNF-a, 15
pg/ml IL-18, 50 pg/ml IL-8, 20 pg/ml VEGF) or PANC-1-CYTOmix (C2: 130 pg/ml TNF-a, 25 pg/ml
IL-18, 50 pg/ml IL-8, 35 pg/ml VEGF). Thereafter, cells were washed twice with PBS, detached with 1
ml accutase-solution and centrifuged at 220xg for 3 min at RT. Cells were resuspended in MACS-
Running buffer and expression levels were measured after cells were stained with anti-human REA
antibodies coupled with fluorochromes by flow cytometry as described in the Methods section (see
2.4.2.). Values are expressed as means of MFI + standard deviation (means + SD). Significant differences
between basal and CYTOmix-stimulated cells were calculated with One-way ANOVA and values were
different with P*< 0.05, P**< 0.01 and P***< 0.001 (n=3 in duplicates).
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Supplementary Figure 6. Heatmap showing the association between cancer cells analyses and plasma
and urine metabolites altered by the ACN-rich juice. Assessed using linear mixed models with
participants as random effects adjusting by age, sex, and treatment. p_: plasma metabolite; u_: urine
metabolite; THBAId: 2,4,6-trihydroxybenzaldehyde; 3,4-DHPV: 3’,4’-dihydroxyphenyl-y-valerolactone;
PEO-3-GAL: peonidin 3-galactoside; MeEC-3-S: 3’-methyl(epi)catechin sulphate; oCOU: o-coumaric
acid. *: p-value <0.05; **: P-value <0.01. Metabolites included in the heatmap are those with at least one
statistically significant association.
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Figure S1. Representative HPLC-PDA/ESI-MS chromatogram of the powdered anthocyanin-rich grape/blueberry
extract. Identified anthocyanins according to their retention times (RT): 7.10, Delphinidin-3,5-diglucoside; 8.65,
Cyanidin-3,5-diglucoside; 9.57, Delphinidin-3-galactoside; 10.41, Delphinidin-3-glucoside; 11.13, Peonidin-3,5-
diglucoside; 11.84, Delphinidin-3-arabinoside; 12.06, Malvidin-3,5-diglucoside; 12.72, Petunidin-3-galactoside; 13.03,
Cyanidin-3-arabinoside; 13.52, Petunidin-3-glucoside; 14.10, Peonidin-3-galactoside; 14.59, Petunidin-3-arabinoside;
15.00, Peonidin-3-glucoside; 15.95, Malvidin-3-glucoside; 16.99, Malvidin-3-arabinoside; 21.69, Malvidin-3-(6"-
coumaryl)-5-diglucoside.
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Figure S2. Molecular structures of gut-derived anthocyanin metabolites. (a) Homovanillyl alcohol
(HVA) and (b) 2,4,6-trihydroxybenzaldehyde (THBA). Molecular strtuctures were drawn with

ChemSketch version 14.00, Advanced Chemistry Development, Inc. (ACD/Labs), Toronto, ON,
Canada, www.acdlabs.com.
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Figure S3. Gating strategy to assess cell viability. (a) To exclude cellular debris cells were first gated
based on their cellular size (horizontal line). (b) Then nucleated cells were gated (angled marker) for
their staining with the membrane-permeant DNA staining dye, that stains all cells with a nucleus
(nucleated cells), and a DNA-binding dye, that stains dead and dying cells which have lost their
membrane integrity (viability), to discriminate live and dead cells.
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Figure S4. Gating strategy to assess ASC and NLRP3 protein expression. To exclude debris, cells
were first gated using forward light scatter-area (FSC-A) versus side scatter-area (S5C-A). Next, FSC-
A versus FSC-height (FSC-H) was used to perform doublet exclusion. Single cells were then gated
for ASC and NLRP3 expression compared to the matching isotype control and median fluorescence
intensity (MFI) was assessed. Open histogram unstained, light grey filled histogram matching
isotype control, dark grey filled histogram stained.
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Figure S5. Gating strategy to assess ASC speck formation. ASC high expressing cells were gated as
indicated in Figure S3. ASC high cells were further gated using ASC fluorescence pulse area (ASC-
A) and ASC fluorescence pulse width (ASC-W). ASC speck forming cells were selected via the
observed reduction in ASC-W and the percentage of ASC speck positive cells was quantified.
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Figure S6. Effect of grape/blueberry anthocyanins and their gut-derived metabolites on ASC and
NLRP3 protein expression in THP-1 cells. THP-1 monocytes were pretreated with the indicated
concentrations of grape/blueberry anthocyanins and their gut-derived metabolites, before cells were
primed with LPS as mentioned in the methods section. Protein expression of (a,c) ASC and (b,d)
NLRP3 was assessed as median fluorescence intensity (MFI) by intracellular flow cytometry. The
presented histogram overlays depict representative results from one of at least three replicated
experiments.
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Figure S7. NLRP3 inflammasome activation in THP-1 cells. THP-1 monocytes were left untreated or
primed with 10 ng/ml LPS for 4 h before the inflammasome was activated by adding 10 uM nigericin
for further 40 min. (a) Caspase-1 activity was measured by using the Caspase-Glo® 1 Inflammasome
Assay and luminescence was measured. Release of (b) IL-1 and (c) IL-18 into the cell culture
supernatant were measured by ELISAs. Data are presented mean + SD of at least three replicated
experiments. Significant differences compared to the untreated control were calculated using one-
way ANOVA, followed by Dunnett’s multiple comparison test. **p <0.01 and ****p <0.0001. RLU,
relative light unit. RLU, relative light unit.
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