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1 Summary

Phyllobilins (PBs) present a young class of natural products that have recently been
gaining recognition as relevant phytochemicals. Being highly abundant in senescent
vascular plants, they arise by the degradation of chlorophyll, predominantly in autumn,
but, e.g., also because of pathogen attacks. They share a tetrapyrrole structure that is
similar to the heme degradation product bilirubin (BR), but their molecular structure can
be modified by the plant in various manner. Like BR, PBs are strong antioxidants that
potentially impact several physiological processes. Furthermore, a yet unpredictable
variety of the structures is possible, as mother nature magnificently produces structural
diversity. The aim of this thesis was to explore the abundancy of PBs and the implications

of their bioactivities.

Based on the strong anti-oxidative potency of PBs, we hypothesized that the natural
products impact the properties of phytomedicines. In a first attempt, one PB of Echinacea
purpurea (Ep-PxB-5) was used as model substance. The addition of Ep-PxB-5 did not
improve the stability of a major ingredient, caftaric acid, but we found that medicinal
extracts of Echinacea purpurea render more potent in anti-oxidative activity over several

days when Ep-PxB-5 was added.

Furthermore, in the first part of this thesis, we have uncovered PBs in the medicinal plants
Humulus lupulus (hops) and Tropaeolum majus (nasturtium), in high abundancy. For both
plants, novel structures were identified, and their bioactivities were illuminated closer. PBs
can be categorized in Type-l and Type-ll PBs, which differ in the replacement of an
aldehyde function by an oxo-group as a consequence of deformylation. In senescent
leaves of hops, two Type-Il PBs, HI-DPleB and HI-DPxB, were formed, which we found to
contribute to roughly a third of the yellow coloration of the leaves in autumn. Furthermore,
HI-DPxB showed stronger in-vitro anti-oxidative potential than the potent reference
molecule Trolox. In-cellulo, both HI-DPleB and HI-DPxB exhibited comparable results in
scavenging ROS. Apart from anti-oxidative testing, also anti-proliferative effects on cancer
cells were tested, as hops cones are commonly associated with anti-carcinogenic effects.
Interestingly, no influence on the proliferation of the cells was visible at the chosen
concentration range, which differs from Typ-l PBs. With our results, we aid in

understanding the structure activity relationship of PBs.
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Moreover, four novel Type-l PBs (Tm-PxB-(1-4)) were identified in yellowing leaves of
Tropaeolum majus, nasturtium, and structurally characterized. Thereby one structure, Tm-
PxB-2, evoked our interest, as the molecule showed a distinct loss of a carboxyl function
at C82, which indicated the natural presence of a pyro-PB (pyPB). By leaf-spray MS, we
firstly verified Tropaeolum majus as plant source of a pyPB with a classic phylloxanthobilin
(PxB) structure. Tropaeolum majus is a traditionally used medicinal plant for the
treatments of catarrhs of the upper respiratory tract and urinary tract infections with anti-
bacterial and diuretic effects. In-vitro and in-cellulo-antioxidant studies were conducted to
assess the potency of the novel structures, thereby revealing strong effects. Additionally,
COX-1 and COX-2 inhibition in the low micromolar range was demonstrated for Tm-PxB-
1 and Tm-PxB-4. Thereby, anti-inflammatory effects as assessed by COX-2 inhibition
were comparable to those of isoquercitrin, the active flavonoid of nasturtium plant extracts,
and stronger than those of chlorogenic acid, which is also a known polyphenolic ingredient.
With our results, we contribute knowledge on the incomplete chemoprofiling of
Tropaeolum majus leaves and uncover potent ingredients of the plant leaves that

contribute pharmacologically to the medicinal usage of the plant (Figure 1).

 — X

Structure elucidation / l \ Bioactivity testing
- Humulus lupulus - anti-inflammatory
- Tropaeolum majus Impact on - anti-oxidative
properties of - anti-proliferative
medicinal
products

Figure 1 Graphical abstract on phyllobilin sources and focus on Part | of the thesis.

In the second part of this thesis, we investigated the influence of BR and PBs on early
stages of atherosclerosis progression. Since oxidative stress is a major driver of
atherosclerosis, and bilins are known anti-oxidative compounds, we probed the effects of
PBs compared to its heme-derived counterpart, BR, on atherosclerosis related

parameters. First, we confirmed the anti-oxidative potency of PBs and BR in-vitro by FRAP
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and DPPH assays and showed the anti-oxidative effects in-cellulo with experiments using
the endothelial cell line HUVEC. We found strong potential of PBs and BR on scavenging
reactive oxygen species (ROS) in endothelial cells. Moreover, we provide first evidence
on the ability of PBs to inhibit NADPH oxidases (NOXs) activity. NOX enzymes are the
major producers of ROS in cells. Highly elevated ROS levels lead to endothelial damage
and endothelial dysfunction, which is related to atherosclerotic plaque formation.
Combining the suppressive effects of “bilins” on ROS production via NOX inhibition and
the radical scavenging effects, we conclude that PBs might impact the progression of
endothelial dysfunction during early atherosclerosis formation. In addition, we firstly
revealed a direct inhibition of PBs and BR on MMP-9 activity in-vitro, which we could also
prove in HUVEC cells. MMP-9 is a matrix metalloprotease that is involved in monocyte
transmigration by degrading extracellular matrix (ECM) and is connected to all stages of
atherosclerosis by aggrieving the pathogenesis from plaque formation to plaque rupture.
In transwell migration experiments, we found that PBs and BR inhibited monocyte
migration as well as monocyte transendothelial migration without affecting expression
levels of the adhesive proteins VCAM-1, ICAM-1 and E-selectin. Based on current
evidence from literature, we suggest that NOX and MMP-9 inhibition are responsible for
the suppressive effects on transendothelial migration of monocytes by bilins. Furthermore,
based on our results, we speculate that bilins could interfere with VCAM-1 mediated
signaling by scavenging ROS, thereby inhibiting NOX and MMP-9 activation. In summary,
PBs are natural products that influence monocyte transmigration and are compounds with

promising bioactivities to counter atherosclerosis progression (Figure 2).
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Phyllobilins (PBs)
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Figure 2 Schematic overview on chemical structures of BR and PB candidates and influences on early
stages of atherosclerosis progression as found in Part Il in this work.

Taken together, part | and part Il of this thesis clearly emphasize that PBs are natural
compounds with promising anti-oxidative, anti-inflammatory, and anti-migratory
bioactivities, abundant in leaves of medicinal plants. Additionally, these bioactivities were

shown to impact mechanisms of atherosclerosis progression.
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2 Introduction
2.1 Natural products — contemporary guideposts for medicines

Natural products (NPs) have impacted drug discovery from the past until now and they
remain irreplaceable to date for pharmacotherapy. For example, the discovery and
isolation of the natural products paclitaxel, salicin, digitoxin from plants and penicillin from
fungi have revolutionized the treatment of life-threatening diseases, including cancer,
cardiovascular or infectious diseases.!! Especially in the field of small molecules of low
molecular weight, the diversity of natural compounds is tremendous. Combining the
chemical structures of NPs with combinatorial standard medicinal chemistry, enhances
markedly the pharmacological potency of agents.[?) Serving as drug leads, NPs are of
marked value for developing pharmaceuticals to treat cardiovascular and metabolic
disorders for instance.® Historically, the exploration of anti-choleretic properties of statins,
as lovastatin isolated from Aspergillus terreus, induced the development of multiple
synthetic and semi-synthetic statis, which present the first-line pharmacotherapy to lower
blood lipids worldwide to date.® Although the anti-glycemic NP, galegine from Galega
officinalis, did not pass clinical trials because of its toxicity, its chemical structure founded
the discovery of metformin, an important drug to treat diabetes mellitus type 2.
Consequently, NPs inherit a tremendous potential to impact medicinal product research

in the future, which remains to be fully exploited.
2.2 Phyllobilins - a novel class of natural and bioactive products

Phyllobilins are more than just waste products! The phyllobilins (PBs) are a group of
natural products that are currently being established as promising bioactive group among
phytochemicals.® Derived from plant pigment chlorophyll (Chl), they are linear open-chain
tetrapyrroles with strong similarities to the heme degradation substance bilirubin (BR).
Based on this structural feature, the novel group of phytochemicals was named
phyllobilins.”! During senescence in autumn or initiated by external stimuli like pathogen
attacks®, a programmed systematic degradation pathway of Chl called PAO/phyllobilin
pathway is started in various chlorophyll-rich plants. The need for the degradation of Chl
arises from its cytotoxicity. During breakdown, Chl is released from its binding proteins,

thereby becoming toxic to the plant cells.®

To detoxify Chl, free Chl molecules are converted to PBs at the thylakoid membrane within

the chloroplast (Figure 3). Not yet fully deciphered, the biosynthesis of PBs follows
6
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multiple enzymatic and non-enzymatic steps, thereby eventually forming different types of
PBs: Chl b is enzymatically converted by two reductional steps via non-yellow coloring 1
(NYC1), NYC1-like (NOL) and hydroxymethyl Chl a reductase (HCAR) to Chl a, then the
central Mg?* ion from Chl a is released by the stay-green Mg-dechelatase (SGR) resulting
in the formation of pheophytin a (Phein a) (Figure 3).l"" Those enzymes are Chl a specific
and consequently, Chl b can only be degraded after conversion into Chl a.l'"! The phytyl-
residue of Phein a enzymatically gets removed by pheophytinase (PPH) to form Pheide a
(Figure 3).['21 Both, Phein a and Pheide a are still phytotoxic for the cells and subsequently
had to be degraded further by opening of the macrocycle. This is accomplished by two
independent, but physically interacting, enzymes.["® The first enzyme, PAO (pheophorbide
a oxygenase), opens the porphyrin ring under production of the first linear tetrapyrrole PB
metabolite RCC (‘red’ Chl-catabolite) (Figure 3).'* As first metabolite in the pathway so
far, RCC can pass the chloroplast membrane.['> '8 Located in the chloroplast stroma, the
second enzyme RCCR (RCC reductase) reduces RCC at the C15/C16 double bond to
primary phyllolumibilins (pPluBs), firstty named pFCCs, primary fluorescent Chl
catabolites (Figure 3). The reduction introduces a stereocenter at C16. Whether an ‘n’ or
‘epi’ configuration is present, is favored by the RCCR isotype present in the respective
plant. By the conversion to pPIuB, the phototoxicity of Chl is believed to be removed.!'> 1>
'8 The last step in the PAO/pathway that is attributed to take place in the chloroplast is the
hydroxylation via TIC55, an oxygenase, at the terminal carbon C3? to hydroxy-pPluB
(Hydroxy-pFCC) (Figure 3). It was found that hydroxy-pPIluB, also considered “secondary”
PluB (sFCC), is the precursor of all hydroxylated PBs in senescent leaves of

Arabidopsis.['"]
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Figure 3 Schematic overview of the first part of the PAO/pathway of chlorophyll breakdown in
senescent leaves. Enzymatic degradation of phototoxic Chl to non-toxic pPlubs occurs in the chloroplast.
RCC, pPluB and Hydroxy-pPlub are excreted into the cytosol by unknown transporters. The figure was
adapted from Kuai et al.l'0a

Contrary to the well understood first part of the PAO/pathway, the subsequent modification
reactions that occur in the cytosol are highly species-specific and still bear some mysteries
(Figure 4). 033 -glucosylation, O3® -malonylation and C18 vinyl group dihydroxylation is
believed to take place in the cytosol.['® The enzymes, which are involved in the side chain
modifying reactions have not been fully characterized yet. For example, pPluB can by
hydroxylated to hydroxylated-pPluB by TIC55, which can be further glycosylated and/or
malonylated by yet undetermined cytosolic enzymes. However, three enzymes were found
in Arabidopsis to modify side chains so far, CYP89A9!"®), methylesterase 16 (MES26)!"®
and TIC55'1. Apart from modifications like esterification at the propionyl group, further
deformylation at C1 can appear. CYP89A9, located in the ER, possesses oxidative
deformylation activity and converts PluBs in the cytosol to their dioxobilin-type analogon,
DPIuBs (DFCC) (Figure 4).'8 At this stage, the biosynthesis of PBs branches in two paths.
All PBs that did not undergo deformylation carry an aldehyde function and are classified
as Type-l PBs, whereas the dioxo counterplayer are named Type-ll PBs (Figure 4).[2%
The demethylation at C82 can be catalyzed by MES16, a hydrolase, in Arabidopsis.!"”!

PluBs are likely to spontaneously isomerize to PleBs, phylloleucobilins, or firstly named
NCCs, while entering the acid environment in the vacuole.?" Similarly, DPIuBs are
converted to DPleBs, dioxo-phylloleucobilins (Figure 4).?2 Acid tautomerization in the

vacuole requires active transport of PluBs and DPIuBs into the vacuole. Again, the

8
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underlying transporters are missing. Consequently, these colorless metabolites are also
the first ones in the biosynthesis of PBs that are known to accumulate in the vacuoles.
PleBs and DPIleBs potentially oxidize with exposure to air or day light to phylloxanthobilins
(PxBs) or dioxo-phylloxanthobilins (DPxBs) (Figure 4). Firstly, they were named as YCC,
yellow-colored Chl catabolite and DYCC, dioxo-yellow-colored Chl catabolite,
respectively.?> 2% In accordance with this nomenclature, a change in coloration to yellow
appears, which can be explained by the oxidative insertion of an extensive 11-conjugated
electron system. Undergoing further oxidation processes, colors shift to red by introducing
a double bond at C10, thereby forming phylloroseobilins, PrBs (eponymous PiCC, pink
chlorophyll catabolite) (Figure 4).12%2

PPluB/Hydroxy-pPluB

[

CYP89A9

Figure 4 Second part of PAO/phallobilin pathway occurs in the cytosol and vacuoles and leads to the
formation of Type-l and Type-ll phyllobilins. After the release via unknown transporters of pPluB/Hydroxy-
pPluB from the chloroplast several modifications can appear in the cytosol as demethylation by MES16
enzyme. Modified PluBs (mPluBs) are formed. By CYP89A9 mediated deformylation, branching of the
pathway into Typ-Il PBs is initiated. mPluBs and DPIuBs are taken up by the vacuole in an undeciphered way
whereby a spontaneous acid triggered formation to PleBs and DPleBs follows. PleB and DPleBs can be
oxidized in two steps to PxB and DPxB and further to PrB and theoretically DPrB, respectively.['3l

Recently, PBs with a uniquely rearranged carbon skeleton were found in fern by Erhart et
al. Additionally, those special PBs, named /PB miss the typical chain at C82, technically
classifying them as pyro-PBs.?* How and at which stage of PAO/pathway this conversion
of carbon backbone and decarboxylation of the carbon side chain at C82 happens, is still
an open question and it might be limited to the special evolutionary stage of lower plants
and gymnosperms in general. To date, this feature of decarboxylation is seen to be lost

during the evolution of angiosperms.l'3 24
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By reiterating the statement “Phyllobilins are more than just waste products!”, our work
underlines that PBs are more than just by-products produced by plants. The fundamental
basis was provided earlier by our group (Prof. Simone Moser), which firstly started
investigations on the bioactive potential of PBs.!*! It was found that medicinal plants
contain a remarkable diversity in PB content. The deciphering of five different strong anti-
oxidative PxBs in Echinaceae purpurea opened the field of systematic research on the
contribution of PBs on the bioactive effects of pharmaceutically used plants.?®! More PxBs
were found in Urtica dioica later with strong anti-inflammatory potency by inhibition of
COX-1 and COX-2 in low micromolar ranges and downregulation of COX-2 expression
levels in macrophages. This work also revealed the so far overlooked presence of PBs in
pharmaceutical products.?” In addition to anti-oxidative, which besides was also reported
for Type-Il PBs of savoy cabbage®®®, and anti-inflammatory potential, also strong anti-
cancer effects in human cancer cells by inhibiting proliferation, inducing apoptosis with
G2/M cell cycle arrest, were demonstrated for Type-l PBs.?% Firstly, actin, was identified
as a target of PBs. Thereby, targeting the actin cytoskeleton of cells inhibited actin
dynamics, impacted cell migration and cell shape.?® Moreover, recent investigations
extent the information on the anti-inflammatory and immunoregulatory effects of PBs by
demonstrating suppressive impact on immunoregulatory metabolic pathways of
tryptophan breakdown in human blood peripheral mononuclear cells (PBMCs).*% These
structures have the potential to influence many other physiological functions. In summary,
there is still a lack of knowledge about this ubiquitous structural class, even though its

formation can be uniquely observed visually especially during autumn.

PBs, strong antioxidants, are part of human daily nutrition(® 2831 and cover a yet unknown
potential to interfere with a variety of severe oxidative stress mediated diseases like
cardiovascular, neurological, respiratory, rheumatoid arthritis, several kidney diseases,
and cancer.?? Apart from other NPs like flavonoids, the physiological relevance of PBs on

those illnesses is unknown and remains to be explored.
2.3 Aims of the study

Natural products are of fundamental importance for developing novel drugs to conquer
diseases. PBs are a young class of phytochemicals which expand the diversity of bioactive
substances, and they might serve as model structures for medicinal chemists or as health
contributing substances of daily nutrition in the future. This thesis wants to contribute to
two parts of the process of establishing PBs as relevant phytochemicals.

10
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Our first goal was to identify PBs in various medicinal plants and to elucidate their
structures, yielding new PB candidates with potential bioactivity. In this context, we
elucidated novel PB structures in senescent leaves of Humulus lupulus and Tropaeolum

majus.

Secondly, we aimed to investigate the bioactivities of the PBs with special regard on their
anti-oxidative potential. Thereby we classified the isolated PBs of Humulus lupulus and
Tropaeolum majus and investigated the impact of a PB, as antioxidant, on the properties
of a phytomedicine. Further we examined the potential of PBs to counter an oxidative
stress induced disease, atherosclerosis, thereby comparing the phytochemicals with the

antioxidant BR and elucidating potential mechanisms of action.

In this thesis, the above objectives were pursued in two parts:

Part I: Phyllobilins - a bioactive natural product class contributing medicinal plants

activity

1. Studies on the impact of a PxB, as antioxidant, on the properties of a
phytomedicine

2. Testing of bioactivities of novel Dioxo-PBs in yellow leaves of Humulus lupulus
(hops)

3. Structure elucidation of four PxBs of senescent Tropaeolum majus (nasturtium)

leaves and biological characterization of the isolated substances

Part Il: Comparison of the anti-atherosclerotic potential of phyllobilins and bilirubin

on early stages of atherosclerosis

1. Characterization of the anti-oxidative potency of three different PB candidates and
BR in in-vitro and in-cellulo approaches

2. Determination of oxidative mechanisms during atherosclerosis that PBs potentially
interfere with

3. Assessment of potential effects of PBs and BR on transendothelial-/ migration of
monocytes

4. Studies on mechanisms or targets responsible for the inhibition of transendothelial-

/ migration of monocytes by PBs and BR

11
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3 Materials and Methods

3.1 Materials

3.1.1 Compounds

Compound Producer/source

HI-DPxB Christian  Nadegger (Prof.  Mdller,
University of Innsbruck, Austria)

HI-DPleB Christian  Nadegger (Prof.  Mdller,
University of Innsbruck, Austria)

Po-PleB Dr. Willmar Schwabe GmbH & Co. KG
(Karlsruhe, Germany)

Polyphenol compounds Salavat Ashirbaev (Prof. Zipse, LMU
Munich, Germany)

Table 1 Compounds

3.1.2 Reagents: Biochemicals, kits and cell culture reagents

Reagent Company

2,2'-azobis(2-methyl-propionamidine) Merck, Darmstadt, Germany

dihydrochloride (AAPH)

Acetic acid (AcOH) VWR International GmbH, Ismaning,
Germany

Amphotericin B

Bilirubin (BR)

Bovine serum albumin (BSA)

Bradford reagent Roti® Quant

Brij 35

Calcein-AM

Calcium chloride (CaCly)

Collagen IV (#5022)

Collagen G

Complete®

Cayman Chemicals COX Fluorescent
Inhibitor Screening kit

Crystal violet

2,7’ -dichlorodihydrofluoroscein diacetate
(H.DCF-DA)

Dimethylsulfoxide (DMSO)
Diphenyleniodoniumchlorid (DPI)
2,2-diphenyl-1-picrylhydrazyl (DPPH)
Disodiumhydrogenphosphate  dihydrate
(NazHPO4x 2 H20)

PAN Biotech, Aidenbach, Germany
Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany
Bio-Rad, Munich, Germany
Sigma-Aldrich, Steinheim, Germany
Biomol GmbH, Hamburg, Germany
AppliChem GmbH, Darmstadt, Germany
Advanced Biomatrix, Carlsbad, CA
Biochrom AG, Berlin, Germany

Roche Diagnostics, Penzberg, Germany
Cayman Chemicals, Ann Arbor, USA

Carl Roth, Karlsruhe, Germany
Thermo Fisher (Waltham, MA, USA)

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Merk, Darmstadt, Germany

Merck, Darmstadt, Germany
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Dithiothreitol (DTT)
Dulbecco’s  Modified
(DMEM)
Echinacea-ratiopharm® Liquid

Endothelial Cell Growth Medium (ECGM)
kit enhanced

Ethanol (EtOH)

Eagle Medium

Erastin

Ethylendiaminetetraacetic acid (EDTA)
Fetal calf serum (FCS)
Fluoresceinisothiocyanat(FITC)-Dextran
Mw 70,000 Da

FluorSave™ Reagent

Fluorescein sodium

D(+)-Glucose, anhydrous
N-(2-Hydroxyethyl)piperazine-N’-
ethanesulfonic acid (HEPES)

NNGH

Hoechst 33342

High-Capacity cDNA Reverse
Transcription Kit

Hoechst 33342

Hydrochloric acid (HCI)

Hydrogen peroxide (30%)

Iron(lll) chloride (FeCls)

Lucigenin

Magnesium sulfate heptahydrate (MgSO4
X7 Hzo)

Recombinant Human MCP-1 (CCL2)
Recombinant human active MMP-9
Fluorogenic substrate peptide MMP-9
NADPH

NNGH

Page Ruler™ Prestained Protein Ladder
Palmitic acid (PA)

Paraformaldehyde (PFA)

Recombinant Human TNF-a
Penicillin/Streptomycin 100x
Phenymethylsulfonyl fluoride (PMSF)
Potassium chloride (KCI)
Potassium dihydrogen
(KH2PO4)

PowerUp™ SYBR® Green Master Mix
Primers

phosphate

Sigma-Aldrich, Taufkirchen, Germany
PAA Laboratories, Pasching, Austria

Ratiopharm GmbH, Ulm, Germany
Pelobiotech GmbH, Martinsried, Germany

VWR International
Germany

Cayman Chemicals, Ann Arbor, USA
Sigma-Aldrich, Taufkirchen, Germany
Biochrom AG, Berlin, Germany
Sigma-Aldrich, Taufkirchen, Germany

GmbH, Ismaning,

Merck Millipore, Darmstadt, Germany
Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Applied Biosystems, Waltham, USA

Sigma Aldrich, Taufkirchen, Germany
VWR International GmbH, Ismaning,
Germany

Bernd Kraft, Duisburg, Germany

Merck, Darmstadt, Germany

Sigma Aldrich, Taufkirchen, Germany
Grussing GmbH, Filsum, Germany

Peprotech, Rocky Hill, NJ, USA

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Biomol GmbH, Hamburg, Germany
Sigma-Aldrich, Steinheim, Germany
Fermentas, St. Leon-Rot, Germany
Sigma Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Waltham, MA
Peprotech, Rocky Hill, NJ, USA

PAA Laboratories, Paching, Austria
Sigma-Aldrich, Taufkirchen, Germany
AppliChem GmbH, Darmstadt, Germany
Merck, Darmstadt, Germany

Applied Biosystems, Waltham, USA
Metabion, Planegg, Germany
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Quercetin Merck, Darmstadt, Germany
RNeasy® Mini Kit (250) QIAGEN, Hilden, Germany

RPMI 1640 PAN Biotech, Aidenbach, Germany
Silica gel, 0.035-0.070 mm, 60 A Thermo Scientific, Waltham, MA, USA
Sodium acetate Merck, Darmstadt, Germany

Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany

Sodiumdihydrogenphosphate  dihydrate Merck, Darmstadt, Germany
(NaH2PO4x H20)

Sodium fluoride (NaF) Merck, Darmstadt, Germany

Sodium hydrogencarbonate (NaHCO3) Merck, Darmstadt, Germany

Sodium orthovanadate (Na3V0O4) ICN, Biomedicals, Aurora, OH, USA

Sodiumdodecylsulfate (SDS) Carl Roth, Karlsruhe, Germany

2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ2) Merck, Darmstadt, Germany

Tris buffer, 1.0 M, pH 8.0 Merck, Darmstadt, Germany

Trisodium citrate Sigma-Aldrich, Taufkirchen, Germany

Trolox Enzo Life Sciences GmbH, Lorrach,
Germany

Trypsin PAN Biotech, Aidenbach, Germany

Table 2 Reagents

3.1.3 Antibodies

Name Species Catalogue Manufacturer Dilution
Anti-collagen rabbit AB756P Chemicon, 1:200
antibody, Type Limburg an der
v Lahn, Germany
HO-1 rabbit PC340 Oncogene, 1:200
San Diego, CA,
USA
MMP-2 rabbit 4022 Cell signaling, 1:1000
Danvers, MA,
USA
MMP-9 rabbit M5177 Sigma-Aldrich, 1:1000
Taufkirchen,
Germany
NOX4 goat Sc-21860 Santa Cruz 1:200
Biotechnology,
Dallas, TX,
USA

Table 3 Primary antibodies
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Name Label Species Catalogue  Manufacturer Dilution
ICAM1/CD54 FITC mouse GTX80290 Genetex, Irvine, 1:10
[1H4] 19G2p CA, USA
CD106 RPE mouse IgG1 0rb435267  Biorybt, 1:25
Cambridge, UK
VCAM-1 (E- FITC mouse IgG1  Sc-13160 Santa Cruz 1:50
10) FITC Biotechnology,
Dallas, TX, USA
Mouse IgG1 PE mouse IgG1 0rb195302  Biorybt, 1:25
Isotype Cambridge, UK
Control
Mouse IgG2b FITC mouse GTX01519- Genetex, Irvine, 1:500
isotype 19G2p 06 CA, USA
control [MPC-
11]
normal FITC mouse IgG1  Sc-2855 Santa Cruz 1:50
mouse IgG1 Biotechnology,
Dallas, TX, USA
Table 4 Conjugated primary antibodies
Name Species Catalogue Manufacturer Dilution
Alexa Fluor 488 goat anti-rabbit A-11008 Thermo Fisher 1:400
IgG (H+L) Scientific,
Waltham, MA
HRP conjugate donkey-anti- Ab97120 Abcam, 1:5000
goat IgG Cambridge, UK
HRP conjugate Goat-anti- 7074 Cell signaling, 1:2000
rabbit IgG Danvers, MA,
USA
Table 5 Secondary antibodies
3.1.4 Technical equipment
Device Company

Agilent 1260 Infinity Il LC system

Agilent Technologies Germany GmbH &
Co. KG, Waldbronn, Germany
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BD FACS Canto Il
Bichi Pure C-830

ChemiDoc™ Touch Imaging System

Christ RVC 2-18 CD plus rotary vacuum
concentrator, Christ CT 02-50

IKA® RV 3 eco rotary evaporator
combined with IKA® HB ECO 5099 water
bath

DW-10N freeze dryer

Lamina flow Heraeus, Herasafe

Leica DMi1 microscope + camera Leica
MC120HD

Leica TCS SP8 confocal laser scanning
microscope

Millipore Express® PLUS membrane filter
Mikro 22R centrifuge

MultiQuick 5 Vario Stabmixer MQ 5200
WH

Nanodrop® 1000 spectrophotometer

Orion Il microplate Luminometer
Primus 25 advanced® Thermocycler

QuantStudio™ 3 Real-Time PCR System
SpectraFluor Plus™

Tecan Spark 10M multimode microplate
reader

Thermo Spectronic Genesys 5 (336001)
UV-Visible spectrophotometer

Vi-Cell™ XR cell counter

Water bath Haake W19

BD Biosciences, San Jose, CA, USA

BUCHI Labortechnik GmbH, Essen,
Germany
Bio-Rad Laboratories GmbH, Munich,
Germany

Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany
IKA®-Werke GmbH & CO. KG, Staufen,
Germany

Darwell, Chonggqing, China
Thermo Scientific, Waltham, MA, USA
Leica Microsystems, Wetzlar, Germany

Leica Microsystems, Wetzlar, Germany

Merck Millipore, Darmstadt, Germany
Hettich, Tuttlingen, Germany

De’Longhi Braun Household GmbH, Neu-
Isenburg, Germany

PEQLAB Biotechnologie GmbH, Erlangen,
Germany

Berthold Detection Systems GmbH, Bad
Wildbad, Germany

PEQLAB Biotechnologie GmbH, Erlangen,
Germany

Applied Biosystems, Waltham, MA, USA
Tecan, Crailsheim, Germany

Tecan, Crailsheim, Germany

Thermo Scientific, Waltham, MA, USA

Beckman Coulter, Brea, CA, USA
Thermo Scientific, Waltham, MA, USA

Table 6 Technical devices and lab equipment

3.1.5 Software
Software Company
Agilent ChemStation® software Rev. Agilent Technologies, Santa Cruz, CA,

B04.02, Agilent software OpenLab CDS
BioRender.com

Bulichi Pure software 1.5

ChemDraw 20.0.0.41

FlowJo 7.6

USA

BioRender, Toronto, Canada

Bulichi Labortechnik AG, Flawil, Schweiz
PerkinElmer, Waltham, MA, USA

BD Biosciences, Arshland, OR, USA
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GraphPad Prism 9.5.1 GraphPad Software, San Diego, CA, USA

Image J National Institutes of Health, Behtesda,
MD, USA

Image Lab™ Bio-Rad, Munich, Germany

LAS X Core Software Leica Microsystems, Wetzlar, Germany

Microsoft Office Standard 2016 Microsoft, Redmond, WA, USA

MestreNova 14.1.1 Mestrelab Research S.L., Santiago de
Compostela, A Corufia, Spanien

Xcalibur 4.1 Thermo Scientific, Waltham, MA, USA

Table 7 Software

3.1.6 Consumables

Product Company

Costar Transwell®, 6.5 mm Insert, 24 well, Corning Incorporated, corning, NY, USA
8.0 um polycarbonate membrane, tissue

culture treated

Cell culture flasks: 25 cm?, 75 cm? Sarstedt, NiUrnberg, Germany
Chimney well, black, 96 well plates Greiner Bio-one, Frickenhausen, Germany
Disposable pipettes: 5 ml, 10 ml, 25 ml Sarstedt, Nirnberg, Germany
Falcon tubes: 15 ml, 50 ml Sarstedt, Nurnberg, Germany

Glass beads, acid washed, 425-600 uM Sigma Aldrich, Taufkirchen, Germany
MicroAmp® Fast Optical 96-Well Reaction Applied Biosystems, Waltham, USA
Plate, 0.1 ml

Microliter plates: 6 well, 12 well, 24 well, 96 Sarstedt, Nurnberg, Germany

well

Petri dishes: 100 mm Sarstedt, Nirnberg, Germany
Pipette tips: 10 ul, 100 pl, 1000 pl Sarstedt, NUrnberg, Germany
SafeSeal tubes: 0.5 ml, 1.5 ml, 2 ml Sarstedt, NUirnberg, Germany
Sep-Pak-C18 catridge 5 g Waters Associates, Milford, USA
u-slide 8 well ibiTreat, uncoated ibidi, Martinsried, Germany

Table 8 Consumables
3.1.7 Plant material

Senescent leaves of katsura trees (Cercidiphyllum japonicum), nasturtium (Tropaeolum
majus L.) and ironwood tree (Parrotia persica) were collected in the botanical garden
Munich. Senescent leaves of Echinaceae purpurea L. were harvested in the medicinal
garden at the department of pharmacy of the Ludwig-Maximilian’s University and the
identity of the plant was determined by Prof. Susanne S. Renner (Department of
Systematic Botany and Mycology, Faculty of Biology, University of Munich) as already

published (voucher specimen: acronym M; Moser & Karg 1).”®! Spinach (Spinacia
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oleracea) was purchased in a local supermarket and senescent hops leaves (Humulus

lupulus) were obtained from the Hopfenforschungszentrum Huill 5 1/3, Wolnzach.
3.2 Analytical methods
3.21  Analytical HPLC

Analytical HPLC analysis was performed with an Agilent 1260 Infinity Il LC system with a
1260 Infinity Degasser, a 1100 Series quaternary pump and 1100 Series diode array
detector connected to an Agilent Poroshell column 120EC-C18 4 um 4.6 x 150 mm with
Phenomenex ODS 4 x 3 mm i.d. pre-column. Injection volume for all experiments was 100
pl. Depending on the experiment and the samples to be tested, an appropriate method
was used. All methods are listed in Table 9. Method Nr. 1 was used routinely as standard

method for pure samples or intermediate checkup.

Nr. Solvent A Solvent B Solvent composition Flow (mi/min)
1 Ammonium acetate ACN 0-2 min 5% B, 2-17 min 5% to 0.5
buffer 10 mM pH 7 100% B, 17-20 min 100% B,
20-22 min 100% to 5% B
2 Ammonium acetate ACN 0-2 min 5% B, 2-27 min 5% to 0.5
buffer 10 mM pH 7 95% B, 27-31 min 95% to 100%
B, 31-34 min 100% to 5% B
3 Ammonium acetate ACN 0-5 min 5% B, 5-45 min 5% to 0.5
buffer 10 mM pH 7 60% B, 45-51 min 60% to 100%

B, 51-53 min 100% B, 53-55
min 100% to 5% B
4 TFA 0.1% ACN 0-2 min 2% B, 2-17 min 2% to 1.0
45% B, 17-19 min 45% to 100%
B, 22-24 min 100% to 2% B, 24-
25min 2% B
5 TFA 0.1% ACN 0-5 min 2% B, 5-45 min 2% to 1.0
45% B, 45-50 min 45% to 100%
B, 50-52 min 100% B, 2-56 min
100% to 2% B, 56-58 min 2% B

Table 9 analytical HPLC methods
3.2.2 Semi-preparative HPLC

Semi-preparative HPLC was carried out using a Buchi Pure C-830 with prep HPLC pump
300 bar, fraction collector, and prep sample injection valve and diode array detector. The

column was a Luna® C18, 5 yum, 250 mm x 21.2 mm, with a Phenomenex pre-column
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C18 15 x 21.2 mm and the method comprised mobile phase A = Phosphate buffer 0.02
M, pH 7, B = MeOH, flow 18 ml/min with solvent composition: 0-5 min 15% B, 5-10 min
15% to 30% B, 10-40 min 30% to 55% B, 40-42 min 55% to 100% B.

3.23 LC-MS

Low resolution LC-MS was conducted using an Agilent 1100 SL system (G1313A ALS,
G1316A COLCOM, G1316A VWD, G1312A Bin Pump) coupled to a Bruker Daltonik
HCTultra PTM Discovery system (ESI mode). As column an Agilent Poroshell column
120EC-C18 4 pm 4.6 x 150 mm with connected Phenomenex ODS 4 x 3 mm i.d. pre-
column; was used, solvents were degassed in an ultrasonic bath and samples filtered by
a PTFE syringe filter (@ 0.45 um). Gradient consisted of A = Water + 0.1% FA, B = ACN
+ 0.1% FA, flow 0.5 ml/min with solvent composition 0-2 min 5% B, 2-17 min 5% to 100%
B.

3.24 Spectroscopy

NMR spectra were recorded on an Avance Ill HD 500 MHz NMR spectrometer from Bruker
BioSpin equipped with a CryoProbe™ Prodigy broadband probe using d6-DMSO as
solvent. Data were processed using MestreNova 14.1.1. ESI-MS and MS/MS: High
Resolution-Mass Spectra were measured in the LMU Department of Chemistry MS facility;
data were processed with Xcalibur. MS? fragmentations and leaf spray mass spectrometry
were measured using a Thermo Scientific Q Exactive mass spectrometer and generated

with Xcalibur and mMass."*!
3.2.5 Spectroscopic data of isolated compounds

Atom numbering of the following characterized PxBs is presented Supplementary Figure

20 and follows the rules of established PB molecule nomenclature.!”

Ep-PxB-5

Ri= 11,5 min. UV/Vis (HPLC trace, HPLC Method Nr. 1), Amax, Nm (relative €) 218 (0.75),
246 (0.55), 312 (0.69), 424 (1.00). HR-ESI-MS: m/zfound = 805.32831 [M-H]'; m/Zcaicuiated
(C41H49013N4) = 805.32179 (A = 8.096 ppm)
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Tm-PxB-1

Ri= 9,9 min. UV/Vis (HPLC trace, HPLC Method Nr. 1), Amax, nm (relative €) 210 (0.71),
242 (0.60), 314 (0.72), 418 (1.00). HR-ESI-MS: m/zfound = 661.25238 [M-H]"; m/Zcaicuiated
(C3sH37N4O10) = 661.251517 (A = 1.306 ppm); MS/MS (hcd10): m/z (%) = 663.27 (5,
[M+H]*, C34H39010N4"); 645.25 (75, [M+H-H20]%); 627.24 (32, [M+H-H20-H20]*); 601.26
(100, [M+H-H20-CO2]*); '"H-NMR (500 MHz, DMSO-Ds, 25°): d[ppm] = 2.00 (s, 3H, HsC-
7"); 2.01 (s, 2H, H2C-122); 2.04 (s, 3H, H3C-13"); 2.15 (s, 3H, H3C-17"); 2.16 (s, 3H, H3C-
2"); 2.50 (m, 2H, H.C-3") superimposed by DMSO; 2.62 (m, 2H, H.C-12"); 3.30 (m, 2H,
H.C-32) superimposed by water; 3.50 (s, H, HAC-182); 3.67 (m, H, HC-82); 3.67 (m, H,
HsC-182); 3.70 (broad d, J=16.0 Hz, H, HAC-5); 3.80 (broad d, J=16.0 Hz, H, HgC-5); 4.46
(s, H, HC-18"); 4.87 (d, J=2.5 Hz H, HC-10); 5.96 (s, H, HC-15); *C-NMR (500 MHz,
DMSO-Ds, 25°): d[ppm] = 9.2 (7"); 9.3 (13"); 9.6 (17"); 9.6 (2"); 21.1 (12"); 22.0 (5); 34.7
(122); 36.4 (10); 48.5 (3"); 61.0 (32); 67.1 (18"); 69.3 (82); 69.4 (182); 98.9 (15); 108.2 (7);
119.4 (3); 121.1 (12); 123.4 (14); 124.5 (8); 126.4 (13); 127.7 (1); 127.8 (16); 131.5 (6);
133.5 (11); 136.0 (4); 143.7 (17); 158.7 (9); 171.9 (83%); 174.7 (123); 194.5 (8").

Tm-PxB-2

R:= 10,6 min. UV/Vis (HPLC trace, HPLC method Nr. 1), Amax, Nm (relative €) 210 (0.71),
240 (0.61), 314 (0.73), 418 (1.00). HR-ESI-MS: m/zfounda = 617.26333 [M-H]'; m/Zcaicuiated
(Ca3H37N4Og) = 617.261688 (A = 2.660 ppm). MS/MS (hcd14): m/z (%) = 619.26 (2,
[M+H]*, Ca3H3908N4*); 601.27 (100, [M+H-H20]"); 583.26 (4, [M+H-H.O-H-0]")

Tm-PxB-3

Rt= 11,0 min. UV/Vis (HPLC trace, HPLC method Nr. 1), Amax, Nnm (relative €) 218 (0.43),
244 (0.52), 316 (0.70), 418 (1.00). HR-ESI-MS: m/Zsoung = 645.25606 [M-H]; m/Zcaicuiated
(C34H3sN4Og) = 645.256602 (A = -0.840 ppm). MS/MS (hcd10): m/z (%) = 647.27 (5,
[M+H]*, C34H3909N4"); 629.26 (56, [M+H-H20]"); 611.25 (34, [M+H-H.0-H.QOJ"); 585.27
(100, [M+H-H20-CO2J")

Tm-PxB-4

Ri= 11,6 min. UV/Vis (HPLC trace, HPLC method Nr. 1, 100 mM aq. ammonium acetate
buffer pH 7/ACN), Amax, Nm (relative €) 212 (0.94), 244 (0.50), 314 (0.67), 430 (1.00). HR-
ESI-MS: m/zsoung = 627.24784 [M-H]'; m/Zcaicuiated (C34H35N4Osg) = 627.246038 (A = 2.873
ppm). MS/MS (hcd10): m/z (%) = 629.26 (71, [M+H]*, CasH370sN4*); 611.25 (62, [M+H-
H.0]*); 585.27 (100, [M+H-CO2]*); "H-NMR (500 MHz, DMSO-Ds, 25°): 8[ppm] = 2.00 (s,

2H, HoC-122); 2.01 (s, 3H, H3C-7"); 2.06 (s, 3H, HsC-13"); 2.13 (s, 3H, HsC-17"); 2.16 (s,
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3H, H3C-2"); 2.50 (m, 2H, H2C-3") superimposed by DMSO; 2.60 (m, 2H, H.C-12"); 3.30
(m, 2H, H2C-32) superimposed by water; 3.69 (m, H, HAC-5); 3.71 (m, H, HC-82); 3.81 (m,
H, HsC-5); 4.90 (d, J=2.5 Hz H, HC-10); 5.26 (dd, J=2.8/17.6 Hz H, HAC-182); 6.04 (s, H,
HC-15); 6.21 (dd, J=2.8/17.6 Hz H, HsC-182); 6.59 (dd, J=17.6 Hz H, HC-18"); 13C-NMR
(500 MHz, DMSO-De, 25°): &[ppm] = 9.0 (177); 9.0 (2'); 9.2 (7'); 9.2 (13"); 21.9 (5); 25.4
(12"); 34.6 (122); 36.4 (10); 60.9 (32); 69.6 (82); 100.0 (15); 108.2 (7); 116.3 (182); 119.0
(3); 120.9 (12); 122.2 (18); 122.9 (14); 123.9 (8); 124.6 (13); 127.0 (18"); 127.9 (16); 128.3
(1); 131.9 (6); 133.5 (11); 136.1 (4); 141.7 (17); 158.5 (9); 170.3 (19); 171.6 (8%); 174.0
(12%): 194.0 (8").

assignment Tm-PxB-1 Tm-PxB-1 Tm-PxB-4 Tm-PxB-4
A('H) / ppm A(3C) / ppm A('H) / ppm A(3C) / ppm
C1 127.7 128.3
Cc2 - -
C 2’ 2.16 9.6 2.16 9.0
C3 119.4 119.0
C 3’ 2.50 48.5 2.50 -
C3 3.30 61.0 3.30 60.9
C4 136.0 136.1
C5 3.70/ 3.80 22.0 3.69/ 3.81 21.9
C6 131.5 131.9
c7 108.2 108.9
c7 2.00 9.2 2.01 9.2
Cc8 124.5 123.9
C 8’ 194.5 194.0
C 8 3.67 69.3 3.71 69.6
cs8® 171.9 171.6
o 8¢
Cc8°
(OR¢] 158.7 158.5
Cc10 4.87 36.4 4.90 36.4
C 11 133.5 133.5
c12 1211 120.9
c 12 2.62 21.1 2.60 25.4
C12? 2.01 34.7 2.00 34.6
c123 174.7 174.0
C13 126.4 124.6
C 13! 2.04 9.3 2.06 9.2
C14 123.4 122.9
C15 5.96 98.9 6.04 100.0
C 16 127.8 127.9
cC 17 143.7 141.7
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C 17’ 2.15 9.6 2.13 9.0
Cc18 - 122.2
C 18’ 4.46 67.1 6.59 127.0
C 182 3.50/3.67 69.4 5.26/6.21 116.3
C19 - 170.3
C20 - - - -

Table 10 Assignment of 'H-signals from 500 MHz '"H-NMR spectra in DMSO-Ds; 3C assignment HMQC
und HMBC spectra.

Pp-DPxB (Vv-DPxB)

Ri= 10,5 min. UV/Vis (HPLC trace, Method Nr.1, 100 mM ag. ammonium acetate buffer
pH 7/ACN), Amax, Nm (relative €) 212 (1.00), 244 (0.53), 426 (0.88). HR-ESI-MS: m/zsouna =
629.26221 [M-H]'; m/Zcaiculated (C34H35N4Og) = 629.26896 (A = -10.727 ppm).

"H-NMR (500 MHz, DMSO-Ds, 25°): d[ppm] = 1.56 (s, 3H, H3C-2"); 2.07 (s, 3H, H3C-7");
2.01 (s, 3H, H3C-13"); 2.15 (s, 3H, H3C-17"); 2.36/2.58 (m, 2H, H,C-3") superimposed by
DMSO; 2.93 (d, H, H.C-5) superimposed by water; 3.51 (m, H, HAC-5); 4.82 (d, J=4.8 Hz
H, HC-10); 5.28 (dd, J=2.8/19.20 Hz H, HaC-18?); 6.07 (s, H, HC-15); 6.16 (dd,
J=2.8/18.02 Hz H, HgC-182); 6.57 (dd, J=17.6 Hz H, HC-18")

Cj-PleB

Ri= 12,5 min. UV/Vis (HPLC trace, Method Nr.1, 100 mM ag. ammonium acetate buffer
pH 7/ACN), Amax, Nm (relative €) 216 (1.00), 314 (0.62). HR-ESI-MS: m/zfoung = 645.29105
[M-H]*; m/Zcaicuiated (C35Ha1N4Os) = 645.28461 (A = 9.98 ppm).

Cj-PxB

Ri= 13,0 min. UV/Vis (HPLC trace, Method Nr.1, 100 mM ag. ammonium acetate buffer
pH 7/ACN), Amax, Nm (relative €) 214 (0.94), 244 (0.57), 314 (0.73), 426 (1.00). HR-ESI-
MS: m/Zsoung = 643.27506 [M-H]*; m/Zcaicuiated (C3sH39N4Os) = 642.26896 (A = 9.48 ppm).

3.3 Isolation of phyllobilins
3.3.1 Isolation of phyllobilins of Echinacea purpurea and Tropaeolum majus

Phyllobilins were isolated as described earlier according Karg et al.”® with minor
adjustments. In brief, 100 g of frozen senescent leaves were ground with 250 ml of
extraction mixture consisting of 60% MeOH, 40% PBS 50 mM pH 5.2 using a Braun hand
blender Model MR 5000 in a 1000 ml beaker. The mixture was incubated at RT in the dark
for 1h, then filtered through a pleated filter paper with a @ of 400 mm. The solid residue

was washed twice with 200 ml of solvent mixture and filtered again. By addition of 50%
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AcOH, the solution was acidified to pH 3.5 and stirred at RT in the dark overnight. Before
further purification with semipreparative HPLC, the extract was concentrated to 20 ml,
centrifuged, and filtered or lyophilized using a DW-10N freeze dryer (Darwell, Chongqing,
China). The procedure was repeated for another 100 g of leaves. Fractions containing
phyllobilins were combined and re-purified by semi-preparative HPLC after evaporating
and re-dissolving in 20/80 MeOH/PBS 100 mM pH 7. The purity of isolated PB was
confirmed by analytical HPLC, then compounds were dissolved in ACN/potassium
phosphate buffer (pH 2.5) 20/80 and stirred overnight. Using SPE (Sep-Pak-C18 cartridge
5g), pure PB were eluted with ACN and lyophilized. The stability of the purified compound
after acidifying was controlled by HPLC. For further use, DMSO stocks were prepared and
stored at -20 °C.

3.3.2 Isolation of Pp-DPxB (Vv-DPxB) of Parrotia persica

100 g of frozen leaves of Ironwood tree (Parrotia persica) were pre-crushed by hand using
liquid nitrogen, then ground using a hand blender MultiQuick 5 Vario Stabmixer MQ 5200
WH (De’Longhi Braun Household GmbH, Neu-Isenburg, Germany). 200 ml MeOH was
added and after homogenization with the hand blender, the solution was filtered through
a cotton cloth. The procedure was repeated twice with the residue, fractions were
combined and evaporated by a rotary evaporator to a final volume of 50 ml. To obtain a
dry load for subsequent flash chromatography, silica gel 60 A was added, and the mixture
was carefully dried under vacuum. 6 - 8 g of dry load was applied to a silica column (40
mm diameter, 300 mm length, 100 g silica gel 60 A), that was washed with DCM. DPxB
was eluted with increasing MeOH (DCM/MeOH, 85:15, 70:30, 55:45). The different
fractions were analyzed by analytical HPLC. DPxB containing fractions were combined,

evaporated, and redissolved in MeOH/PBS 20:80 and purified by semi-preparative HPLC.
3.3.3 Isolation of phyllobilins of Cercidiphyllum japonicum

Large Scale isolation of Cj-PleB and Cj-PxB of senescent Katsura tree leaves
(Cercidiphyllum japonicum) was implemented according to the published protocol of Karg
et al.®! with minor modifications. Briefly, 300 g of frozen leaves were crushed using a
hand blender and 1200 ml of hot water 1200 ml was added in a stainless-steel beaker.
Having filtered through a cotton cloth and washing of the residue with 500 ml of hot water,
the solution was cooled to RT. The aqueous solution was extracted three times with 200

ml of DCM. DCM fractions were combined and evaporated using a rotary evaporator (IKA®
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RV 3 eco, IKA®-Werke GmbH & CO. KG, Staufen, Germany). The residue was dissolved
in 20% MeOH in PBS and purified by semi-preparative HPLC.

3.3.4 Partial synthesis of Cj-PxB by solid-phase oxidation of Cj-PleB or Po-PleB

7 g of silica was added to a solution of 10 mg of Cj-PleB or Po-PleB in 6 ml of DCM/MeOH
5:1 and carefully dried by evaporation on a rotary evaporator. The dry powder was stirred
overnight under constant lightening by a tungsten light bulb. The oxidation process and
eventually complete formation of Cj-PxB was monitored by analytical HPLC. Crude
product was then eluted by EtOH, filtered through a paper filter, evaporated, and purified
by semi-preparative HPLC. Pure fractions of Cj-PxB were pooled, evaporated again, and
redissolved in ACN/PBS (pH 2.5). The solution was stirred overnight and by using SPE
(Sep-Pak-C18 catridge 5 g), pure Cj-PxB was eluted with ACN. The final product of Cj-
PxB was lyophilized using a Christ RVC 2-18 CD plus rotary vacuum concentrator (Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Solid Cj-PxB was
stored at — 80 °C. DMSO stocks were prepared and stored at — 80 °C for long term storage

or — 20 °C for short term storage.
3.3.5 Concentration determination of DMSO stocks of isolated compounds

Purity of substances was checked by analytical HPLC, then lyophilized samples were
dissolved in DMSO. Concentrations of methanolic dilutions were calculated by UV/VIS
spectroscopy with the extinction coefficients (€) at the indicated wavelengths shown in
Table 11.

PB type log € Wavelength Literature
DPleB 4.49 237 nm [34]
PleB 4.23 312 nm 381
PxB, DPxB 4.51 426 nm [23b]

Table 11 Extinction coefficients of PBs used for concentration determination by UV/VIS spectroscopy
3.4 Characterization of phyllobilins of Tropaeolum majus and Humulus lupulus
3.41 Chemoprofiling

A piece of approximately 1 cm? each of four different yellow leaves of Tropaeolum majus
and Humulus lupulus was cut out and ground with 200 ul of MeOH in a mortar, diluted
1:11 with potassium phosphate buffer 100 mM pH 7 (20/80), and centrifuged. A 100 pl
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portion of the extract was analyzed by analytical HPLC. PxBs were assigned by their
UV/Vis spectra from a diode array detector, and their relative content was assessed by

their HPLC peak areas relative to the sum of peak areas at 420 nm.
3.4.2 Comparison of retention times

A fresh spinach leaf was ground with 200 pl of MeOH in a mortar, diluted 1:11 with a
potassium phosphate buffer 100 mM pH 7 (20/80), and centrifuged. A DMSO-stock of
isolated PleB of Tropaeolum majus was diluted in phosphate buffer 100 mM pH 7 (20/80).

Samples were analyzed by analytical HPLC.
3.4.3 Leaf spray

Leaf spray analysis of senescent Tropaeolum majus leaves was performed according a
published protocol with minor modifications using a Thermo Scientific Q Exactive (Thomas
Mdller, University of Innsbruck).?® Yellow senescent leaves were freshly collected and cut
into triangles using a scissor. The tips of the leaf triangles were mounted in front of the MS
inlet. During the measurement, approx. 10 pl of MeOH were dropped onto the leaf triangles

several times.
3.4.4 Stability of Tm-PxB-1 in extraction solvents

To test the stability of Tm-PxB-1 during extraction processes, Tm-PxB-1 was dissolved in
either PBS of different pH values (pH 7/5.2/2.5), or AcOH (pH 3.5), and peak areas were
analyzed by analytical HPLC after 1 h or 24 h of incubation at RT. Relative peak areas
were calculated relative to HPLC peak areas of freshly prepared Tm-PxB-1 in PBS pH 7
which was immediately injected. PxBs were identified by their UV spectrum and retention

times. Tm-PxB-1 samples in PBS 2.5 overnight were additionally analyzed by LC-MS.
3.5 Cell culture

3.51 Cell culture buffers and solutions

Buffer/solution Composition
Collagen G 1.25 ml collagen G (0.4%)
in 500 ml PBS

Phosphate buffered saline (PBS) pH 7.4 132.2 mM NacCl
10.4 mM Na;HPO4
3.2 mM KH2PO4
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in Hzo

PBS + Ca?'/Mg?* (PBS*) pH 7.4 137 mM NaCl
2.68 mM KCI
8.1 mM NazHPO,4
1.47 mM KH2PO4
0.25 mM MgC|2 X 6 Hzo
in H.O

Trypsin/EDTA (T/E) Trypsin 0.05% (w/v)
Na;EDTA x 2 H20 0.02% (w/v)
in PBS

Table 12 Cell culture buffers and solutions
3.5.2 Cell lines and culture media

HelLa cells were obtained from the Deutsche Sammlung von Mikroorgansimen und
Zellkulturen (DSMZ; Braunschweig, Germany), HUVEC cells were purchased from
Promocell and THP-1 cells were a kind gift from the laboratory of Prof. Merkel (LMU). All
cells were cultured at 37 °C under 5% CO.. Hela cells were cultured in DMEM medium
supplemented with 10% fetal calf serum (FCS). Human umbilical vein endothelial cells
(HUVEC) were used in passage #6 or #7 and were cultivated in ECGM cell culture medium
supplemented with the ECGM kit enhanced, 10% FCS, 1% penicillin / streptomycin and
1% amphotericin B. Before seeding HUVECS, all surfaces were precoated with collagen
G for a minimum of 30 min. THP-1 cells were cultivated in RPMI 1640 containing 10%
FCS.

3.5.3 Passaging

Cells were passaged when reaching confluency. Upon reaching a cell density of 8 x 10°
cells/ml as determined by cell couting using a ViCell™ XR cell counter, THP-1 cells were
used for experiments or split by diluting cells to a final cell concentration of 1 x 10° cells/ml
in 75 cm? culture flasks in growth medium. At all times, overgrowth over more than 10°
cells/ml was avoided. For passaging HeLa and HUVEC cells, growth medium was
removed, and cells were washed twice with pre-warmed PBS and detached by pre-
warmed trypsin/ethylenediaminetetraacetic (EDTA) (T/E) solution for 3-5 min at 37 °C.
Cells were centrifuged (1000 rpm, 5 min, RT) after the tryptic digestion was stopped by

addition of growth medium and resuspended in growth medium. For experiments, cells
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were counted and seeded on, in case of HUVECs precoated, plates, flasks or dishes in

the appropriate concentrations. Hela cells were split in a 1:10 ratio every 3 to 4 days.
3.54 Thawing

Cryovials were thawed by warming up in a water bath at 37 °C for 2 min. After addition of
pre-warmed culture medium, DMSO was removed by centrifugation (1000 rpm, 5 min,
RT). Then cells were resuspended in culture medium and seeded into 25 cm?flasks prior
to 75 cm?flask after 24 h.

3.6 Stability assay

For stability studies, a standardized Echinacea-ratiopharm® Liquid extract from the
company ratiopharm (PZN 07686199) was purchased and diluted 1:10 with 22% EtOH,
which is the solvent of the original extract. The dilution was centrifuged at 1000 rpm for 5
min and filtered. In an amber botte with an airtight cap, isolated Ep-PxB-5 or DMSO as
control was added to the prediluted Echinacea extract or to 22% EtOH to a final
concentration of 100 uM or 200 uM. Keeping bottles at RT, samples were taken with a
cannula at days 0, 1, 3, 6 and 10 to perform subsequent HPLC peak area analysis and
FRAP assays. For peak area determination by HPLC analysis, samples were diluted 4:5
with PBS and by running HPLC method 3 (Table 9), 100 pl of samples were injected. For
FRAP assay, samples were diluted 1:6 to ensure data points are within the calibration
curve values and thus the linearity of the read-out, as examined by pre-experiments. The

anti-oxidative testing by FRAP assay was performed as described in detail in 3.7.
3.7 FRAP assay

The FRAP assay was adopted from Karg et al.?®! according to the protocol of Benzie et
al.B® with minor modifications. Briefly, freshly prepared FRAP reagent was added to 100
MM of compounds and different concentrations of Trolox for 5 min at 37 °C in a 96 well
plate. The FRAP reagent consisted of 10 vol 300 mM acetate buffer pH 3.6, 1 vol 10 mM
TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine) in 40 mM HCI and 1 vol 20 mM iron(lll)chloride.
Antioxidants reduce the Fe®*'-(TPTZ).-complex to intense blue Fe?*-(TPTZ), complex with
an absorption maximum at 593 nm. A calibration curve was done by measuring the
absorbance of different Trolox concentrations. Antioxidant power of the compounds was

calculated as Trolox equivalents.
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3.8 DPPH assay

The DPPH assay was performed as described previously.?® Samples, Trolox and 0.3 mM
DPPH solution were prepared fresh in EtOH (75% v/v). In a 96 well plate, for sample wells
(A1) 25 pl of compound or for control wells (A2) 25 ul of EtOH (75% v/v) were added to
50 ul of DPPH solution. Blank wells (AO) consisted of 25 ul compound dilution and 50 pl
EtOH (75% v/v). After incubation for 60 min at 40 °C, absorbance was measured at 505
nm. Radical scavenging activity was calculated using the formula: (A2+(A0-A1))/A2*100.

3.9 ORAC assay

The oxygen radical absorbance capacity (ORAC) assay was conducted as published
earlier by Gostner et al.B”! with minor modifications. In a flat-bottom (chimney well, black)
96 well plate, 25 ul of samples and Trolox dilutions were incubated with 150 pl of an 81,6
nM solution of fluorescein for 10 min at 37 °C. Trolox served as standard and was prepared
in different concentrations ranging from 5 — 50 uM in phosphate buffer (75 mM, pH 7.4),
and samples were diluted from 5 mM DMSO stocks to 10 uM or 15 uM. After addition of
25 pl ice cold 2,2'-azobis(2-methyl-propionamidine) dihydrochloride (AAPH, 100 mM)
solution, fluorescence was measured every two minutes for 80 min at 37 °C using an
Infinite F200 Pro Plate reader (480 nm/530 nm). Values relative to initial readings were
used to calculate the AUC by using a linear trapezoidal method. After subtraction of the
blank, final values were calculated using a Trolox regression linear and were expressed

as Trolox equivalents.
3.10 COX Inhibition assay

The COX inhibition assay was performed using Cayman Chemicals COX Fluorescent
Inhibitor Screening kit according to the manufacturer's instructions. In this assay,
arachidonic acid is converted to hydroperoxyl endoperoxide (PGG2) by a COX component
of the bifunctional enzymes COX-1 and COX-2. Followed by the reduction of PGG2 to
Prostaglandin H2 by peroxidase component and 10-acetyl-3,7-dihydroxyphenoxazine
(ADHP), highly fluorescent resorufin is generated. Its fluorescence can be measured with
an extinction wavelength of 535 nm and an emission wavelength of 595 nm. In brief, ovine
COX-1 or human recombinant COX-2 enzymes were incubated with Tm-PxB-1, Tm-PxB-
4, CGA, or I1Q in different concentrations, or buffer as positive control with 100% initial
COX activity, for 5 min. Wells without enzymes served as negative control. The

fluorescence intensity was measured 2 min after adding arachidonic acid. After subtracting
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the negative control, percentages of initial activities were normalized towards the positive
control with 100% initial activity. ICso values were calculated by nonlinear regression using
GraphPad Prism 9.5.1 (GraphPad Software).

3.11 Cell proliferation assay

Cell proliferation assay was determined by a crystal violet staining. Adherent cells were
seeded at the following cell densities (HeLa: 5 x 10*3, HUVEC: 5x1073) into wells of a 96
well plate. After letting cells adhere for 24 h, cells were treated as indicated for 72 h and
additional untreated wells were stained for day zero value according to the crystal violet
procedure. For staining, cells were washed with PBS+, dyed with 0.5% crystal violet
solution for 10 min and carefully washed with water. After drying of the plate overnight,
crystal violet was solubilized with trisodium citrate buffer for 10 min and absorbance was
measured at 550 nm using a SpectraFluor Plus plate reader (Tecan, Crailsheim,
Germany). Values were normalized to a DMSO control after subtracting of the day zero
value and ICsp were calculated by nonlinear regression using GraphPad Prism 9.5.1
(GraphPad Software).

3.12 Intracellular ROS assay

The intracellular ROS assay was conducted according to Yokomizo et al.*® In short, cells
were seeded at the indicated cell densities (Hela: 1 x 10*4, HUVEC: 8 x 10*3) per well in
96 well plates and preincubated for 24 h or until confluency for HUVEC cells. After
treatment with compounds in the indicated concentrations or control for 24 h, medium was
removed, and H,DCF-DA (10 uM) was added for 30 min incubation. After washing with
PBS, cells were incubated with hydrogen peroxide (1 mM) for 30 min. The formation of a
highly fluorescent 2°, 7"-dichlorofluorescein (DCF) by intercellular oxidation of H.DCF-DA
was measured by a Tecan SpectraFluor plus microplate reader (excitation wavelength
485 nm; emission wavelength 530 nm). Data were normalized to the hydrogen peroxide
treated control and cell viability was assayed upon treatment with compound by a crystal
violet staining as described in 3.11, measured with a spectrophotometer at 590 nm. The

number of viable cells was normalized to a control.
3.13 Lucigenin-enhanced NADPH oxidase activity assay

The NADPH oxidase activity assay is based on a chemiluminescence reaction of lucigenin

with superoxide anions that are produced by NAPDH oxidases.?! HUVECs were seeded
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in precoated T-75 flasks and grown until confluence. For harvesting, cells were washed
with ice cold PBS and lysed by adding ice cold lysis buffer (20 mM HEPES, 1 mM EDTA,
Complete®, 1 mM PMSF) in a minimal volume. Before cell scraping and pooling into a
falcon, flasks were kept on ice for 15 min. Additional cell disruption was achieved by glass
beading. Thereby glass beads were added and the falcon was vortexed tree times for one
minute, each time with one minute pause on ice. The lysate was centrifuged at 4 °C, for
10 min at 800 g. The supernatant was collected and kept on ice for protein determination
by Bradford as described in 3.16 and subsequent NADPH oxidase activity assay. The
protein determination ensured an equal protein loading for all repeated experiments and
the linearity of the chemiluminescence assay, that was titrated before. Lucigenin,
compounds, and NADPH were prepared fresh in prewarmed Krebs-HEPES buffer. DPI
and PA served as controls and are known inhibitor or inducer of NADPH oxidases. To
perform the experiment, 10 ul of lucigenin was pipetted into a white plate and was dark
adapted for 10 min. Then 10 pl of compounds and 170 ul of lysates suspension (50-90 ug
protein) was added. Background was measured at 37 °C for 10 min, every 2 min in a
kinetic mode using an Orion Il microplate Luminometer (Berthold Detection Systems).
Reaction was initiated by adding 10 ul NADPH and luminescence was recorded for 30 min
under same conditions. Lucigenin and compounds reached 20 uM final concentration and
NADPH was 100 uM. NADPH oxidase activity was normalized to the NADPH added
control and was calculated by subtracting the mean of the values of the 30 min

measurement by the mean of values of the background reading.

Krebs-HEPES buffer

NaCl 99 mM
KCI 4,7 mM
MgSO.x 7 H.0 1,2 mM
KH2P04 1 mM
CaCl, 1,9 mM
NaHCO; 25 mM
Glucose 11,1 mM
HEPES 20 mM

Table 13 Composition of the Krebs-HEPES buffer
3.14 Protein expression by Flow cytometry

Protein expression levels were determined by fluorochrome labeled primary antibody
staining on a BD FACS Canto Il (BD Biosciences). HUVEC cells were seeded at a cell

density of 0.04 x 10° cells per well in a coated 24 well plate and were grown until
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confluence. 30 min prior to the treatment with 10 ng/ml TNF-a for 16 h, cells were
stimulated with substances or controls for the indicated concentrations. Cells were washed
twice with pre-warmed PBS and detached with 100 ul T/E at 37 °C. Then, cell suspensions
were transferred into pre-cooled FACS tubes containing 100 pl 4% formalin and were
incubated for 10 min. After dilution with 1000 ul PBS, tubes were centrifuged for 5 min at
1200 rpm. The supernatant was discarded, and antibodies (Table 4) were added as
specified to the remaining liquor. After dark incubation for 45 min at RT, PBS was added
for washing. After additional centrifugation for 5 min at 1200 rpm, cells were resuspended
in 200 pl PBS. Directly after, cells were kept in the dark on ice while flow cytometric
analysis was conducted. When parallel experiments were performed using two different
labeled antibodies for different proteins, before recording cellular probes, compensation
was carried out to cleave a spectral overlap using the BD FACS canto |l software and
BD™ CompBead Plus Anti-Mouse |lg, k/Negative Control (BSA) Compensation Plus (7.5
pum) particles set (BD Biosciences). Antibodies used for compensation were a Mouse
IgG2b isotype control FITC (Genetex #GTX01519-06) and Mouse IgG1 Isotype Control,
PE conjugated (Biorbyt #orb195302).

3.15 Quantitative real-time PCR analysis

For the quantification of VCAM-1, ICAM-1, E-selectin mRNA levels, cells were treated with
TNF-a for 4 h to induce adhesive protein expression levels as determined in pre-
experiments (Supplementary Figure 31) and NOX subunit determination was assessed
as indicated. After cell lysis, MRNA was isolated using the RNeasy® Mini Kit (250)
(QIAGEN, Hilden, Germany) according to the manufacturer's protocol and mRNA
concentration was determined with a Nanodrop® Spectrophotometer (PEQLAB
Biotechnologie, Erlangen, Germany). mRNA was stored at — 80 °C or transcribed by
reverse transcription to cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, USA) as described by the manufacturer. Quantitative real-
time polymerase chain reaction (QPCR) was performed using a QuantStudio™ 3 Real-
Time PCR System (Applied Biosystems, Waltham, USA). Primers were designed with the
ThermoFisher Cloud OligoPerfect tool or the NCBI database and were purchased from
metabion (Planegg, Germany). Nucleotide codes are shown in Table 14. Per well 100 ng
of cDNA, PowerUp™ SYBR® Green Master Mix (Applied Biosystems, Waltham, USA),
RNase-free water and 0.025 mols of FW and 0.025 mols of RV primer were pipetted in a
ratio of 8:25:15:1:1 into a MicroAmp® Fast Optical 96-Well Reaction Plate, 0.1 mL (Applied
Biosystems, Waltham, USA). X-fold change in mMRNA was assessed by the AACt method
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as described earlier®® and GAPDH was used as housekeeping gene. For each primer pair

primer efficiency was analyzed by using 500 ng, 50 ng and 5 ng of cDNA per well.

Target FW (5-3)) RV (5°-3))

E-selectin GGCAGTTCCGGGAAAGATCA GTGGGAGCTTCACAGGTAGG
GAPDH ACGGGAAGCTTGTCATCAAT CATCGCCCCACTTGATTTT
p22phox GGGGAAGAGGAAGAAGGGCT CAGCCGCCAGTAGGTAGATG
ICAM-1 GCAGACAGTGACCATCTACAGCTT CTTCTGAGACTTGTGGCTTCGT
NOX4 CTGTGGTGTTACTATCTGTATTTTCTC CTTGCTGCATTCAGTTCAACA
VCAM-1 AGGGTCTACCAGCTCCAGAG GGGATTCACAGCCCATGACA

Table 14 Primers with nucleotide codes used for gPCR analysis
3.16 Western Blot analysis

Western Blot analysis served to investigate protein levels of NOX4, MMP-2 and MMP-9.
Therefore, HUVEC were seeded in coated 10 mm dishes at a density of 1.5 x 10° cells
per dish and were grown until confluence. Cells were treated with BR (20 uM), Cj-PxB (5
pUM), Cj-PleB (20 uM), Pp-DPxB (Vv-DPxB) (20 uM) for 24 h. For cell lysis, cells were
washed twice with ice-cold PBS. 300 ul of radioimmunoprecipitation (RIPA) lysis buffer
was added and lysates were transferred into 1.5 ml Eppendorf tubes. Lysates were
centrifuged (14 000 rpm, 10 min, 4 °C) to remove cell debris. Protein concentrations were
quantified by Bradford assay according to a published protocol.*'! In short, lysate solution
was diluted 1:10 with H2O. In a 96 well plate, 10 ul of protein sample was added to 190 ul
of a 1:5 dilution of Bradford reagent Roti® Quant (Bio-Rad) in water. After an incubation
time of 5 min, absorbance was determined at 592 nm using a SpectraFluorPlus™ (Tecan).
Protein concentrations were quantified by linear regression analysis with bovine serum
albumin (BSA) dilutions as protein standards. To adjust protein concentrations, each
sample was diluted with 1x SDS (sodium dodecyl sulfate) and 5x sample buffer. Proteins
were denatured at 95 °C for 5 min and were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in electrophoresis buffer (100 V, 21 min
then 200 V, 43 min) on discontinuous polyacrylamide gels. Gels were combined by a
gradient separation gel (4-20%) and a stacking gel. By tank blotting (100 V, 90 min, 4 °C)
proteins were transferred to either nitrocellulose or polyvinylidene difluoride (PVDF)
membranes, that have been equilibrated before in 1X tank buffer. Afterwards, membranes
were blocked with 5% non-flat dry milk powder in PBS (Blotto) for 2 h. Primary antibody
was added overnight at 4 °C (Table 3). Membranes were washed four times with TBS-T
for 5 min each, before the secondary HRP-coupled antibody was added for 2 h (Table 5).

Four time washing procedure was repeated prior to the incubation with ECL solution and
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chemiluminescence detection with a ChemiDoc™ Touch Imaging System (Bio-Rad). By

comparison with Page Ruler™ Plus Prestained Protein Ladder (Fermentas), bands were

assigned. Protein levels were analyzed by Image Lab™ Software (Bio-Rad) and were

normalized to the total protein level.

Buffer/gel

Composition

RIPA lysis buffer

5X SDS sample buffer

Electrophoresis buffer

TBS-T (pH 7.6)

Tank buffer

Tris/HCI 50 mM
NaCl 150 mM
Nonidet NP-40 1%
Sodium deoxycholate 0.25%
SDS 0.10%
H20

Added before use:

Complete® EDTAfree 4 mM
PMSF 0.5 mM
Activated NayVO,4 2 mM
Tris/HCI pH 6.8 3.125 M
Glycerol 50%
SDS 5%
DTT 2%
Pryonin Y 0.025%
H20

Tris 4.9 mM
Glycine 38 mM
SDS 0.1%
H20

Tris/HCI 50 mM
NacCl 150 mM
Tween 20 0.05%
Tris base 48 mM
Glycine 39 mM
Methanol 20%
H20

Table 15 Composition of buffers and solutions for Western Blot analysis

Ingredient Stacking 4-20%
gel Separation gel
4% 20%
Rotiphorese® Gel 30 13.3% 13.3% 66.7%

34



Materials and Methods

Tris-HCI pH 6.8 125 mM - -
Tris-Hcl pH 8.8 - 375 mM 375 mM
TCE - 0.05% 0.05%
SDS 0.1% 0.1% 0.1%
TEMED 0.2% 0.1% 0.1%
APS 0.1% 0.05% 0.05%
in Hzo

Table 16 Composition of gels for Western Blot analysis

4-20% gradient gel was achieved by mixing both solutions in one pipette. Gradient is

formed by ascending air bubbles.
3.17 Collagen IV staining by confocal imaging

Prior to seeding, 8-well p-slides (ibidi, Martinsried, Germany) were coated with 250 ul
collagen IV (5022, Advanced Biomatrix, Carlsbad, CA) solution at a density of 10 pg/cm?
for 60 min at 37 °C. Therefore, collagen |V solution was prepared fresh by diluting with
0.25% acetic acid according to the manufacturer’s instructions. Having removed the
collagen solution, HUVEC cells were seeded in a density of 5 x 10* cells/well, thereby
adding the compounds and inhibitor NNGH (Sigma Aldrich, St. Louis, MO). After having
incubated for 24 h at 37 °C, cells were washed with PBS+ and were fixed with 4% PFA
(Thermo Fisher Scientific, Waltham, MA) solution in PBS for 10 min at RT. Cells were
washed again with PBS. 5% BSA (Roth, Karlsruhe, Germany) in PBS was added for 60
min under constant shaking at RT to block nonspecific binding sites. Anti-collagen
antibody, type IV primary antibody (Chemicon, Limburg an der Lahn, Germany) was added
overnight at 4 °C. Then, wells were washed three times with 1% BSA in PBS for 10 min
each under shaking at RT. Alexa Fluor 488 IgG (H+L) secondary antibody (Thermo Fisher
Scientific, Waltham, MA) and Hoechst 33342 (1:100) was added for 1 h shaking in the
dark. After having washed twice for 10 min with 1% BSA in PBS, and once with pure PBS
under shaking in the dark, cells were covered with one drop of FluorSave™ mounding
medium (Merck Millipore, Darmstadt, Germany) and sealed with a cover slip. After
incubation for 30 min at RT in the dark, slides were stored until measurement at 4 °C in
the dark. Laser scanning confocal microscopy images were taken with a Leica TCS SP8
microscope equipped with an HC PL APO CS2 63x/1.4 oil objective and photomultiplier
(PMT) or HyD detectors, using the LAS X core software. In sequential scanning mode two
frames were acquired for every channel with a scanning speed of 400 Hz and the pinhole
size set to 1.0 airy units. Following excitation laser lines were applied: 405 nm and 488

nm.
35



Materials and Methods

3.18 In-vitro MMP-9 activity assay

The in-vitro assessment of the influence of compounds on MMP-9 enzyme activity was
thankfully conducted and established by our collaboration partner Dr. Stefan Schwaiger
and Dominic Mittas (University of Innsbruck). The assay is based on the fluorescence
quenching by enzymatic hydrolysis of the peptide substrate Dnp-Pro-Cha-Gly-Cys(Me)-
His-Ala-Lys(Nma)-NH2. In this peptide Dnp stands for dinitrophenyl which is the quencher
and Nma for N-methylanthranillic acid, the fluorophore.*? Therefore, in a 96-well plate
(chimney well, black) a total reaction volume of 100 ul consisting of 40 pL buffer solution,
10 pl sample or blank (DMSO or 0.1 N NaOH for BR), and 25 pl human recombinant active
MMP-9 enzyme dilution, and 25 pul fluorogenic substrate was pipetted and fluorescence
quenching was measured using a Tecan Spark 10M multimode microplate reader (Tecan
group AG). The daily fresh prepared buffer consisted of 50 mM Tris, 100 mM NaCl, 10
mM CaCl, and 0.01% of non-ionic surfactant Brij 35 and was adjusted to pH 7.4 by the
addition of HCI (7%). To minimize freezing and thawing, enzyme (40 nM) and substrate
(640 uM) were dissolved and aliquoted in fresh buffer and stored at — 80 °C. Prior to the
experiment, thawed aliquots of enzyme and substrate were diluted with final assay
medium to 4 nM and 40 uM on ice in the dark, respectively. Samples were dissolved in
DMSO or 0.1 N NaOH (Br) and diluted with Tris-HCI buffer. Buffer, sample solution or
control (DMSO or 0.1 N NaOH) was added to the enzyme solution (4 nM) and were
preincubated at 37 °C for 10 min with ten seconds of linear shaking (1440 rpm). The
reaction was initiated by adding 25 ul of fluorogenic substrate solution (40 uM) and the
fluorescence intensity (ex/em: 320 nm/430nm) was measured every 30 sec for one hour
at 37 °C prior to an equilibration time of 10 min with ten seconds of linear shaking (1440
rom). Final concentration of DMSO was 1%. MMP-9 activity of mean values was
calculated by subtracting the increase of fluorescence intensity of compensation wells
between timepoint zero and 60 min from the increase of fluorescence of sample wells of
timepoint 0 and 60 min using the formula below. For compensation of self-fluorescence,
wells consisting of 90 ul Tris-HCI buffer and 10 pl sample solution without enzyme or
substrate, were recorded. Controls were set to 100% MMP-9 activity and mean residual
MMP-9 activity is calculated relative to the 100% active controls. At least six different

concentrations were tested and subsequently ICso values were calculated.

Residual MMP — 9 Activity [%] = (T60Sample — T0Sample) — (T60Sample w/o — TOSample w / o) % 100
estdua Y A = T T60Blank — TOBlank) — (T60Blank w/o — TOBlank w / o)
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3.19 Migration of THP-1 cells by Boyden Chamber assay

For migration experiments with THP-1 cells transwells with 6.5 mm diameter and 8.0 um
pore size were used (Corning Incorporated). The chemoattractant medium consisted of
100 ng/ml MCP-1 (Peprotech) in RPMI 1640 supplemented with 10% FBS and as starving
medium served RPMI 1640 supplemented with 2% FBS. THP-1 cells were harvested at a
cell density of 0.8 x 106 cells/ml, centrifuged, resuspended in 5 ml of medium and counted
with a ViCell™ XR cell counter. Cells were diluted to 1 x 10° cells/ml in 5 ml in a T25 flask
and cells were stained by incubation at 37 °C for 30 min with Calcein-AM (Biomol GmbH)
in a final concentration of 2 uM. Cells were centrifuged again, resuspended in 3 ml of
starving medium, counted, and diluted to a cell concentration of 1 x 10° cells/ml. For a
calibration curve, an aliquot of the suspension was diluted further in normal growth
medium and 50 pl of each dilution was pipetted in triplets in a 96 well plate and incubated
at 37 °C until the migration experiment was stopped. 700 ul of chemoattractant medium
was added to the lower chamber and 200 ul of cell suspension containing compound was
applied to the upper chamber. For negative control wells, starving medium was added to
the lower chamber, as well as to the upper. Cells were allowed to migrate for 4 h at 37°C
in an incubator. Afterwards the solution in the lower chamber was collected. The upper
filter was washed with PBS and cleaned with a Q-tip. Transmigrated cells, that remained
on the lower surface of the filter, were dislodged by incubation with 5 mM EDTA in PBS
for 5 min. Solutions were combined in 1000 ul vials, centrifuged and cells were
resuspended in normal growth medium. 50 pl aliquots were transferred in doublets to the
calibration curve plate and fluorescence was measured with a Tecan plate reader at 495
nm excitation and 520 nm emission. Linearity of the measurement was present throughout
the experiment and was validated by the calibration curve. After the fluorescence
measurement, cell viability was checked by transferring samples to a ViCell™ XR cell

counter.
3.20 Transendothelial Migration of THP-1 cells by Boyden Chamber assay

To investigate the migration of THP-1 cells through a monolayer of endothelial cells, first
HUVEC cells were seeded until confluency on coated sterile filter sides of transwells with
6.5 mm diameter and 8.0 um pore size (Corning Incorporated). Therefore, lower and upper
filter sides were pre-coated with collagen G in PBS for 30 min at 37 °C (700 pl lower
chamber, 100 ul upper chamber). Then, solutions were removed, and filters were air dried

for a minimum of 10 min. Fibronectin solution in PBS was prepared fresh and 50 pl were
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added on the top of the filter to an end-concentration of 2 ug/cm?. After additional
incubation for 45 min at 37 °C, coating solution was removed and 5 x 10* HUVEC cells
were seeded on the dried filter slides and incubated at 37 °C. Growth medium was present
in both chambers and was refreshed every two to three days. After three days, monolayer
integrity was checked by applying a FITC-Dextran My 70 kDa (Sigma) in an end-
concentration of 1 mg/ml for 20 min incubation and by measuring the fluorescence (ex:
485 nm/em: 535 m) of the solutions in the lower chamber. One day before starting the
migration of THP-1 cells, adhesion proteins expression of HUVECs was induced by adding
TNF-a (10 ng/ml) to the upper and lower chambers. The experimental migration part of
the experiment was then conducted as explained in 3.19 with minor modifications. Briefly,
compound was added to the lower and upper chambers and THP-1 cell migration was
stopped after 24 hours of incubation. The collected medium of the lower chamber of each
well was combined with the EDTA detachment solution in the corresponding well of the
24-well plate, and fluorescence read-out was conducted by measuring the plate without

additional cell centrifugation and reseeding step.
3.21 Statistical analysis

Results display the mean of at least three independent experiments (mean + SD), each
replicated in at least three repeats, if not declared else. Statistical significance was
calculated by one-way analysis of variance with post hoc analysis using Dunnett’s multiple

comparison test. All statistical analyses were examined with GraphPad Prism 9 or 10.
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4 Part I: Phyllobilins - a bioactive natural product class contributing

medicinal plants activity
4.1 Introduction

Among natural compound families, PBs are just at the beginning of being exploited as
phytochemicals. Therefore, less is known about their pharmaceutical properties, including
their pharmacological bioactivities, but also their potential as excipients in pharmaceutical
technology. Taking the group of flavonoids as example, researchers extensively
investigated the diversity of the compound structures, their impact on diverse human
diseases in details, their function for the plants, the way how to handle the substances to
form stable dosage forms."3 Although the knowledge on the existence of chlorophyll
breakdown has increased since 198714 information on the occurrence of PBs in various
plants and their chemical structures remain to be fully elucidated. Here, we wanted to
contribute information on both sides, further discovery of representatives and first insights
on pharmaceutical technological aspects. With our work, we aimed at identifying
previously unknown PBs in different plants on the one hand, but we also investigated the

properties of these molecules as excipients on the stability of phytotherapeutics.

Based on strong anti-oxidative properties that were described previously!?5-28. 301
we hypothesized that PBs stabilize phytotherapeutics that are susceptible to degradation.
In pharmaceutical technology and food industry, antioxidants are applied to maintain and
prolong the quality of their products. Following hydrolysis, oxidation is the major
degradation pathway of pharmaceuticals.® Three different oxidation mechanisms can be
defined: radical mediated (autooxidation), peroxide mediated (nucleophilic/electrophilic)
and single electron to dioxygen mediated oxidations.*®! The use of antioxidants displays
one prominent approach during drug product formulation to prevent instabilities.*”! Also
here, depending on the way of action, different types of antioxidants can be distinguished.
For example, EDTA is known to inhibit radical chain reactions and therefore is grouped
into initiation inhibitors.#% Contrarily, butylhydroxyanisole (BHA) influences the
propagation, a later phase of radical chain reactions.”® This group is named terminators
of radicals. Generally, autooxidation is seen as process of three steps, initiation,
propagation, and termination. By inhibiting one of the first two steps, antioxidants
terminate the oxidation reaction.*® However, also established are antioxidants in their
function as reducing agents, like ascorbic acid, thiols, and polyphenols.® %% Although the
benefits of antioxidants as protective additives in food or pharmaceutical products is well
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known, the impact of the antioxidants in-vivo on adverse effects is being discussed.®"
Antioxidants, their intermediates, or metabolites, can interfere with important signaling
cascades, like cell survival and immune response, and are claimed to be involved in the
development of allergies and asthma.'-*2 PBs are abundant ingredients in ripening plant
material. The substances are part of human nutrition as they were found in lettuce and
savoy cabbage, among othersi?® 3 and ingredients of phytopharmaceuticals as
demonstrated for tea preparations of Urtica dioical®’). Potentially, they are overlooked
substances in a variety of phytomedicines with unknown contribution to the
pharmacological and technological properties of those. As their highly anti-oxidant
potential was established before?6-2% 30 the question arose whether PBs as antioxidants
influence these pharmaceutical attributes. In this regard, we isolated Ep-PxB-5 of
senescent Echinacea purpurea leaves and spiked purchased medicinal extracts of the
plant with this substance to analyze its impact on the anti-oxidative potential of the

preparation and further the stability of major ingredients by analytical HPLC over the time.

Additionally, we examined aerial parts of medicinal plants for their PB content and
characterized the derived PBs, expanding the knowledge about this family of
phytopharmaceuticals. In this work, we deciphered and focused specifically on novel

structures of PBs in Humulus lupulus L. and Tropaeolum majus L.

Hops (Humulus lupulus L.), a common member of the plant family Cannabaceae, is widely
cultivated over the world and especially for traditional reasons in Bavaria. A third of the
word wide cultivation takes place in the European Union (EU) on 26 500 ha, with 60%
placed in Germany. Thereby, 50 kilotons are produced in the EU per year.¥ Brewing as
well as the pharmaceutical industry glances at female inflorescences of hops for either
their bitter aromatic secondary metabolites or their bioactive properties. Desirable
metabolites are terpenes and sesquiterpenes, present in the essential oil of the hop cones,
or prenylated phenolic compounds as acylphloroglucinols known as bitter acids from the
humulone type. Briefly, associated bioactivities range from anti-carcinogenic, anti-
microbial, anti-inflammatory, anti-glycemic, sedative to estrogenic effects.l>
Predominately, the known active substances in hops can be found in the inflorescences,
thus much interest on bioactivities of hop leaves has not sparked yet. Apart from
investigations on in-vitro anti-fungal activity of apolar sub-extracts of leaves, identifying
xanthohumol as dominating active substance, little research has focused on the leaves.

75% of leaves and stems are unused biomass waste.®! Apparently, the chlorophyll rich
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leaves degreen after harvest season in autumn, arousing the question whether PBs might
be found. Indeed, novel structures of Type-Il PBs appeared as elucidated by analytical
HPLC und UV/Vis detection, and in the following work their anti-oxidative potential was

evaluated for the first time.

Figure 5 Graphical abstract on a naturally occurring pyPxB in yellow senescent Tropaeolum majus
leaves

Garden nasturtium (Tropaeolum majus L.) is a member of the Tropaeolaceae family and
it is, among other names, also known as indian cress or monks cress.®”l Notably, the
pharmaceutically used plant still lacks full chemical characterization of its components,
which is aggravated by influences of cultivation methods and environmental conditions on
the chemical fingerprint.®”) The most analyzed part of the plant is its flowers. Depending
on their colors, which can vary from yellow to orange or brick red, phytochemical
composition was found to be different, referrable to differences in anthocyanin
representatives. Bioactive compounds of the flowers are carotenoids as lutein and
phenolic compounds, namely flavonoids.®”! However, a limited number of studies has
investigated their leaves which describe flavonoids, such as isoquercitrin (1Q), quercetin
3-glucoside, kaempferol, fatty acids, and glucosinolates, such as glucotropaeolin and
sinalbin, as ingredients.®’*8 Garden nasturtium is not only used as decorative food e.g. in
salads, but also in folk medicine due to its diuretic and anti-bacterial effects.l* In addition,
Tropaeolum majus was listed as phytomedicine for the treatment of catarrhs of the upper
respiratory tract and urinary tract infections in monographies of the commission E of
Germany Nr. 162 of 1992. Gasparotto et al. further investigated nasturtium leaf extracts,

revealing natriuretic and diuretic activity in-vivo. Thereby, semi-purified fractions with
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enriched 1Q were found to possess enhanced effects leading to the assumption that 1Q
might play a major role in leaf extracts.®” Despite that, literature claimed also that
polyphenols, mainly chlorogenic acid (CGA) and ascorbic acid are responsible for anti-
oxidative and anti-inflammatory power of herb extracts of nasturtium." In this part of the
thesis on PBs in Tropaeolum majus, novel PxB structures were structurally characterized
and, in comparison to the bioactive ingredients 1Q and CGA, their anti-oxidative potency

as well as their potential to inhibit COX-1 and -2 activity was assessed (Figure 5).
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4.2 Results
4.2.1 Influence of phyllobilins on properties of phytopharmaceuticals
4.2.1.11solation of Ep-PxB-5

To examine whether PBs, as antioxidants, can influence the stability of phytotherapeutics
and could therefore prolong the stability of those preparations like other known substances
as ascorbic acid*> %% Ep-PxB-5 (Figure 6) was chosen as representative PB. As
published by Karg et al., six different anti-oxidative PBs of the type phylloxanthobilin (PxB)
were found in senescent Echinacea purpurea leaves, with Ep-PxB-5 being the substance
with highest yield.?®! Consequently, Ep-PxB-5 was isolated and its identity was confirmed
by analytical HPLC and HR-ESI-MS analysis (Supplementary Figure 1). The yield arising
from extracting 200 g of senescent leaves was about 5 mg as quantified by UV/Vis

spectroscopy.

OH

OH

co,cH, ©

HO,C

Figure 6 Chemical structure of Ep-PxB-5
4.2 1.2 Effects of Ep-PxB-5 on the stability of Echinacea extracts

Focusing on simple liquid dosage forms, the influence of Ep-PxB-5 on the stability of a
purchasable Echinacea-ratiopharm® liquid extract for ingestion was tested. An appropriate
HPLC method with 0.1% TFA as mobile phase was established for appropriate separation
of the multicomponent mixture. To set up a simple model to investigate the influence of
Ep-PxB-5 on the extract components, the highest peak at 28 min R; (detection at 320 nm)
was analyzed for the decline in peak area in correlation to the addition of Ep-PxB-5 at RT,
which is the indicated storage condition of the phytomedicine (Supplementary Figure 3-
Supplementary Figure 4). This peak at R; =28 min showed a characteristic UV/Vis
spectrum for a phenolic compound. The substance was isolated from analytical HPLC,
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and the identity was tentatively assigned as caftaric acid by HR-ESI MS analysis
(Supplementary Figure 2). Caftaric acid is known as highly abundant ingredient in
Echinacea purpurea raw materials and liquid tincture products.®? Over a storage time of
ten days at RT the peak of caftaric acid in the Echinacea extract significantly diminished.
However, the relative decline in the peak area was independent of Ep-PxB-5 addition at
two different concentrations (100 yM, 200 puM) (Figure 7). Additionally, during this
experiment, a decrease of Ep-PxB-5 content itself was observed by analytical HPLC peak
analysis (Supplementary Figure 5). Owing to the fading of Ep-PxB-5, storage time above
ten days was not conducted. To exclude an influence of potential instabilities of Ep-PxB-
5 in the extract, controls with Ep-PxB-5 in the extract solvent EtOH 22% (w/Vv) were
included (Supplementary Figure 6-Supplementary Figure 7). Indeed, as presented in
Figure 8, we detected significant differences in peak area decline of Ep-PxB-5 in
Echinacea extract vs in EtOH 22% for two different concentrations over ten days at RT. In
line with that, the amount of the degradation product PrB differed between Echinacea
extract and EtOH 22%. PrB is formed by oxidation of PxB and absorbs at longer
wavelengths.[% Significantly more PrB was formed over six days, when Ep-PxB-5 was
added (100 pyM and 200 uM) to the Echinacea extract than to EtOH 22%. Samples of the
100 uM batch from day 10 showed an inverse effect, potentially caused by an instability
of PrB, becoming evident by the decline in peak area. Anyway, not a significant but a
similar trend of peak area decrease of PrB at day 10 was observed for the 200 uM samples
(Figure 8).

A Echinacea extract B Echinacea extract
peak R;28 min peak R 28 min
_ns_ _ns _ns_ _ns_
25_ ns ns ns ns 20—.

=2 100 uM PxB
™ Control
== 200 uM PxB
W Control

-
[3,]
1

Relative decrease
in peak area [%]
a o
Relative decrease
in peak area [%]

Days Days

Figure 7 Influence of Ep-PxB-5 on the peak area of a major constituent of a purchasable Echinacea
extract over ten days. (A) 100 uM and (B) 200 uM of Ep-PxB-5 were added to a freshly opened Echinacea
extract. As vehicle control DMSO was added to the extracts, accordingly. Peak areas were analyzed by
analytical HPLC. Experiments were performed as biological triplicates and statistical significance was
calculated by 2way ANOVA analysis and Sidak's multiple comparisons test. (ns, not significant)
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Figure 8 Stability of Ep-PxB-5 in Echinacea extract compared to EtOH 22% over ten days. (A) Relative
decrease of 100 uM of Ep-PxB-5 in Echinacea extract and EtOH 22% (v/v) and (B) increase of the oxidation
product PrB of the same samples was assessed by analytical HPLC analysis; (C) relative decrease of 200 uM
samples of Ep-PxB-5 in the named solvents and (D) emergence of PrB, analogously. Quantification of PxB
(A,C) was carried out at 420 nm HPLC trace and PrB (B,C) at 520 nm, respectively. Statistical significance
was calculated by 2way ANOVA analysis and Sidak's multiple comparisons test. (**P < 0.01, ***P < 0.001,
****P < 0.0001)

4.2.1.3 Effects of Ep-PxB-5 on anti-oxidative activity of Echinacea extract

Most bioactive ingredients of Echinacea are phenolic compounds, such as caffeic acid
derivatives and flavonoids, or alkamides, polysaccharides, polyacetylenes, polyenes and,
terpenoids.® To monitor the impact of Ep-PxB-5 on possible changes on pharmacological
properties of the standardized Echinacea extract during storage, anti-oxidative testing was
conducted. The extracts and the extract solvent EtOH 22% (v/v) as control, were
supplemented with Ep-PxB-5. Samples were analyzed at the indicated timepoints, which
were subsequently tested via FRAP assay, which assesses the ability of antioxidants to
reduce iron ions.?% Addition of 100 uM of Ep-PxB-5 showed an increase in anti-oxidative
strength compared to the controls, which was significantly increased one day after addition
(Figure 9 A). Stronger effects were visible using a higher concentration of Ep-PxB-5.
Extracts containing 200 uM of Ep-PxB-5 possess significantly higher FRAP values at each
timepoint over ten days than the control extracts without Ep-PxB-5 supplementation

(Figure 9 B). Furthermore, the anti-oxidative stability of the model substance Ep-PxB-5
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itself was assessed. Thereby, instead of spiking the extracts with substance, the extract
medium EtOH 22% (v/v) was supplemented with Ep-PxB-5 and anti-oxidative property
was tested over ten days. It was found that samples with 100 uM of Ep-PxB-5 were potent
for six days and only showed significant reduction in anti-oxidative values for day 10. For
200 uM of Ep-PxB-5 in EtOH 22%, only samples taken at day 6 showed significantly

reduced Trolox values, other samples did not exhibit those effects (Figure 9 C).
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Figure 9 Time-dependent influence of Ep-PxB-5 on the anti-oxidative potency of a standardized
Echinacea extract. Assessed by FRAP assay was the antioxidant ability to reduce iron ions. (A) Echinacea
extract was spiked with 100 uM of Ep-PxB-5 and (B) with 200 uM. Controls were extracts supplemented with
EtOH 22% (v/v). (C) FRAP values of Ep-PxB-5 in solvent EtOH 22% (v/v), 100 uM and 200 uM over ten days.
Experiments were performed as (A,B) biological triplicates and (C) duplicates, statistical significance was
calculated by 2way ANOVA analysis and Sidék's multiple comparisons test (*P < 0.05, **P < 0.01, ***P <
0.001)
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4.2.2 Characterization of novel phyllobilins of Humulus lupulus
4.2.2.1 Dioxophyllobilins of hops influence leaf appearance and composition

Humulus lupulus leaves change their colors during fall in a fascinating color. Chlorophyll
breakdown leads to the degreening of leaves® and, as it was uncovered in the past
decades, a novel substance class is thereby formed, the PBs.!"%! Although hops is widely
cultivated in Bavaria mostly for its cones, the raw material for brewing or pharmaceutical
purposes, we here investigated the leaves in the context of this work. Thus, two
dioxophyllobilins were found in senescent hops leaves with previously unknown
structures. In cooperation with Christian Nadegger and Ass. Prof. Dr. Thomas Muller
(University of Innsbruck) we were able to isolate the PBs. The isolation of light- and air
sensitive compounds is challenging, and surprisingly, was even more so in the case of
hops PBs compared to other PB isolations, already hinting at previously unknown
structural features to be present. HPLC retention times and characteristic UV spectra are
portrayed in Supplementary Figure 8. Structure elucidation was conducted by the group
in Innsbruck, revealing the structures presented in Figure 10. In the following, PBs were
labeled by the botanical source (prefix) and subclass characteristics, i.e. HI-PBs for the

compounds from Humulus lupulus.

co,CcH; ©
HO,C
HI-DPleB HI-DPxB
m/z 648 m/z 646

Figure 10 HI-PBs of senescent hop leaves. Novel modifications are highlighted in green.

As assessed by HPLC analysis, relative abundance of HI-PxB was highest in yellow hop
leaves (Figure 11). HI-DPxB shared a remarkable contribution of 40% to all peak areas at
420 nm. It was 11% for brown leaves and 4% for green leaves. PB content was rising in
maturing leaves, strongly influencing the composition of hop leaves. PB formation is
indicated by relative peak area attribution of PBs at 420 nm responsible for yellow

coloration.
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Figure 11 Analytical HPL chromatograms of Humulus lupulus leaves of different colors. Leaves were
ground and extracted with MeOH. Peaks of DPxB were highest for yellow leaves (36,7%) followed by brownish
leaves (15,1%) and green (3,31%). (420 nm, HPLC method Nr. 1)

4.2.2.2 Anti-oxidative testing of HI-DPxB and HI-DPleB

To extend the still limited knowledge about this branching class of Type-Il PBs (Figure 4),
the hops PBs were investigated for their antioxidant activity in-vitro and in-cellulo. Firstly,
an in-vitro FRAP assay was performed, providing first insights on the anti-oxidative
properties of the tested molecules. Whereas HI-DPleB was significantly less potent in iron
reducing ability as compared to the water-soluble vitamin-E derivative Trolox, a potent
antioxidant and reference molecule, HI-DPxB proved to have comparable effects (Figure
12 A). Further, we tested the PBs in a cell-based ROS scavenging assay using the cervical
cancer cell line HelLa. During the experiment, intracellular ROS species are formed by
stressing of the cells with H.O,, which can be then quantified by fluorescence detection by
the radical induced conversion of H,DCF to DCF.8 The purity of the isolated H/-DPxB
sample used for cellular experiments was confirmed by HPLC (Supplementary Figure
9). For intracellular ROS assay, the substances were diluted in DMEM medium for
subsequent cell treatment. H-DPxB and HI-DPleB significantly scavenged ROS in a
comparable manner as the controls Trolox and quercetin (QUE), which is a prominent
antioxidant of Humulus lupulus®* (Figure 12 B). Notably, no influence on cell viability
could be observed for Trolox, H-DPxB and HI-DPleB. QUE showed a moderate reduction
of cell viability (Figure 12 C).
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Figure 12 HI-DPxB is a potent antioxidant in-vitro and in-cellulo on HelLa cells. (A) HI-DPxB and HI-
DPleB (100 uM) were tested for in-vitro anti-oxidative effects via a FRAP assay. (B) HI-DPxB and HI-DPleB
scavenge ROS in Hela cells without affecting cell viability (C). Cells were treated with compound (10 pM,
Trolox 1 mM) for 24 h, then incubated with dye H2DCF (30 min) and H202 (30 min). Generation of ROS was
measured as conversion of H2DCF to the fluorophore DCF, and radical scavenging activity represents the
prevention of DCF formation. Trolox and Quercetin (QUE) served as positive controls. (C) HI-DPxB, HI-DPleB
and Trolox do not affect cell viability at 10 uM or 1 mM for Trolox, respectively. QUE influences cell viability
significantly at a concentration of 10 uM. Cell viability was assessed by a crystal violet staining after 24 h
stimulation of compounds in the indicated concentrations. (A) Values represent mean + SD of tree, (B,C) four
independent experiments (ns, not significant, *P < 0.05, ****P < 0.0001)

4.2.2.3 Anti-proliferative effects of HI-DPxB and HI-DPleB

Hops cones have evoked attention due to their anti-cancer effects.’@ To investigate if
Type-ll HI-PBs also exhibit effects on cancer cells, a proliferation experiment was
conducted using the cervix cancer cell line HelLa, with which the anti-oxidative cellular
ROS experiment was performed. Clearly, HI-DPleB showed no effects on the proliferation
rate of the cells in the tested concentrations from 1 to 50 uM. In the highest tested
concentration (50 uM), HI-DPxB slightly diminished HeLa cell proliferation after 72 h (11%)

(Figure 13). ICso values for the substances could not be calculated.
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Figure 13 HI-PBs do not influence cell proliferation of HeLa cells in the tested concentrations. For
testing the anti-proliferative effects of PBs on Hela cells, cells were treated for 72 h and then stained with
crystal violet. ICso values were calculated by nonlinear regression after normalizing to vehicle control with
subtracted day zero value but were not conclusive.

This piece of work on PBs in Humulus lupulus is currently in manuscript writing process.
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4.2.3 Structural characterization, anti-oxidative-, and anti-inflammatory activities
of phylloxanthobilins in Tropaeolum majus L., a plant with relevance in

phytomedicine

4.2.3.1 Phytochemical fingerprint of PBs in Tropaeolum majus and UV/Vis

characteristics of Tm-PxB-(1-4)

During autumn months, Tropaeolum majus (nasturtium) leaves undergo an intense color
change from green to yellow. Analytical investigations with HPLC on the fingerprint of
aqueous methanolic extracts of Tropaeolum majus revealed four different PxBs, which
were subsequently identified by their characteristic UV spectrum.®® The PxBs were
numbered according to their decreasing polarity and named Tm-PxB-(1-4) according to
the botanical source (prefix). An analytical HPLC trace of nasturtium leaf extracts and
assignment of the four PxBs is shown in Figure 14. Typically, a UV/Vis spectrum of a PxB
shows an absorbance maximum at around 426 nm, known to originate from ring A to D
possessing an extended Tr-electron system and carrying a vinyl residue at ring D.2%]
Indeed, this characteristic was seen for Tm-PxB-4 with highest retention times, thereby
having maxima at 430 nm, 314 nm and 246 nm. On the contrary, Tm-PxB-(1-3) showed
slightly different spectra with a maxima at 418 nm, besides the maxima at 314 - 316 nm
and 242 - 246 nm. This shift to lower wavelengths at 418 nm indicated the presence of a
dihydroxy side chain at ring D instead of a vinyl residue, as reported earlier for PxBs in
Egeria densa and Echinacea purpurea. 126871 Retention times of the substances as well as
UV/Vis data is additionally presented in the chapter 3.2.5 (spectroscopic data of isolated

compounds).
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Figure 14 Analytical HPLC trace of an acidified methanolic extract of senescent Tropaeolum majus
leaves with UV/Vis spectra. (420 nm; HPLC method Nr. 3)

High quantities of Tm-PxB-(1-4) were present in yellow leaves of Tropaeolum majus.
Analyzing methanolic extracts of freshly collected yellow leaves via analytical HPLC,
relative peak areas of all PxBs to the sum of all peak areas yielded a total of approximately

25% at 420 nm detection (Supplementary Figure 10).

4.2.3.2 Isolation of Tm-PxBs

PBs of Tropaeolum majus were isolated as explained in the method section (3.3.1).
Extraction of 200 g of senescent leaves yielded in 12.3 mg of Tm-PxB-1, 0.8 mg of Tm-
PxB-2, 1.1 mg of Tm-PxB-3, and 2.3 mg of Tm-PxB-4 as quantified by UV/Vis
spectroscopy (Tm-PxB-1 1.86 umol, Tm-PxB-2 0.12 ymol, Tm-PxB-3 0.20 uM, Tm-PxB-4
0.36 pmol). For Tm-PxB-2 and Tm-PxB-3 less pure yields were obtained since other
substances eluted at the same reaction time and thus the fractions obtained by semi-

HPLC often remained contaminated.

4.2.3.3 Structure elucidation of PxBs and selected PleBs

For structure elucidation, also HR ESI-MS, MS? as well as NMR (Tm-PxB-(1,2,4)) were
recorded and analyzed in addition to UV/Vis spectra. Molecular formulae were
C34H3sN4O1o for Tm-PxB-1, CasH3sNsOs for Tm-PxB-2, CzsH39N4Og for Tm-PxB-3, and
Cs4H36N4Osg for Tm-PxB-4, as assessed by the [M-H] as well as [M+H]" molecular ions of

HR ESI-MS spectra (Supplementary Figure 11-Supplementary Figure 14). The
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analyzed compounds have not been described previously, as evident by comparison with
databases.®® Next, we investigated the molecular side chain modification of the PBs by
characteristic fragmentation reactions according to Mdller et al.® during MS?
fragmentations. In the positive ion-mode, characteristic fragmentations like loss of H2O
and CO, were seen for all four PxBs. Moreover, cleavages at the saturated meso positions
between ring A and B as well as ring B and C were evident (Supplementary Figure
15;Supplementary Figure 18). We found that Tm-PxB-1 might be the corresponding
oxidation product of a published PleB, namely So-PleB-1 (So-NCC-1) and Mc-PleB-26
(Mc-NCC-26), found in spinach (Spinacia oleracea) and ripening peels of banana (Musa
acuminata).'®® 79 To confirm this, methanolic spinach extracts were prepared and
analyzed by analytical HPLC. Indeed, identical retention times were found for So-PleB-1
isolated from spinach and a PleB in the nasturtium extract. We therefore concluded that
also the reduced form of Tm-PxB-1, identical to So-PleB-1 is an ingredient in nasturtium
leaf extracts (Supplementary Figure 19). As UV/Vis and MS? already provided detailed
insights on the molecular structures, '"H-NMR spectra, as well as homo- and heteronuclear
2-D spectra (COSY, 'H,"*C-HMQC, 'H,"*C-HMBC) were recorded for Tm-PxB-1, Tm-PxB-
2 and Tm-PxB-4 to further confirm the proposed structures. NMR data was evaluated in
collaboration with Christian Nadegger (University of Innsbruck) and atom numbering is
shown precisely in Supplementary Figure 20 and follows the common specifications for
PBs.[" PBs have characteristic signals, e.g. four signals at 2 ppm reasoning from the
methyl groups at C2, C7, C13 and C17.123"1 Another signal at 9.5 ppm typically indicates a
formyl group®, as seen for Tm-PxB-1 and Tm-PxB-4 (Supplementary Figure
21;Supplementary Figure 23). Furthermore, the core structure of PxBs possesses a
double bond between C15 and C16 indicated by signals at 5.96 ppm (Tm-PxB-1) and 6.04
ppm (Tm-PxB-4). Based on previous mass spectrometry and UV/Vis data, we assumed
that Tm-PxB-1 and Tm-PxB-4 differ in their side chain residue at Rs (Figure 15).
Comparing the mid-field '"H-NMR region of Tm-PxB-1 and Tm-PxB-4, differences were
seen at 5.26/6.32 and 6.50 ppm (Tm-PxB-4), signaling from a vinyl group. Instead, Tm-
PxB-1 showed signals shifted to high field regions, being characteristic for the dihydroxy
side chain of Tm-PxB-1 (Supplementary Figure 21;Supplementary Figure 23). For Tm-
PxB-2, only "H-NMR was evaluated due to the low quality of the homo- and heteronuclear
2-D spectra (Supplementary Figure 22). Nevertheless, the typical signal pattern of the
PxBs could be clearly detected. Namely, the four methyl groups were seen in singlets at
2.16, 1.98, 2.06 and 2.15 ppm, as well as the dihydroxy side chain of C18 (Rs) at 4.47
ppm and 3.46/3.68 ppm, respectively. Additionally, the pyrrole nitrogen bound protons at
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around 10 ppm were clearly pronounced. A signal at 5.98 ppm supported further the
presence of a PxB as this signal can be attributed to the proton at C15, resulting from the
double bond there. By proving the core structure of a PxB, knowing the residue at R3 and
the elemental composition by HR-ESI MS (Supplementary Figure 12) in combination
with MS? fragmentations (Supplementary Figure 16) and UV/Vis spectra (Figure 14), we
concluded that Tm-PxB-2 lacks a carbon residue at R,. PBs possessing this feature are
named pyroPhylloxanthobilins (pyPxB) and were as far as to our knowledge only semi-
synthesized before and are to date not found to occur naturally, apart from iPBs with
rearrange carbon skeleton found in fern.?* 71 NMR data of Tm-PxB-1/-4 is additionally
presented in the chapter 3.2.5 (spectroscopic data of isolated compounds) and all '"H NMR
spectra are attached to the Supplementary (Supplementary Figure 21-Supplementary
Figure 23).

Tm-PxB-1 R,=5—°H R,=

Tm-PxB-4 R,=2—OH R,=

P e
o

Figure 15 Chemical structure of Tm-PxB core and side chain modifications of the identified Tm-PxBs
4.2.3.4 Tm-PxB-2 is a genuine phytochemical in nasturtium

Having identified the first natural occurring pyPxB, we needed to verify that Tm-PxB-2 is
indeed a native ingredient of nasturtium leaves and not an artefact of the extraction
process derived by decarboxylation of Tm-PxB-1. Particularly, Tm-PxB-2 could
theoretically be formed through decarboxylation of Tm-PxB-1, as evident by known MS
fragmentation reactions.®® Consequently, we tested the stability of Tm-PxB-1 in solvents
that were used during extraction by analytical HPLC, including acidic PBS, and we
additionally performed leaf spray MS of freshly harvested yellow nasturtium leaves. Tm-
PxB-1 showed no reduction in peak area for one hour of incubation at RT in PBS at pH 7
and pH 5.2. Samples that were acidified with AcOH (pH 3.5) were less stable. When
incubating them at RT overnight, the peak area of Tm-PxB-1 declined in AcOH pH 3.5 by
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22%, accompanied by forming 4% of Tm-PxB-2, 0.3% of Tm-PxB-3, and 1.6% of Tm-PxB-
4. Following further acidification of Tm-PxB-1 in PBS (pH 2.5), samples were analyzed by
analytical HPLC and by LC-MS, to potentially characterize degradation products. After
overnight incubation, Tm-PxB-1 showed a diminished peak area of 18% and 4% formation
of signals for Tm-PxB-2, 1.3% of Tm-PxB-3 and 0.7% of Tm-PxB-4. Summarizing, under
acidic conditions (pH 2.5; pH 3.5), Tm-PxB-1 is slightly degraded to form the other three
PxBs, likely by decarboxylation (Tm-PxB-2) and dehydrogenation (Tm-PxB-(3-4)). Thus,
leaf spray MS was performed by our cooperation partner (Christian Nadegger, University
of Innsbruck) using freshly harvested, yellow nasturtium leaves to answer the question
whether Tm-PxB-2 is truly a native ingredient. Leaf spray MS offers the opportunity to
analyze leaf compositions without extraction. Therefore, cut outs of leaf samples are held
directly in front of the ion source.[? By applying this method, indeed, all four PxBs were
detectable (Figure 16). In accordance with analytical HPLC results, Tm-PxB-1 showed
highest abundance. Relatively to the signal intensity of [M+Na]* Tm-PxB-1, amounts of
the identified sodium adducts were 92% for Tm-PxB-2, 9% for Tm-PxB-3, and 67% for
Tm-PxB-4. Moreover, additional adducts were observed for Tm-PxB-2, which were
[M+Na]*, [M+K] * and [M+2K] * ions. Taken together, by utilizing leaf spray ionization
experiments, we were able to find distinct proof that Tm-PxB-2 is a genuine ingredient of

senescent plant leaves.
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Figure 16 Leaf spray mass spectrum of a freshly harvested senescent leaf of Tropaeolum majus. Leaf
spray MS was recorded by Christian Nadegger (University of Innsbruck).
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4.2.3.5 Anti-oxidative properties of isolated Tm-PxBs

Following up the work on structural characterization, potential bioactivities were assessed
as a next step. Here, we focused on anti-oxidative and anti-inflammatory properties, based
on the fact, that Tropaeolum majus is commonly used as “over the counter” drug against
symptoms of the common cold and urinary tract infections.?®*® In-vitro, Tm-PxB-1 and Tm-
PxB-3 significantly exhibited stronger anti-oxidative strength relative to Trolox in a FRAP
assay (Figure 17 A). Effects of Tm-PxB-1 were thereby twice as high as Trolox and Tm-
PxB-3 even showed tree times stronger anti-oxidative potency than the standard Trolox.
No significant difference to Trolox was seen for Tm-PxB-2 and Tm-PxB-4. As Trolox itself
is already a strong antioxidant, even comparable effects, are characterizing the
compounds as potential antioxidants. The flavonoid isoquercitrin (IQ) and the phenolic
acid chlorogenic acid (CGA) were tested as well as they are both bioactive components
of the plant’s leaves.57-58 ¢l Similar effects were observed for IQ and CGA as for the tested
PxBs, whereby IQ and CGA significantly exhibited higher values than Trolox. Trolox
equivalents for IQ and CGA were in accordance with published literature (Figure 17 A).[®!
Going further, to assess the anti-oxidative potential on a cellular basis, we therefore
conducted intracellular ROS experiments on Hela cells (Figure 17 B). Antioxidants
reduce intracellular ROS production by functioning as radical scavengers.*? The
formation of ROS can be monitored by the intracellular conversion of a dye to a
fluorophore after stressing the cells with H>O» by fluorometric detection. Tm-PxB-1 and
Tm-PxB-4 exhibited a significant reduction of ROS production to 36% and 39% relative to
H.O- treated cells, respectively. Comparable effects were seen for CGA with a significant
reduction in ROS formation by 37% (Figure 17 B). Cell viability after the treatment was
subsequently assessed by crystal violet staining to exclude influences of a diminished cell

viability on ROS production. No significant impact was detected (Figure 17 C).
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Figure 17 Tm-PxBs possess strong anti-oxidative potential in-vitro and in-cellulo, as determined in a
(A) FRAP and (B) in an intracellular ROS assay. (A) /n-vitro anti-oxidative potency was expressed as Trolox
equivalents (umol TE/umol), Tm-PxB-1 and Tm-PxB-3 showed 2 and 3-fold higher anti-oxidative power,
respectively, and Tm-PxB-2 and Tm-PxB-4 were comparable to Trolox. CGA and IQ, known ingredients of
Tropaeolum, exhibited significantly stronger activity than Trolox. (B) PxBs of Tropaeolum majus scavenge
ROS in Hela cells (C) without influencing cell viability. (B) Cells were stimulated with compound (10 uM, Trolox
1 mM) for 24 h, then treated with dye (30 min) and H202 (30 min). Radical scavenging activity was measured
as the ability to prevent the conversion of the dye H2DCF to the fluorophore DCF. (C) Tm-PxB-1, Tm-PxB-2,
Trolox, and CGA did not affect cell viability at 10 uM (1 mM for Trolox). Cell viability was tested after 24 h by
a crystal violet staining after stimulation of compounds under the same conditions. (A) Values represent mean
+ SD of three, (B,C) of four independent experiments (ctrl, control, ns, not significant, *P < 0.05, ****P < 0.0001)

4.2.3.6 Anti-inflammatory potential of Tm-PxB-1 and Tm-PxB-4 on COX-1 and -2

Indications of Tropaeolum majus preparations are urinary tract infections, among others.
Investigations revealed that mainly anti-bacterial properties of isothiocyanates are
responsible for the therapeutic effects. Enriched extract combinations of nasturtium herb
and horseradish roots favor those ingredients, commonly used for the treatment of mild
diseases."¥ Further, it has been reported that Tropaeolum majus L. herb inhibits COX-1

enzyme activity.®'! Detailed investigations on the herb extract constitution and its relation
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to COX-1 inhibition are still missing. But first evidence accumulated that 1Q, a major and
active component of nasturtium leaves®? 7 inhibits COX-2 enzyme activity, especially.®!
The downregulation of COX-1 activity by 1Q was only reported for high concentrations so
far by reaching ICso values above 100 uM.""I The enzymes COX-1 and especially COX-2
are of major importance during inflammatory cascades, making them suitable targets in
cystitis, notably.["® Investigating influence of nasturtium substances on those enzymes can
help to understand the effects of nasturtium constituents in this established indication.
Tm-PxB-1 and Tm-PxB-4 were tested as most and less polar candidate found in the
leaves, respectively. Indeed, experiments on influences of Tm-PxB-1 and Tm-PxB-4 on
COX-1 and COX-2 revealed inhibitory effects in low micromolar concentrations in a similar
manner to 1Q (Figure 18). Both, Tm-PxB-1 and Tm-PxB-4, showed similar potential to
inhibit COX-2 with an 1Cs of around 1 uM. ICso of 1Q (ICs0 0.95 uM) and Tm-PxBs on COX-
2 activity inhibition were comparable, whereas CGA was less potent (ICso 30.0 uM)
(Figure 18 B). Differences were observed on COX-1 inhibition. Tm-PxB-4 showed
stronger effects with an ICso of 8 uM, whereas Tm-PxB-1 was much less potent with an
ICs0 of 57 uM. ICso values of CGA and IQ for COX-1 inhibition could not be calculated for
the tested concentration range (Figure 18 A). Summarizing the data on COX-1 inhibition,

only one candidate, Tm-PxB-4 exhibited pronounced effects.
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Figure 18 In-vitro dose-dependent inhibition of (A) COX-1 and (B) COX-2 activity by Tm-PxB-1, Tm-
PxB-4, CGA, and IQ. For ICso determination, data of three independent experiments are calculated by
nonlinear regression of percentages of initial activities after normalizing to the positive control with 100%
activity.

This piece of work on PBs in senescent Tropaeolum majus leaves is currently in revision
(Planta Medica).
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4.3 Discussion

The beautiful yellowish to reddish coloration of leaves during autumn is a fascinating
phenomenon. For a long time, PBs have been regarded as bare side products of a
detoxification process, accumulating upon the programmed degradation of chlorophyll.
Hence, researchers have proven different in the last years. Especially yellow chlorophyll
catabolites of the type PxB, have demonstrated interesting bioactive properties,

establishing their relevance as ingredients of medicinal plants.[26-27]

PBs are potent antioxidants.!?5-28 30 By now, we are aware of this attribute as we routinely
test novel candidates of the PB family for their anti-oxidative potential in our laboratory.
Most of them at least as potent as the standard Vitamin-E derivative Trolox, especially
PxBs and DPxBs (Figure 4).?% 2830 Trolox is used as gold standard and reference for
testing food, herbs, phytochemicals and plant extracts for their anti-oxidative potential.(*®:
91 It is not known whether PBs are present in phytomedicines apart from Urtica dioica tea
preparations, in which they were found as ingredients, lately.?”! A strategic testing of
phyto-preparations for potential PB content has not yet been realized so far. We
hypothesized that PBs, as antioxidants, potentially impact properties of phytomedicines
and could serve as excipients. In a small setting, we investigated the influence of Ep-PxB-
5 on the stability of caftaric acid, a major component of a commercially available
Echinacea extract, by spiking the extract with the substance. Adding different
concentrations (100 uM, 200 uM) of Ep-PxB-5, however, did not increase or preserve the
metabolic stability of caftaric acid at RT. Instead, we observed a decrease of Ep-PxB-5
concentration, which was accompanied by the rise of its oxidation product, a PrB.
Interestingly, for both concentrations, the decrease in Ep-PxB-5 was significantly greater
in the Echinacae extract than in the control (EtOH 22%). EtOH 22% was the extractant of
the commercially available industrial Echinacea extract. Summarizing, we could not prove,
that Ep-PxB-5 enhanced the stability of the Echinacea extract. Besides, the experiments
showed some disadvantages and limitations: Oxidation processes are usually
accompanied by a reduction. The degradation of Ep-PxB-5 and the increase of the
oxidation product provokes the question of what was reduced in the extract and if Ep-PxB-
5 potentially influenced the extract by maintaining the content of other ingredients. This
question cannot be answered by our experiments, as one disadvantage in the
experimental setup was that the selected extract was dominated by one main substance

in high quantity. Consequently, the extract had to be diluted for analytical HPLC which
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reduced the peak area of minor ingredients and made peak area analysis of other minor
substances unevaluable. For future approaches, an extract should be chosen with several
constituents of similar quantity for investigating the decline of multiple peaks over the time.
Another limitation of the experimental setup is the significance of an experiment at room
temperature. Generally, accelerated stress tests are conducted in pharmaceutical
technology to investigate the stability of pharmaceuticals. However, preliminary
experiments revealed a fast degradation of Ep-PxB-5 and were as a matter of that not
continued. Although we could not verify Ep-PxB-5 to impair the degradation of the extract,
we could determine strong effects of Ep-PxB-5 on its anti-oxidative potency. Interestingly,
when adding Ep-PxB-5 to the echinacea extract, its anti-oxidative properties are
significantly increased when compared to the unmodified extracts over the tested period
of 10 days. Thereby, Ep-PxB-5 was stable in potency in the controls until timepoint day 6
(200 pM) and day 10 (100 uM), respectively.

In addition, we described novel PB candidates in the two medicinal plants Humulus lupulus
(hops) and Tropaeolum majus (Nasturtium) and conducted first evidence on the

bioactivities, anti-oxidative and beyond, of the new structures, as well.

Investigating Humulus lupulus, we identified two Type-Il PB with a replacement of the
characteristic aldehyde function of Type-I PB by an oxo group. Given their high abundance
in senescent hops leaves (36.7%), the visible yellowing of the leaves in autumn is likely to
be influenced by the increase of PB content. Having been overlooked so far, H-DPxB, a
yellow pigment, occurs in high amounts in yellow hops leaves. In the past yellowing of
plants during autumn was attributed to carotenoids and flavonoids content mainly®, but
findings on vyellow chlorophyll catabolites proved different.?®! Our work further
emphasizes that PBs are main components of yellowish plants. Likewise, hops leaves
also receive little attention as they do not contain the established bioactive content as hop
cones. Pharmaceutically, hop cones are known for their anti-oxidative, anti-carcinogenic,
anti-microbial, anti-inflammatory, anti-glycemic, sedative, and estrogenic effects.
Researchers put the focus on the chalcone xanthohumol as dominating bioactive
substance, while being unspecific, and interacting with multiple biological targets.%
Among the known bioactivities, we focused mainly on the anti-oxidant properties
associated with hops. Notably, we could show that H/-DPxB possesses similar effects as
the strong antioxidant Trolox in a FRAP assay. HI-DPIleB, which only structurally differs in

a reduced C? bond, showed remarkably lower potency than its counterplayer H/-DPxB.
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The FRAP assay followed an established protocol of Benzie and Strain and is commonly
used by researchers to measure anti-oxidative activity based on iron reduction.¢! The
differences between HI-DPleB and HI-DPxB might be attributed to the differences in their
delocalized electron system. Electrons of HI-DPxB can distribute over a bigger part of the
molecule via the double bound at C'®, which may result in a higher iron reducing ability.
Additionally, the significant loss of antioxidant potential by HI-DPleB could be explained
by the poor solubility of H-DPleB in the solvent 75% EtOH during the experiment.
Nevertheless, in-cellulo experiments using Hela cells revealed no differences in potency
between the two substances. Interestingly, HI-DPleB and HI-DPxB scavenged ROS on
cells in a similar manner indicating that possible differences in cellular uptake or
intracellular metabolism are of relevance. As the read-out of this experiment is conducted
by an intra-cellular conversion of the dye to a fluorochrome, the substances are taken up
by the cells. In addition to focusing on the anti-oxidative potential, we also examined the
anti-proliferative effect of the substances on Hela cells. PxBs possess strong anti-cancer
effects by inducing apoptosis and decreasing proliferation of cancer cells.?® Hence, the
described effects in literature focused on Type-I PBs by showing promising potential for
PxBs. With this work, we investigated Type-ll PBs for their effects on cancer cell
proliferation. In comparison to the strong anti-proliferative effects of Cj-PxB described in
literature?®, HI-DPxB, as Type-II PB, did not show strong anti-proliferative effects on HelLa
cells in the tested concentrations. We therefore conclude, that the aldehyde function of
Type-l PBs correlates with the anti-cancer effects of PBs, whereas the replacement by an
oxogroup leads to a loss of potency. Undoubtedly, further investigations must be
conducted in the future to understand the strong anti-oxidative differences of the in-vitro
and in-cellulo results between these two interesting compounds HI-DPleB and HI-DPxB.
Additionally, we could identify the aldehyde function as molecular moiety determining the
anti-proliferative activity of cancer cells by testing hops PBs on cellular proliferation,
thereby opening the field for more structure-effect investigations on this exciting class of
natural products. Furthermore, considering the immense unused biomass waste, which
accounts to 75% of leaves and stems!®® that could be recycled, establishing the leaves as
source for other bioactive substances is promising. Generally, harvesting for hop
inflorescences is conducted in August, thereby reaching their maximum in second
metabolite content.®! Methods for recycling of the leaves and stems, e.g. as composting
mixtures usable in horticultural crops!®? or investigations on drying procedures on the
phytochemical profile of hops leaves!® came up only recently. Besides, hops stems are

found to be a promising source for cellulose nanofibers, as they obtain 44% of cellulose.®*
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By discovering these novel structures as powerful antioxidants, we are also opening
another opportunity for the utilization of hop leaves after harvest season, while tackling

hops biomass wastage.

By investigating another medicinal plant, Tropaeolum majus, we identified four PxBs with
novel structures in yellowing leaves which contribute up to 25% to the yellow coloration of
seasonal leaves during autumn. Among them, by the loss of the carboxyl function, Tm-
PxB-2 showed a special structural feature at C82, which is why we named the substance
by the additional prefix pyro, pyro-PxB (pyPxB). To our knowledge, no pyPxB has yet been
found to occur naturally. Interestingly, Erhard et al. found PBs with rearranged carbon
skeletons at ring A which also lack a carboxyl unit at C82. The substances that were found
in bracken fern have not been named pyro-derivates. Instead, these exceptional structures
were considered iso-phyllobilins (iPB), as they were isolated of a seedless vascular plant
of evolutionary old heritage underlying a differing chlorophyll breakdown than
angiosperms.?¥ Though, pyPxB was partially synthesized by Li et al., firstly. Thereby, a
pyPleB and after further oxidation a pyPxB was formed by exposing Cj-PleB to harsh
conditions in several steps."" During the biosynthesis of PBs, the decarboxylation at C8?
by 132-carboxy-pyro-pheophorbidase al®® and corresponding molecules (RCC) to pyPheo
a and pyRCC,®® respectively, relatively quickly, driven by the stabilization of the
decarboxylated products. Contrarily, the spontaneous loss of CO; by 82-carboxy-PleBs is
described in literature to proceed notably slowly.7% 1. 871 Other pyro-representatives that
share a Chl-derived linear tetrapyrrole structure are the bioluminescent emitter in Kiill
(Euphausia pacifica)®® and luciferin of dinoflagellates.®! However, by utilizing leaf spray
MS, we could proof that all four identified PxBs occur genuinely in the plant, which
supports the assumption that Tm-PxB-2 is the first described naturally occurring pyPxB.
Inevitably, more research must be undertaken to understand the mechanisms in the plant
to produce those rare candidates. By investigating the anti-oxidative bioactive potential of
those compounds in-vitro, it becomes evident that pyPxB is comparable to Trolox. By now,
the anti-oxidative testing of PBs established as tool to initially classify potency of novel
PBs. Hereby, no extraordinary outstanding in potency of Tm-PxBs is seen compared to
data of Karg et al. on PxBs from Echinacea purpurea®®, Urtica dioica?’! or Brassica
oleracea var. sabauda (Savoy cabbage)®?®. Nevertheless, Tm-PxBs are strong
antioxidants, similar to the standard Trolox. Tropaeolum majus is used in traditional
medicine as phytomedicine to treat mild symptoms of the common cold and urinary tract

infections.® The strong anti-oxidative power of Tm-PxBs may contribute to the plant’s
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activity here.[®" Furthermore, we could unravel further inhibitors of COX-1 and COX-2 in
low micromolar range. Thereby, COX-2 inhibition was likely more pronounced than COX-
1 inhibition. Moreover, strong COX-2 inhibition was seen for 1Q, which is an active
flavonoid and known for a pronounced COX-2 inhibition, mainly.[”® Contrary, I1Q does only
possess inhibitory effects on COX-1 in high concentrations with ICs values above 100
puMU7 ) which is in alignment with our findings. During inflammation COX-2 expression is
highly induced and is therefore a common target to treat excessive inflammation and pain,
as well.P% Ud-PxB demonstrated similar potential in inhibiting COX-1 and COX-2.27]
Again, no distinct superiority of the isolated PxB of Tropaeolum majus was detected.
Taken together, these results indicate that small structural changes in the molecular
structure do not strongly influence the biological potency among PxBs. Nevertheless,
compared to commercially available and established COX-2 inhibitors, such as celecoxib
(ICs0 0.96 uM)®! the strong potential of PxBs (ICso Tm-PxB-(1/-4) 1.26/1.08) becomes
evident. Importantly, inhibition of COX-2 is believed to prevent chronic and recurrent
cystitis.[®? Of note, C-phycocyanin, a biliprotein isolated from Spirulina platensis, inhibited
bladder inflammation through inhibition of COX-2 and prostaglandin E receptor 4
expression and thereby relieved symptoms of cystitis in mice.®¥ to sum it up, our results
emphasize that Tm-PxBs contribute to the anti-inflammatory properties of this medicinal
plant by expanding the so far investigated pharmacologically active phytochemical

constitution.
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5. Part Il: Comparison of the anti-atherosclerotic potential of phyllobilins and

bilirubin on early stages of atherosclerosis
5.1 Introduction

The heme degradation substance Bilirubin (BR) is known to influence diseases related to
oxidative stress. The endogenous and continuously produced BR is slightly elevated in
serum of patients with Morbus Meulengracht, also known as Gilbert syndrome. The mild
hyperbilirubinemia of those patients correlated in several observational studies to a
decrease of developing oxidative-stress mediated diseases as hypertension, type-2-
diabetes mellitus, metabolic syndrome, obesity, cardiovascular disease, and cancer
development.®¥ Further studies indicated a relationship between high serum BR levels
and the prevention of atherosclerotic plaque formation.® In contrast, low levels are
connected to an increased risk of serious deep white matter lesions (DWMLs) which raise
the risk of impaired cognitive function and stroke.®® By acting as an agonist on PPARaq,
BR inhibits lipid accumulation, assigning it a key role in adiposity related diseases and
diabetes.®”! Taken together, there is strong evidence for the anti-oxidative effect of BR on
mainly age-related diseases. Several factors, however, including BR's low solubility and
bioavailability, and its toxicity, limit its therapeutic use.®® By being water soluble and with
a potentially better bioavailability, which needs to be determined, PBs, BR's plant

counterparts, might overcome these limitations (Figure 19).

Phyllobilins (PBs)
chlorophyll catabolites

Bile pigment
Bilirubin (BR)

Figure 19 Molecular structures of Bilirubin (Br) and phyllobilin (PB) candidates DPxB, PleB and PxB.
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Atherosclerosis is a wide-spread disease that is associated with risk factors such as high
blood pressure, obesity, and smoking, among others. Progressive lesion formation in the
arteries and consequent narrowing of the lumen condition coronary artery disease (CAD)
and cerebrovascular diseases.® To date, CAD encounters for one third of deaths with
17.8 million deaths worldwide per year.['® Eventually, acute coronary syndrome (ACS),
myocardial infarction or stroke appear as result of plaque rupture or thrombosis.®
Systematically, atherosclerosis progression can be divided into characteristic steps and
six stages of lesion formation. The so-called early lesions, stage | and I, encompass the
development of small to bigger lipid deposits in the intimal layer and the formation of
macrophage derived foam cells in the arterial wall, which is favored by oxidated LDL
(oxLDL). Late or advanced lesions of stage lll, manifest in the massive recruitment of
lipids, foam cells and immune cells. Moreover, intima, media and adventitia thicken, and
the artery wall shows signs of deformation, which is finally extensively aggravated in the
lesion dependent subtype stages IV- V1.l Qverall, chronic inflammation and endothelial

dysfunction are driver of atherosclerosis progression.['%?

Endothelial dysfunction resembles an imbalance of redox status and manifests in
enhanced lipoprotein oxidation and permeability, increased leucocyte accumulation as
well as adhesion, changes in extracellular matrix metabolism, thereby contributing to a
dysregulated hemostatic-thrombotic state. Further nitric oxide metabolism and vascular
reactivity are affected.''®! Redox imbalance is manifested by an overproduction of reactive
oxygen species (ROS) or reactive nitrogen species (RNS) or an impaired degradation or
malfunctional antioxidant defense mechanisms of the cell, thereby causing an excess
presence of ROS."" ROS candidates are the molecules H,O>, superoxide anion (O2”),
and hydroxy free radical (*OH) which participate in numerous redox signaling pathways
interacting as signaling molecules and affect other signaling molecules.!"%! Under normal
conditions, low amounts of ROS are continuously produced either as by-products of
mitochondrial cell metabolisms or as product of reactions of enzymes as the heme
oxygenase 1, xanthine oxidase, and enzymes of the NADPH oxidase (NOX) family.!'¢]

Moreover, also exogenous factors like radiation are sources of ROS.['%7]

The NOX family consists of seven isoforms including NOX1, NOX2, NOX3, NOX4, NOX5
and, the dual oxidases Duox1 and Duox2. In phagocytic leukocytes, NOX2 was the first
discovered oxidase. By activation and production of ROS, NOX2 supports the anti-

microbial activity of phagocytes and the destruction of phagocytosed organisms. Hence,
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NOX2 got titled phagocyte NOX or gp91phox by contributing to host defense mechanisms,
as it was also found for the Duox oxidases.['%! After the discovery of the other non-
phagocytic NOX isoforms also in other cells, knowledge about the contribution of the
enzymes to signaling pathways and cardiovascular!'®, neurodegenerative!''%, cancer!''"l
and metabolic diseases!''? and other pathophysiological functions accumulated.['%7: 109l
As members of the NOX family differ in the assembly of subunits, activation and tissue
localization, the NOX family was characterized in subgroups.l'"® The structure of the
various NOX proteins is complex. Predominantly of cardiovascular relevance are NOX2
and NOX4 with high abundancy of NOX4 in endothelial cells, in particular.l'™ All NOX
share the membrane bound gp91-phox subunit, which was due to the discovery of the first
NOX2, also long-time known as NOX2 subunit and  subunit. gp91-phox together with
membrane bound p22-phox (a subunit) forms the flavocytochrome b558. Further subunits
are p40-phox, p47-phox and p67-phox. Under basal conditions they are located as
complex in the cytosol.['"¥! Activation of NOX2 appears upon phosphorylation of p47-phox
and subsequent translocation of the subunit complex to the membrane, thereby binding to
the flavocytochrome b558. Known p47-phox dependent activators are TNF-a and protein
kinase C (PKC)-activating phorbol esters.['" Moreover, Angiotensin Il can activate
NADPH oxidases.[''®! After initial activation, a signaling cascade with EGF receptor
transactivation, PI3-K and subsequent Rac activation, lead to a prolonged activation and
ROS generation.[''s 171 Whereas NOX2 activity is strongly influenced by the subunit
complex, NOX4 activity depends only on p22-phox, not on the cytosolic subunits or Rac,
and therefore is considered as constitutively active.[''® Uniformly, for all NOX members,
essential for the superoxide production is the central catalytic (gp91-phox) core consisting
of six transmembrane domains, four heme-binding histidine, responsible for trans-
membrane electron transport, and two NADPH and FAD binding cytoplasmic C-terminal
sides. Eventually, by the transmembrane transport of single electrons by the NOX
enzymes, oxygen is reduced to superoxide via NADPH, FAD and heme.['"®¥) NOX4 was
discussed to produce rather H,O, than superoxide anions.!''® However, NOX4 is located
intracellular so that release of superoxide anions into the lumen would rapidly convert into

H.0., which can reach the extracellular space by diffusing membranes.!'"®

Characteristically, adhesive proteins are involved in early stages of atherosclerosis.
Generally, four families of adhesive proteins exist: cadherins, integrins, selectins and
immunoglobulin-like adhesion molecules. During the infiltration of immune cells during

atherosclerosis, the vascular-cell adhesion molecule 1 (VCAM-1) and intercellular
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adhesion molecule-1 (ICAM-1) are important players. Both proteins are up-regulated in
endothelial cells at early sites of lesion formation.'?! Factors as blood flow, cholesterol
and oxidized LDL, inflammatory cytokines as TNF-a or IL-1B activate endothelial cells.['?"
Generally, the production of inflammatory cytokines, not only by immune cells but also by
endothelial cells and later by foam cells!'??! and vascular smooth muscle cells (VSMC)!'23],
drives the progression of lesion formation.l'"? Activated endothelium stimulates the
expression of adhesion molecules and induces multiple steps of recruitment of circulating
monocytes by rolling, adhesion and subsequent endothelial transmigration into the intima.
By interaction of selectins with glycoprotein ligands, weak binding of immune cells with
endothelial cells is favored and adhesion processes are initiated.l'?¥! Together with P- and
E-selectin, VCAM-1 mediates the first stage of tethering and rolling of monocytes and
lymphocytes as well as the second stage arrest and firm adhesion. ICAM-1 is involved in
arrest and firm adhesion of monocytes, lymphocytes, and neutrophils (Figure 20).['>5 After
transmigration into the intima, monocytes differentiate to macrophages. By ingesting
oxidized LDL (oxLDL), they derive to foam cells and contribute to VSMC migration and

proliferation and eventually fibrous lesions formation (Figure 20).l'2"]

Tethering Arrest and Transmigration
and rolling firm adhesion
Y

LDL Selectins VCAM-1 - 1!
| ,E\(ﬁ’ j38 f;lﬁ f;

- Endothelium
Adhesion molecule expression e o .
® o °
oxLDL o © o © collagen
Differentiating and \
foam cell formation ROS
ECM degredation
® MMP-9

Figure 20 Process of monocyte transmigration across endothelium involves adhesion protein
expression and MMP-9 activation. The figure was adapted from George et al.[125],

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases with tissue
remodeling functions. The proteolytic enzymes can be classified in five groups, depending
on the substance that they degrade: collagenases, gelatinases, stromelysins, matrilysins
and membrane types. Collagen cleaving MMPs are MMP-1, -2, -8, -9, -14.1'?"l Of
cardiovascular relevance is MMP-9, also named type IV collagenase or gelatinase B, by

degrading extracellular matrix (ECM), collagen IV and V, gelatin, fibronectin and elastin,
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and non-ECM proteins. MMP-9 is upregulated in pathophysiological inflammatory
diseases as atherosclerosis, among others.'?8! Moreover, MMP-9 activates proangiogenic
factors as vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF).
Cells secreting MMP-9 involve immune cells as neutrophils, macrophages, but also
fibroblasts and VSMC.['?"®! MMPs are secreted as pro-MMPs and get activated
extracellularly by modification of the pro-form with cleavage of the connection of the zinc
molecule in the catalytic core and a cysteine switch in the pro-domain. Further, apart from
proteolytic enzymes and tissue and plasma proteases, MMPs are activated by pro-MMPs
or homogenic by other MMPs.!'?al Hence, evidence accumulated recently indicating that
also an intracellular activation might be possible.l'® MMP-9 activity is endogenously
inhibited by tissue inhibitors of metalloproteinases (TIMPs), thereby binding to both pro-
MMP-9 and MMP-9. IL-1, TNF-a, and platelet-derived growth factor induce MMP-9
activity. ECM remodeling is understood as balance between MMPs and TIMPs.[1270. 130]
MMP-9 was found to play a key role in the progression of atherosclerosis, as it is highly
upregulated during the growth until the rupture of plaques and is involved in the diapedesis
of macrophages.['?’® 131 Apart from MMP-9, also MMP-2 is connected to facilitate

monocyte and lymphocyte transmigration (Figure 20).['2]
In the following part of the work, we investigated PBs and BR as potential mediators to

interfere with atherosclerosis, an oxidative stress triggered disease, in early stages of the

progression with focus on their anti-oxidative potential.

69



Part Il

5.2 Results
5.2.1 Isolation and characterization of Pp-DPxB (Vv-DPxB), Cj-PxB and Cj-PleB

Leaves of Parrotia persica tree show a remarkable change in color during autumn.
Investigating the yellow leaves by analytical HPLC analysis revealed a PB with the

characteristic UV spectrum of a DPxB (Figure 21; Supplementary Figure 24).¢!

Response [mAL]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 256 26 27 28 29 30 31 32 33 34 35 36
Retention time [min]

Figure 21 Fingerprint HPL chromatogram of a methanolic extract of a yellow Parrotia persica leaf and
peak of a DPxB. (420 nm, HPLC method Nr. 2)

Subsequently, the substance was named Pp-DPxB according to the botanical source in
the prefix. As quantified by UV/Vis spectroscopy, the pure compound Pp-DPxB was
obtained with a yield of 3.6 mg (5.69 umol) by extracting a total of 200 g of the leaves. For
further characterization, HR ESI-MS spectra (Supplementary Figure 25) as well as NMR
were recorded (Supplementary Figure 28). By the [M-H] as well as [M+H]* molecular
ions of HR ESI-MS spectra the chemical formula of CssH3sN4Os was deduced which is
connected to an already published structure found in Vitis vinifera namely Vv-DPxB.[2% 132]
Indeed, NMR proved that Pp-DPxB and Vv-DPxB are the same substances, thus we
established Parrotia persica as novel source for this substance. NMR data of Pp-DPxB
(Vv-DPxB) is presented in the chapter 3.2.5 (spectroscopic data of isolated compounds)

and 'H NMR spectrum is attached to the Supplementary (Supplementary Figure 28).
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Figure 22 Pp-DPxB of senescent Parrotia persica leaves is identical to Vv-DPxB of fading Vitis
vinifera leaves.

As the extraction of Cj-PleB and partial-synthesis of Cj-PxB was previously established by
Karg et al®® in our lab, identity of the substances is portrayed by HR ESI MS spectra in
the appendix (Supplementary Figure 26;Supplementary Figure 27). Accordingly, Cj-
PleB was isolated from senescent Cercidiphyllum japonicum. After subsequent oxidation
on silica gel, Cj-PxB was formed. Cj-PleB, Cj-PxB and Vv-DPxB were tested in the
following part Il of this thesis and structures are presented in Figure 19. The naming of

the substances was abbreviated by omitting the prefix for clarity.
5.2.2 Effects of PBs on endothelial cell proliferation

Firstly, the PBs were tested for their influence on proliferation of HUVEC cells to
subsequently perform cellular experiments in a concentration range in which proliferation
is not affected by the compounds. Thereby differences in potency among the candidates
were detected. PxB inhibited proliferation in low micromolar concentrations with an ICso
value of 8.0 uM. Interestingly, this effect was not seen for its structural counterplayers
DPxB and PleB in the tested concentrations (Figure 23). As cytotoxic effects are already
known for PxB?, proliferation experiments were crucial to ensure cellular testing under
nontoxic concentrations. In the literature, BR is described to exhibit cytotoxic effects in
high concentrations with ICso values above 75 uM as accessed with several cell lines.['*]
BR concentrations within the normal physiological range are between 3-20 yM for woman
and between 5-29 uM for men, respectively.'**! Furthermore, solubility of BR in the cell
culture medium of HUVEC cells above 50 uM is challenging. We therefore considered a
maximum of 20 yM of BR as nontoxic working concentration within physiological relevance

for the previous experiments.

71



Part Il

HUVEC
200+ e PxB (IC5,=8.0 M)
= 150- P . ; —a~ DPxB (ICsq: nd)
5 — :i - i -a— PleB (IC5q: nd)
§ 100- X ?
k: i
3 50_ ................................................
g t
E 0 i T i T
DMSO -1 0 2
-50- log ¢ [uM]

Figure 23 PBs differently influence proliferation of endothelial cells. For testing anti-proliferative effects
of PBs on HUVEC, cells were treated for 72 h and then stained with crystal violet. ICso values were
calculated by nonlinear regression after normalizing to vehicle control with subtracted day zero value.

5.2.3 Anti-oxidative potential of phyllobilins in the context of atherosclerosis

Next, we investigated the antioxidant properties of PBs and BR in-vitro (Figure 24 A, B)
and in-cellulo (Figure 24 C) on endothelial cells in nontoxic concentrations.
Atherosclerosis is a progressive disease mediated by oxidative stress, influencing not only
early steps as driver for endothelial dysfunction, but also lipid oxidation and foam cell
formation of macrophages.!"3® Measuring the ferric iron reducing power (FRAP), strongest
anti-oxidative power, twice as potent as Trolox, was observed for BR (Figure 24 A).
Similar results were obtained in an experiment based on the ability to scavenge radicals
of DPPH, a stable free radical. Although this time no significant difference was detectable
compared to Trolox, scavenging activities of BR were at least as high as for the tested
PBs (Figure 24 B). For both experiments, PleB was the weakest one, indicating that the
C15 double bond is crucial for potency. Next, anti-oxidative properties were investigated
in the cellular setting. Of note, by utilizing an intracellular ROS assay, PleB significantly
scavenged ROS in nanomolar concentrations to 32%. Only BR had stronger potency
(44%). Despite that, PxB (22%) and DPxB (16%) showed anti-oxidative effects on
endothelial cells, too (Figure 24 C). A crystal violet staining ensured that compounds were

not cytotoxic under the chosen conditions (Figure 24 D).
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Figure 24 PBs are potent antioxidants in-vitro and in-cellulo on HUVEC cells. (A) Ferric reducing ability
of compounds (100 uM) was tested via FRAP assay. (B) In-vitro radical scavenging activity was assessed by
a DPPH assay, indicating comparable properties to the control Trolox. Thereby 50 yM of compounds were
added to the radical DPPH for 30 min of incubation and absorption was measured afterwards. (C) PBs
scavenge ROS in HUVEC cells as assessed by intracellular ROS assay without affecting cell viability (D). (C)
Cells were stimulated with compounds (100 nM) and Trolox (100 uM) for 24 h. BR strongly acted as radical
scavenger in HUVEC cells. (B,C) For solubility reasons, BR was dissolved in NaOH, BR ctrl was NaOH in
medium; all other compounds were dissolved in DMSO. (D) Cell viability was assessed by crystal violet
staining after the ROS assay. Values represent mean + SD of three independent experiments. (ns, not
significant, *P < 0.05, **P < 0.01, ****P < 0.0001)

5.2.4 PBs impact NADPH oxidase activity and protein levels

Recently, Zheng et al. published influences of BR, BV and phycocyanobilin on NADPH
oxidase activity of normal human mesangial cells (NHMC).['* In literature, the oxidases
are presented over all as the major dominating source of ROS species in cells and are,
under normal conditions, essential for cellular redox balance.l'! |n a state of redox
imbalance, e.g. caused by disturbed ROS production, excess amount of ROS can result
in severe pathophysiologic conditions, notably endothelial dysfunction and related
diseases as atherosclerosis, hypertension, diabetes and acute, respiratory distress
syndrome (ARDS).["*”) We investigated whether or not PBs and BR can potentially inhibit
NADPH oxidases in endothelial cells. Firstly, we established a chemiluminescence assay

to determine the NADPH oxidase activity. Being the most potent substance, DPxB
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significantly decreased the enzyme activity by 60%, followed by PxB (45%) and BR (44%).
Although no significancy was calculated for PleB, a reduction of NAPDH oxidase activity
was observed (20%) (Figure 25).

NADPH oxidase activity

*okokok

EEE TS

Relative mean RLU/s [%]

dokokk  kokokk

NADPH (100 pM)

Figure 25 PBs and BR decrease NADPH oxidases activity as assessed in a chemiluminescence assay.
PxB, DPxB and BR significantly inhibit NADPH oxidases activity. Prior to the addition of compounds and cell
lysate supernatant, lucigenin was dark-adapted for 10 min in a white 96 well plate. After initial
chemiluminescence reading for 10 min, reaction was started by adding NADPH. Luminescence was measured
for 30 min. Final concentrations for compounds and lucigenin were 20 uM, for NADPH 100 uM were applied.
NADPH oxidase activity was normalized to the NADPH added control after subtraction of background reading.
DPI and PA were controls for inhibitor and inducer. BR was dissolved in NaOH, BR ctrl was NaOH in Krebs-
HEPES buffer; all other compounds were dissolved in DMSO. Values represent mean + SD of three
independent experiments. (ns, not significant, ****P < 0.0001)

Secondly, we elucidated the influence of PBs and BR on NOX4 protein and mRNA levels,
as NOX4 was found to be the major dominating NOX subtype in HUVECs.'""! Apart from
influencing NADPH activity, further evidence from the literature reveals downregulation of
NOX4 protein and mRNA level by BR and BV treatment on angiotensin Il stimulated
cultured human mesangial cells.['* Immunoblotting of HUVECS, that were stimulated with
PB for 24 h also showed a visible downregulation of NOX4 protein levels in HUVECs,
which was significantly reduced only for BR (Figure 26 A, B). Levels of NOX4 mRNA and
p22phox were not significantly altered by PB or BR treatment (Figure 26 C, D).
Additionally, gPCR experiments were conducted with 30 min of pre-stimulation with PBs
and BR and TNF-a incubation for 24 h to induce NOX4. Contrary to the literature!'%,
however, no significant induction of NOX4 mRNA was detected under these conditions

(Supplementary Figure 29).
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Figure 26 Influence on NOX4 protein and mRNA levels and p22phox subunit mRNA expression. (A,B)
HUVEC cells were treated for 24 h and NOX4 protein levels were analyzed by immunoblotting. (A) Relative
quantification of protein levels of (B). (C,D) mRNA levels were quantified by gPCR after 24 h of treatment. (A-
D) Cells were stimulated with 20 uM of DPxB, PleB, BR and 5 pM of PxB. (A,B) Values represent mean +
SEM of four independent experiments or (C,D) of three independent experiments. (ns, not significant, *P <
0.05)

5.2.5 PBs and BR effect monocyte migration and endothelial transmigration

The invasion of monocytes and their following transmigration into the intima is an early
hallmark in the pathogenesis of atherosclerosis displays. In a transwell setup, Keshavan
et al. and Vogel et al. showed inhibitory effects of BR on endothelial THP-1
transmigration.®® 491 So far, little is known about the mechanisms of BR affecting
monocyte transmigration. To start this chapter as a driving part during atherosclerosis
progression, we tested the anti-migratory influence of PBs and BR on THP-1 cells in a
transwell setup, keeping the experimental setup similar to the published experiments
performed with BR.°® 401 After 4 h of migration, PxB, DPxB as well as BR showed
significant effects on the migration of THP-1 monocytes (Figure 27).

75



Part Il

A B 501 150
9 S
@ 100 @ 100-
3 3
(5] Q
° §e]
2 2
© | © -
5 0 5 %
£ £
0- 0-
MCP-1 MCP-1

Figure 27 PBs and BR inhibit THP-1 monocyte migration. (A) Schematic presentation of a Boyden
chamber transwell. 100 ng/ml MCP-1 in RPMI medium supplemented with 10% FBS served as attracting
medium in the lower chamber. Upper chamber consisted of starving medium with 2% FBS. (B) Calcein-AM
stained THP-1 cells were treated with compounds PxB (8 pM), DPxB, PleB, BR (20 uyM) and were led to
migrate for 4 h in a transwell. Fluorescence of migrated cells was measured at 495/520 nm (ex/em) and
normalized to the DMSO or NaOH control. BR was dissolved in NaOH, analogue BR ctrl was NaOH in medium;
all other compounds were dissolved in DMSO. Values represent mean + SD of three independent experiments.
(*P < 0.05, ***P < 0.001, ****P < 0.0001)

Further, we investigated the transmigratory properties of THP-1 cells through a monolayer
of endothelial cells in a two-cellular model. PxB significantly reduced transendothelial
migration of THP-1 cells (Figure 28 B). For the two other compounds, DPxB and PleB, no
significant influence on transendothelial migration of monocytes was observed. In contrast
to the experiment in Figure 27, in this two-cellular model the migration of the monocytes
was diminished by the endothelial monolayer, and so the difference between unstimulated
and migration-induced controls was low (Figure 28 B). To compensate the low migration
rate of the cells, the relative induced migration was additionally evaluated (Figure 28 C).
PxB, DPxB and PleB, show significant effects on the calculated induced migration of THP-
1 cells.
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Figure 28 PBs influence THP-1 monocyte migration through a monolayer of HUVEC. (A) HUVEC cells
were seeded on collagen G and fibronectin coated filters of Boyden chamber transwells. (B,C) Upon reaching
confluency, HUVECs were treated with TNF-a (10 ng/ml) for 24 h. PxB (8 uM), DPxB, PleB (20 uM) were
added to upper and lower chamber. Calcein-AM labelled THP-1 were seeded in the upper chamber and
migration was stopped after 24 h. Fluorescence of migrated cells was measured at 495/520 nm (ex/em) and
(B) normalized to the DMSO control. (C) Quantification of data of (B) as relative induced migration by
normalizing to the mean difference of positive and negative control. Values represent mean + SD of five
independent experiments. (*P < 0.05, **P < 0.01, ****P < 0.0001)

5.2.6 PBs and BR do not modulate protein and mRNA expression of adhesion
proteins

Adhesion of monocytes to endothelial cells is mediated by adhesion proteins as VCAM-1,
ICAM-1 as well as selectins that are expressed on the surface of the endothelium.l'?%]
Common investigations on anti-atherosclerotic drugs are often related to the inhibition or
downregulation of those surface proteins.l'*"! Therefore, we tested PBs and BR for their
influence to impact TNF-a induced protein and mRNA levels HUVECs. However, on
protein as well as on mRNA level, no significant impact of the chemical treatment was
observed (Figure 29-Figure 30). Of note, BR concentration had to be limited to 5 uM due
a strong autofluorescence of BR to ensure no interference on the VCAM-1 PE labeled

antibody detection (Supplementary Figure 30).
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Figure 29 PBs and BR do not influence VCAM-1 and ICAM-1 protein expression levels. (A) VCAM-1 and
(B) ICAM-1 protein expression levels were analyzed by Flow cytometry after incubation of cells with 10 ng/ml
TNF-a for 16 h with a pre-stimulation time of 30 min with compounds or controls as indicated. DMFU and DXM
served as positive controls for VCAM-1 and/or ICAM-1 expression inhibitors. Values represent mean + SD of
three independent experiments. (**P < 0.01, ***P < 0.001, ****P < 0.0001)
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Figure 30 PBs and BR do not affect mRNA expression levels of VCAM-1, ICAM-1 and E-selectin after
4 h. HUVEC cells were pre-stimulated for 30 min with 20 uM of DPxB, PleB, BR and 8 uM of PxB prior to
addition of TNF-a (10 ng/ml) for 4 h. Values represent mean + SD of three or four independent experiments,
as graphically presented. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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5.2.7 Modulation of MMP activity by PBs and BR

MMPs play a critical role in endothelial remodeling processes and are upregulated
pathologically in atherosclerosis. They are produced by macrophages and endothelial
cells and subsequently secreted into the surrounding environment. Collagenases are
members of the MMP family which degrade ECM.!"?8 Furthermore, inhibiting MMP activity
is related to negatively affect monocyte transmigration through the endothelium and
maintaining endothelial function. ['27®: 131 Consequently, targeting MMP activity is therefore
a promising approach to impact this key step of atherosclerosis progression. To
investigate potential inhibitory effects of PBs on MMP-9 activity, firstly a confocal
experiment was conducted based on the ability of MMPs of the endothelium to degrade
collagen |V, visible by the formation of perforations in the stained collagen. NNGH served
as positive control that is known to inhibit multiple MMPs.['*2l Remarkably, BR and PxB
altered on the intactness of the collagen IV lawn as evident by increased fluorescence
intensity of collagen IV. Not significant, were effects on the endothelium of the other tested
PBs, DPxB and PleB (Figure 31 A). The results obtained from confocal microscopy
indicate that PBs mainly inhibit MMP-9 activity. MMP-9 is a highly expressed important
collagenase in vascular endothelium which contributes to endothelial dysfunction in
atherosclerosis.['* Thus, the compounds were tested to directly influence MMP-9 activity
in an in-vitro approach performed by the group of Dr. Stefan Schwaiger (University of
Innsbruck, Austria) (Figure 31 B). Indeed, strong inhibitory effects in low micromolar
concentrations (ICso 11.53 uM) was detected for PxB. Additionally, PleB, DPxB, and BR
inhibited the enzyme at higher concentrations. ICso values were 23.07 pM for PleB, 33.10
UM for DPxB, and 52.24 uM for BR, respectively. Next, we analyzed protein levels of
HUVEC and THP-1 cell lysates for MMP-2 and MMP-9, to investigate whether the
compounds alter the expression of MMPs (Figure 31 C). MMP-2 is involved in the process
of lymphocyte diapedesis.'?®! However, no influences on the protein expression of MMP-
2 in HUVEC and MMP-2 and MMP-9 in THP-1 cell lysates was found. Of note, as MMPs
are secreted into the surrounding environment, high amounts of MMPs are detectable in

cell suspensions.
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Figure 31 PBs and BR influence MMP-9 activity without affecting cellular protein expression levels
in-vitro and in-cellulo. (A) HUVEC cells were seeded on collagen IV coated slides and treated for 24 h with
substances as indicated, before staining with anti-collagen 1V antibody (green) and Hoechst (nuclei, blue),
and analysis by confocal microscopy using ImagedJ. Scale bar 50 um. One representative image out of three
independent experiments is shown. (B) /n-vitro MMP-9 activity assay was performed by the group of Dr. S.
Schwaiger (University of Innsbruck, Austria). Residual MMP-9 activity was normalized to vehicle control after
compensation of the self-fluorescence of the substances and ICso values were calculated by nonlinear
regression analysis. (C) Protein levels of MMP-2 in HUVEC lysates and MMP-2 and MMP-9 in THP-1 cell
lysates after treatment with 20 yM of DPxB, PleB, BR and 5 uM of PxB for 24 h as analyzed by Western
blotting and subsequent quantification. One representative Western blot out of three is shown. (A,B,C)
Values represent mean + SEM of three independent experiments. (ns, not significant, *P < 0.05, **P < 0.01)
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5.3 Discussion

Inevitably, the investigations on novel sources and molecules from plants are drivers for
therapeutic drug research. Monocyte migration and transmigration are hallmarks in
atherosclerotic plaque formation, which is a major complication in CAD leading to 17.8
million deaths word wide annually.'®! Predominately, atherosclerosis is a lifestyle
influenced disease triggered by oxidative stress.!'3®! Even though the disease is well
understood, apart from treating hypercholesterolemia, preventative therapies are not
commonly pursued as the disease manifests years after its progression and the optimal
timepoint of starting preventative interventions remains to be determined.l'*! PBs
potentially open a promising approach to interfere with early stages of atherosclerotic
plague formation as they are part of human daily nutrition. Oxidative stress is the major
disruptor of the proper functionality of the endothelium. Damages in its cell monolayer
contribute to activate the endothelium which then favors inflammation processes by
secretion of cytokines.l'> 1451 The balance between oxidative stress markers, such as
superoxide anions, and stress cleaving mechanisms is disturbed.'™ Based on the
structural similarities to BR and its known anti-atherosclerotic properties, we could find
parallel activities of PBs with regards to impacting monocyte transmigration and oxidative
stress influenced mechanisms in the early stages of atherosclerosis. We investigated
three different PBs, two of which were isolated from Cercidiphyllum japonicum (PleB,
PxB). DPxB was identified in senescent Parrotia persica leaves and matches the
modifications of Vv-DPxB, thus providing a new source for this molecule, that was

previously only known as a component of senescent grapevine leaves.['32

5.3.1 In-cellulo anti-oxidative radical scavenger ability of PBs and BR is potentially
mediated by the inhibition of NADPH oxidase activity and impacts endothelia

function maintenance

Radical oxygen species (ROS) act as signaling molecules at a physiological level, thus
being important for cellular biological feedback mechanism and the regulation of pathways
such as PI3K, MAPK, Nrf2 and Refl-mediated redox cellular signaling or iron
homeostasis, among others.'%! To maintain a balanced level in ROS amount and to limit
the pathophysiological side effects of cell death and apoptosis, ROS are cleaved and
degraded by cells. However, the balance can be disturbed by extensive ROS production,
which subsequently cannot be compensated by the cells.l'™ As during atherosclerosis,

this equilibrium is disturbed by an extensive amount of ROS and manifests in endothelial
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dysfunction.l'45"4€1 Qur data underline the potential to interfere with oxidative-triggered
endothelial disruption by acting as potent radical scavenger on endothelial cells in
nanomolar range. Additionally, our results clearly demonstrate that PBs are taken up by
the cells and exert pharmacological effects. The major producer of ROS species in the
vascular endothelium is the membrane bound oxidase NOX4, consisting of the central
core unit gp91-phox and the subunit p22-phox. NOX enzymes reduce oxygen to
superoxide (ROS) via NADPH, FAD and heme.!"'¥l NOX4 is activated by several factors
attributed to atherosclerosis like oxLDL, hypertension or shear stress.!"'-"'8 Moreover, by
induction of oxidative stress in cells, NOX4 contributes to endothelial cell damage by
blocking cell replication.'*”! We found that PBs and BR significantly decrease NOX4
activity in HUVEC lysates after a short incubation time of 30 min. This leads to the
conclusion that PBs directly interfere the production of ROS in endothelial cells. By
revealing that bilins scavenge ROS in endothelial cells and inhibit NOX activity, it can be
summarized that the tested bilins are not only scavenger but also destroyer of the
production of oxidative stress. Of note, the ability to inhibit NOX4 activity is not new for
bilins. Investigations on diabetic nephropathy previously showed that BR and Biliverdin
(BV) inhibited NOX activity on living human renal mesangial cells after incubation for 48
h. Furthermore, downregulation of NOX4 mRNA and protein levels was observed for
angiotensin Il stimulated cultured human mesangium cells by BR and BV treatment.!'38
These results are substantiated by studies of other bilins, phycocyanin and
phycocyanobilin from Spirulina platensis, on diabetic nephropathy. Again, dose-
dependent inhibitory effects of bilins, including BR, BV, and phycocyanobilin were
detected on superoxide production in cultured human mesangial cells. Preventative
effects on NOX4 expression were found after oral administration of phycocyanin and
phycocyanobilin in diabetic mice.!'*® Similar to atherosclerosis, diabetic nephropathy is
strongly connected to cellular dysfunction induced by oxidative stress. Therefore, inhibiting
vascular NOX as main source of ROS also in the kidney is regarded as therapeutic
approach to conquer diabetic vascular nephropathy.['8l Additionally, evidence on the
inhibitory potential of BR on the NOX activity of macrophages was found, which might rely
on an inhibition of NOX2 activity, mainly."*) NOX2 is the major NOX subtype in phagocytic
cells. However, contrary to the findings in cultured human mesangium cells!'*], BR did not
exhibit influences on the subunit expression levels of gp91-phox, p22-phox, and p47-phox
proteins in the LPS stimulated macrophages RAW 264.7.1'*) Summarizing the current

evidence from literature, contradictory findings of BR on protein or mRNA expression of
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NOX enzymes are reported. However, there is consensus on the ability of BR to inhibit

the activity of NOX enzymes to produce ROS.["36: 138, 149]

Theories on the underlying mechanisms of BR, BV but also others, such as protoporphyrin
IX and hemin, are focusing on the process of enzyme activation. It is assumed that, due
to the hydrophobic properties, interactions with hydrophobic cytosolic components of the
enzyme lead to a dysfunctional translocation of the cytosolic components to the membrane
bound subunits, which is necessary for the activation of the enzyme. Therefore, bilins do
not inhibit the active enzyme but the subunit assembly of the oxidase.["* Our findings are
in line with this hypothesis as the activity of the NOX enzymes is significantly inhibited by

PBs and BR over a short timeline of only 30 min.

Apart from the NOX activity inhibition by BR and PBs, we found that BR significantly
decreases NOX4 protein level in HUVEC cell lysates, whereas effects were not significant
for the PBs PxB, DPxB, and PleB. Further, investigations on mRNA levels did not reveal
significant influences of all the substances on NOX4 and the expression of its active
subunit p22-phox for TNF-a activated cells as well as for non-activated control cells. Thus,
TNF-a stimulation of the cells did not show an expected induction in mRNA expression,
which is contrary to reports in literature.['*® To summarize, although effects of PBs on
MRNA and protein expression of NOX4 were non-elusive, PBs and BR clearly reduced
NOX activity.

Comparing the potency of PB candidates in the different experiments, no correlations can
be found. BR was the most anti-oxidative candidate in in-vitro and in-cellulo approaches.
However, this does not account for the ability to inhibit NOX activity. PleB was the weakest
to incorporate electrons or radicals in-vitro, potentially due to its smaller delocalized
electron system, as assessed by FRAP and DPPH assay. This finding is in line of the fact
that PleB inhibits superoxide production in the NOX activity assay in cell lysates. Other
than that, stronger effects were seen on in-cellulo ROS scavenging ability. Potentially
other influences like improved cellular uptake amplifies the effects of PleB in living cells,
which remains to be elucidated. DPxB inhibited NOX activity as most potent candidate but
possessed a similar ROS-scavenging capability to PxB in HUVEC cells. Therefore,
conducting several experiments are necessary to evaluate the full picture of the anti-

oxidative potential of bilins, including in-vitro and in-cellulo approaches.
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Taken together, strong evidence hints towards a direct inhibition of NOX enzymes
activation by bilins, including PBs, leading to suppression of ROS production in endothelial
cells. We are the first research group that shows that PBs diminish endothelial NOX
activity. By acting as radical scavenging molecules together with the preventative ability
to shutdown ROS production via NOX4 inhibition in endothelial cells, PBs can potentially
interfere with the manifestation of endothelial dysfunction during early stages of

atherosclerosis.

5.3.2 Effects of PB and BR on diapedesis of monocytes is not mediated by the

expression of adhesive proteins

Indisputably, a hallmark in atherosclerosis development is the infiltration of immune cell
across the endothelium into the intima. We could prove that PBs and BR slow down the
migration of monocytes across a membrane attracted by a chemotactic agent. Moreover,
monocyte diapedesis across activated endothelial cell monolayers is influenced by PBs,
most pronounced for one candidate PxB. As a result, we could demonstrate that PBs
potentially interfere atherosclerosis progression during the early stages of plaque

formation.

BR is known to inhibit transendothelial lymphocyte migration, but not adhesion of the
lymphocytes to endothelial cells. Accordingly, regulation of adhesive protein expression
was not found to be altered under treatment with BR.® %01 Mechanisms that mediate
lymphocyte diapedesis are most likely to involve adhesive proteins.['?%l Consistent with
previous reports on BRI 40 our results show that PBs do not influence TNF-a induced
VCAM-1, ICAM-1, and E-selectin mRNA and protein expression levels of HUVECs as
other natural products, Flavopiridol!"™" for instance. Consequently, the decreased
monocyte migration must be attributed to some other pathway. Literature vaguely
hypothesizes that BR interferes the signaling cascades of ROS in endothelial cells by its
strong anti-oxidative properties. ROS is produced in downstream pathways as a response
to the activation of VCAM-1 and ICAM-1 by leukocyte binding via integrins.[%?
Subsequently, BR is speculated to prevent the effects of intracellular ROS, which modifies
endothelial junctions, thereby promoting transmigration of leukocytes.®® Theoretically, this
could also be feasible for PBs as well, as our results outline that PBs are antioxidants that

scavenge ROS in endothelial cells.
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As we detected inhibitory potency of BR and PBs on the migration of monocytes itself this
effect needs to be considered while interpreting the inhibitory potential of the substances
on transendothelial migration of monocytes. To our knowledge, monocyte migration
studies were not conducted for BR so far. Recently, BR and PBs were found to inhibit
actin dynamics and cell migration of adherent cells.l?®@ Without affecting cell viability,
disruption of the actin cytoskeleton and silencing of dynamic podosomes leads to an
inhibition of monocyte and macrophage migration as found by research on the drug
angiostatin.l">® Considering the anti-migratory effects of PBs and BR on monocytes, it can
be hypothesized that PBs and BR exhibit influences on the deceleration of monocyte
migration by interacting with actin on the monocyte cell surface. Thereby, our findings
could open a new vista for a different mode of action of bilins in affecting transendothelial

migration of monocytes, which is potentially not only limited to the disease atherosclerosis.

5.3.3 Reduced monocyte migration by PBs and BR is potentially related to NOX4
and MMP-9 enzyme activity inhibition

Our work is the first report on a direct inhibition of MMP-9 enzyme activity by PBs in-vitro
and in-cellulo in a low micromolar range. Similarly, BR inhibited MMP-9 activity, which is
in accordance with existing literature. BR is reported to block anti-VCAM-1 activation of
MMP-2 and MMP-9 produced by endothelial cells, as well as the VCAM-1 dependent
trans-endothelial migration of lymphocytes. Involvement of the ROS scavenging ability of
BR was underlined as its non-antioxidant conjugate ditaurobilirubin does not inhibit
migration.['*?) Besides, to our knowledge, ICsy of BR on in-vitro MMP-9 has not been
determined yet by other groups. Investigations on other natural products on MMP-9
inhibition as caffeate and silbenoids exhibit ICsy values of 1-15 uM, and flavonoids obtain
ICso values from 2-32 uM. Natural products are reported to act selectively on MMPs, being
superior to synthetic, highly potent MMP-inhibitors that reach low nanomolar ICso < 10 nM,
but suffer in selectivity.['® To summarize, PBs show in-vitro inhibition in low micromolar
ranges on MMP-9 activity similar to other potent natural compounds, while PBs (ICso 12-
33 pM) are notably superior the activity of BR (ICso 52 uM). Whether the effects of PBs on
MMP-9 are selective among the other MMPs must be elucidated by testing different MMPs

on activity inhibition in the future.

In addition, our findings on MMP-9 inhibition strongly indicate that PBs and BR potentially
reduce monocyte migration across activated endothelium by influencing the downstream

signaling of VCAM-1 with an involvement of the endothelial-associated MMP and NOX
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enzymes. In atherosclerosis, highly elevated MMP-9 levels are related to the formation,
destabilization, and rupture of plaques. It was shown that loss of MMP-9 activity
diminished macrophage diapedesis and reduced atherosclerotic plague growth in
mice.l'?® 311 |n this regard, an involvement of MMPs on monocyte and T lymphocyte
transmigration through ECM was found to be related to VCAM-1 inducing MMPs secreted
by the endothelium not by lymphocytes!'®®, thereby facilitating the infiltration of immune

cells by extracellular matrix (ECM) degradation.!'?¢!

Moreover, while mediating lymphocyte migration, VCAM-1 signaling was found to impact
not only MMP activity but also endothelial NOX. More precisely, the activation of VCAM-1
induces NOX enzymes of the endothelium which consequently produce H2O,, in other
words ROS, which subsequently leads to an induction of endothelial-cell associated MMP
activity. Consequently, NOX and MMPs are required for the diapedesis of the immune
cells and inhibition of the enzymes NOX, MMPs as well as scavenging endothelial ROS is
a promising approach to break down leukocyte transendothelial migration.!">®! Inhibitors of
NOX activity as diphenyleneiodonium chloride (DPI) and apocynin are capable to block
migration without affecting adhesion of lymphocytes. Same was found for molecules that
scavenge ROS in cells, since binding to VCAM-1 was found to induce ROS production in
endothelial cells by stimulating NOX enzyme activity.'s”! By proving the strongly
pronounced potential of PBs to scavenge endothelial ROS, inhibit NOX and MMP-9
activity, we open a chapter for PBs as phytochemical substances to counter

atherosclerosis.

As a result of the downstream VCAM-1 signaling effects, the activity of the substances on
in-vivo MMP inhibition and their ability to inhibit NOX activity in endothelial cell lysates may
be connected. As discussed above, numerous hints are pointing out that ROS, which are
produced by the NOX family enzymes, are involved in the regulation of MMP expression
and/or activation.[''® This fact could potentially explain our results, in which differences in
the potency of the bilins on in-vitro and in-cellulo MMP-9 inhibition was visible. For BR, for
instance, strongest in-cellulo inhibition on endothelial MMP-9 activity, as assessed by
reduced collagen IV degradation, was detected. Contrary, BR obtained highest ICso on
MMP-9 inhibition in-vitro, among the tested bilins. It can be hypothesized that in-cellulo
the potency of BR is favored by stronger inhibition of NOX enzyme activity which
compensates the high ICs on in-vitro MMP-9 activity.
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5.3.4 Inhibition of MMP-9 by PBs and BR can impact endothelial dysfunction and
VSMC migration

On the one hand, apart to the impact of bilins on MMPs involved in leukocyte
transmigration, our findings on MMP-9 activity inhibition by PBs and BR, support also our
hypothesis that bilins could maintain endothelial functionality. MMP-9 is involved in the
activation of endothelial cells and acts in a pro-inflammatory and pro-apoptotic manner on
the endothelium.!'#3! Consequently, inhibition of MMP-9 supports our findings on NOX
activity inhibition by our compounds, providing evidence that bilins diminish pathological

dysfunctional endothelium.

On the other hand, our findings also build the foundation for other research opportunities
regarding the impact of bilin treatment in later stages of atherosclerosis progression. In
lesions, MMP-9 is secreted from distinct cell types including macrophage foam cells and
SMCs as response to inflammatory stimuli.'?’?f MMP-9 is involved in all stages of
atherosclerosis and for example enhances infiltration of smooth muscle cells (SMC) to
migrate into lesions by degrading the surrounding ECM. Eventually, MMP-9 enables
proliferation of SMCs. By secreting collagen and ECM proteins, SMCs induce a so-called
fibrous cap formation. Finally, MMP-9 was also reported to be responsible for plaque
rupture and destabilization by excessive proteolysis.!'?72 1% Summing up, the potential of
PBs and BR to interfere MMP-9 induced mechanisms in later stages of atherosclerosis as

plague formation is a promising approach for future investigations.
5.3.5 Potential impact of PBs in next stages of atherosclerosis progression

Existing data suggest that BR interferes cholesterol biosynthesis!'*¥, cholesterol
metabolism!['®% and lipid peroxidation('®!l. Hypercholesterolemia and elevated LDL levels
are risk factors of atherosclerosis. In particular, oxidized LDL has an impact on the release
of phospholipids, which can activate the endothelium and induce atherosclerosis.['6?
Further, oxLDL can trigger the production of ROS via NOX activation, which as discussed
leads to the activation of endothelial cells and macrophages.l'* To conclude,
investigating if PBs, as antioxidants, potentially also interfere with cholesterol and LDL
associated mechanisms during atherosclerosis progression may be a promising direction

for future research.
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6. Contribution: Redox-Mediated Amination of Pyrogallol-Based Polyphenols
6.1 Introduction

For the testing of anti-oxidative capacity of substances, various methods and assays are
available, assessing different mechanisms of anti-oxidative reactions. Generally, two
major reaction types can be named, Hydrogen Atom Transfer (HAT) and Single Electron
Transfer (SET) mechanisms. HAT mechanisms are defined by hydrogen donation of
antioxidants to fend off radicals. In contrast, in SET-based reactions, the reducing ability
of antioxidants is based on electron transfer to other substances. Often, both mechanisms
go hand in hand and occur in parallel with one mechanism being more pronounced than
the other.l”® As HAT reactions are strongly influenced by the bond dissociation enthalpy
(BDE) of phenolic antioxidants, low BDE provokes a faster reaction with radicals. For
polyphenols, it has been postulated that mainly HAT reactions are responsible for the anti-
oxidative scavenging ability.['®3l To examine the anti-oxidative activity of polyphenols
structurally related to baicalein (BA) (provided by Salavat Ashirbaev, AK. Zipse, LMU
Munich), a FRAP assay, which targets SET-mechanisms, and an ORAC assay to examine
underlying HAT reactions, were performed.l”® The obtained dataset was correlated, with
computed thermodynamic properties (BDE, proton affinity) to better understand the
underlying oxidative mechanisms of the coupling reactions between polyphenol
compounds and amines of amyloid polypeptides as amylin (Natércia Bras, AK. Zipse, LMU
Munich/Universidade do Porto). Notably, in the following part, only the results that
contributed to the publication are shown and described, and, consequently, our in-vitro

data were not integrated into the results focusing on compound chemistry.

This piece of work is currently in manuscript writing process.
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6.2 Library of pyrogallol-derived polyphenols
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Figure 32 Structures of the pyrogallol-derived polyphenol library. Compounds were provided and C4 and
C6 adducts were synthesized by Salavat Ashirbaev (Prof. Zipse, LMU Munich). Molecule drawings in this

figure are originated from Salavat Ashirbaev.

6.3 Screening of a library of pyrogallol-derived polyphenols for anti-oxidative

properties

Observed FRAP values were highest for psBA (3.40), HHF (3.06) and EGCG (3.05), and
lowest for C4-TAP-PA (1.26) and C6-BA-NH. (1.24) (Figure 33 A). C4-TAP-PA showed
significantly reduced FRAP potency compared to TAP, while other C6-TAB derivatives
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possessed comparable anti-oxidative potency. psBA, which differs from BA only in the
location of a hydroxyl functionality, exhibited a threefold higher FRAP value compared to
BA. BAH2 and BA showed comparable anti-oxidative potency in the FRAP setup.
Comparing C6-Pyr-NH; to Pyr, a distinct loss in anti-oxidative capacity was observed. The
ORAC assay is based on hydrogen atom transfer (HAT) mechanisms of antioxidants and
unlike other methods, also reaction kinetics of substances are expressed by the ORAC
value."®! Among the tested polyphenols, DBN (4.87), Myr (4.40), and o-Cat (3.96)
exhibited highest ORAC values, C6-TAP-Lys (1.77), psBA (1.66), and EtPyr (1.23)
showed lowest anti-oxidative potential (Figure 33 B). Comparing TAP (2.14) with its
derivatives, no significant change in ORAC value was detectable, apart from C6-TAP-Lys
(1.77), which showed a significant loss in anti-oxidative power. For BA derived
polyphenols, no significant change in ORAC values compared to BA (2.43) was observed,
except for a significantly reduced ORAC value for psBA (1.66). ORAC values of C6-Pyr-
NH2 were comparable to Pyr, whereas values of EtPyr were significantly decreased. EGC
and EGCG, which were included as reference substances, yielded ORAC values that are

in accordance to published literature.['6%
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Figure 33 Anti-oxidative potency of polyphenols in-vitro as assessed by (A) FRAP-assay and (B) ORAC
assay. (A) Values represent mean + SD of three or four independent experiments. Two outliers were omitted
based on Grubbs’ Test (a=0.05). (B) Values represent mean + SD of four independent experiments.
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8. Appendix

8.1 Supplementary Information
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Supplementary Figure 1 HR-ESI-MS of Ep-PxB-5. Calculated exact mass for C41H48013N4: 804,32179
g/mol. ESI-MS (m/z) for C41H48013N4 [M+H]* found at 805,32831; [M-H] found at 803,31467.
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Supplementary Figure 2 (A) analytical HPL chromatogram of fresh Echinacea ratiopharm extract at
day 0 and UV spectrum of highest peak. (320 nm, HPLC method Nr. 5) (B) HR-ESI-MS of collected

substance corresponding to the peak at 28 min of (A). Calculated exact mass for caftaric acid C13H120q:
312,23000 g/mol. ESI-MS (m/z) for C13H1209 [M-H] - found at 311.045042.
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Supplementary Figure 3 analytical HPL chromatogram of fresh Echinacea ratiopharm extract with
spiked Ep-PxB-5 at day 0 and UV spectrum of Ep-PxB-5. (320 nm, HPLC method Nr. 5)
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Supplementary Figure 4 analytical HPL chromatogram of Echinacea ratiopharm extract at day 0. (320
nm, HPLC method Nr. 5)
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Supplementary Figure 5 analytical HPL chromatogram of Echinacea ratiopharm extract with spiked
Ep-PxB-5 at day 10 and UV spectrum of Ep-PxB-5 and formed corresponding PrB. (320 nm, HPLC
method Nr. 5)
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Supplementary Figure 6 analytical HPL chromatogram of Ep-PxB-5 in EtOH 22% at day 0. (420 nm,
HPLC method Nr. 4)
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Supplementary Figure 7 analytical HPL chromatogram of Ep-PxB-5 in EtOH 22% at day 10 and UV
spectra of Ep-PxB-5 and corresponding PrB. (420 nm, HPLC method Nr. 4)
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Supplementary Figure 8 HPLC trace overlay of isolated HI-PleB (orange, 220 nm) and HI-DPxB (blue,

420 nm) with characteristic UV spectra. Substances were provided by Christian Nadegger (University of
Innsbruck). HPLC method Nr.1
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Supplementary Figure 9 Overlay of HPL chromatograms of HI-DPxB before and after acidifying. (420
nm, HPLC method Nr. 1)
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Supplementary Figure 10 Chemoprofiling of Tropaeolum majus leaves. (A) Leaf samples and areas of
yellow nasturtium leaves used for extract preparation. (B) Analytical HPL chromatogram of sample Tm-yellow-
1 from (A). PxBs were identified by their characteristic UV spectra and retention times. Both, the E and Z
isomer were identified?3@ at 17.2 min and 18.8 min, respectively (420 nm, HPLC method Nr. 3).
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Supplementary Figure 11 HR-ESI-MS of Tm-PxB-1. m/zfound = 661.25238 [M-H]; m/Zcaiculated (C34H37N4O10)

= 661.251517 (A = 1.306 ppm)
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Supplementary Figure 12 HR-ESI-MS of Tm-PxB-2. m/ziund = 617.26333 [M-H]; m/Zcalculated (C33H37N4Os)

= 617.261688 (A = 2.660 ppm).
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Supplementary Figure 13 HR-ESI-MS of Tm-PxB-3. m/ziund = 645.25606 [M-H]; m/Zcaiculated (C34H37N4Oo)
= 645.256602 (A = -0.840 ppm).
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Supplementary Figure 15 MS? ESI mass spectrum of Tm-PxB-1. Fragmentation of [M+H]* at a normalized
collision energy of 10.
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Supplementary Figure 16 MS? ESI mass spectrum of Tm-PxB-2. Fragmentation of [M+H]* at a normalized
collision energy of 14.
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Supplementary Figure 17 MS? ESI mass spectrum of Tm-PxB-3. Fragmentation of [M+H]* at a normalized
collision energy of 10.
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Supplementary Figure 18 MS? ESI mass spectrum of Tm-PxB-4. Fragmentation of [M+H]* at a normalized
collision energy of 10.
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Supplementary Figure 19 Overlay of HPL chromatograms of spinach extract and isolated PleB for
comparing retention times. (320 nm, HPLC Method Nr. 1)
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Supplementary Figure 20 Atom numbering used for PxB["]
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Supplementary Figure 21 500 MHz 'H-NMR-spectrum of Tm-PxB-1 (25 °C, DMSO-Ds)
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Supplementary Figure 22 500 MHz '"H-NMR-spectrum of Tm-PxB-2 (25 °C, DMSO-Ds)
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Supplementary Figure 24 HPL chromatogram of pure Pp-DPxB (Vv-DPxB) stock with characteristic UV
spectra of all isomers.[2% (420 nm, HPLC method Nr. 1)
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Supplementary Figure 25 HR-ESI-MS of Pp-DPxB (Vv-DPxB). m/zfound = 629.26221 [M-H]; m/Zcalculated
(Cs4H37N4Osg) = 629.26896.
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Supplementary Figure 26 HR-ESI-MS of Cj-PleB. m/zfound = 645.29105 [M-H]; m/Zcaiculated (C35H41N4Osg) =

645.28461.
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Supplementary Figure 28 500 MHz "H-NMR-spectrum of Pp-DPxB (Vv-DPxB) (25 °C, DMSO-Ds)
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Supplementary Figure 29 Impact of PBs on NOX4 and p22phox mRNA levels of TNF-a activated
HUVEC. Confluent cells were treated for 30 min with compound prior to the addition of TNF-a (50 ng/ml) for
24 h of incubation. Values represent mean + SEM of three independent experiments (p < 0.05).
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Supplementary Figure 30 Dose-dependent impact of with BR stimulated HUVEC cells on PE laser
intensity. Values represent mean * SD of three independent experiments (p < 0.05).
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Supplementary Figure 31 Time course of VCAM-1, ICAM-1 and E-selectin mRNA expression of TNF-a
stimulated HUVEC. Values represent mean = SD of three independent experiments.
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8.2 Abbreviations

Abbreviation Term

°C Degree celsius

ACN Acetonitrile

ACS Acute coronary syndrome

AcOH Acetic acid

ANOVA Analysis of variance between groups
BDE Bond dissociation enthalpy

BR Bilirubin

BSA Bovine serum albumin

BV Biliverdin

CAD Coronary artery disease

cDNA Complementary DNA

CGA Chlorogenic acid

Ctrl control

Chl Chlorophyl

Cj Cercidiphyllum japonicum

cm, cm? Centimeter, square centimeter
COX Cyclooxygenase

DCF 2', 7'-dichlorofluorescein

DCM Dichloromethane

DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPI Diphenyleneiodonium chloride
DPPH 2,2-Diphenyl-1-picrylhydrazyl
DTT 1,4-dithiothreitol

DWML Deep white matter lesions

DYCC Dioxophylloxanthobilin

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
em Emission

ESI Electrospray ionization

EtOH Ethanol

ex Excitation

FACS Fluorescence-activated cell sorting
FCS Fetal calf serum

FITC Fluorescein isothiocyanate

FRAP Ferric reducing antioxidant power
g Gram

h Hour

H.O Distilled water

H,DCF-DA 2', 7'-dichlorodihydrofluorescein diacetate
H202 Hydrogen peroxide
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HAT
HCI

Hi
HPLC
HR
HUVECs
ICso
ICAM
1Q
kDA

k

M

m/z
MeOH
mg, ml, mM, mm
MgCl;
min
MMP
mRNA
MS

MW
NADPH
NaOH
nd
NH4AcO
NHMC
nM, nm
NMR
NOX
ns
ORAC
oxLDL
PAO
PB
PBMC
PBS
PCR
pH
PleB
PluB
Po

Pp
PPH
PrB
PxB

py

Hydrogen Atom Transfer
Hydrochloric acid
Humulus lupulus
High Performance Liquid Chromatography
High resolution
Human Umbilical Vein Endothelial Cells
Half-maximal inhibitory concentration
intercellular adhesion molecule
Isoquercitrin
Kilodalton
Kilo
Molar
Mass-to-charge ratio
Methanol
Milligram, milliliter, millimolar, millimetre
Magnesium chloride
Minute
Matrix metalloproteinase
Messenger RNA
Mass spectroscopy
Molecular weight
Nicotinamide Adenine Dinucleotide Phosphate
Sodium hydroxide
Not determined
Ammonium acetate
normal human mesangial cells
Nanomolar, nanometer
Nuclear magnetic resonance
NADPH oxidase
Not significant
Oxygen radical absorbance capacity
Oxidized Low-Density Lipoprotein
pheophorbide a oxygenase
phyllobilin
Peripheral Blood Mononuclear Cell
Phosphate-buffered saline
Polymerase chain reaction
Potential of hydrogen
Phylloleucobilin
Phyllolumibilin
Platanus occidentalis
Parrotia persica
pheophytinase
Phylloroseobilin
Phylloxanthobilin
Pyro
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pyPxB Pyro-phylloxanthobilin

PZN Pharmazentralnummer

gPCR Quantitative real-time PCR

QUE Quercetin

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm Revolutions per minute

RT Roomtemperature

Rt Retention time

SD Standard deviation

SDS Sodium dodecyl sulfate

SEM Standard error of the mean

SET Single electron transfer

SGR stay-green Mg-dechelatase

SMC Smooth muscle cell

T/E Trypsin/ethylenediaminetetraacetic acid
TIMP Tissue inhibitor of metalloproteinase
Tm Tropaeolum majus

TPTZ 2,4,6-Tri(2-pyridyl)-s-triazine

uv Ultraviolet

VCAM Vascular-cell adhesion molecule
VIS Visible

VSMC Vascular smooth muscle cell

viv Volume per volume

4% Vitis vinifera

€ Extinction coefficient

Mg, pl, M, ym Microgram, microliter, micromolar, micrometre
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