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Summary

Background Oxidative and electrophilic stress-induced Nrf2 signaling mediates the expression
of antioxidant and phase II detoxifying enzymes via binding to the antioxidant response element
(ARE). Therefore, Nrf2 plays a crucial role in mammalian cell protection from oxidative and
electrophilic insults, which cause cellular dysfunction. Since electrophilic agents are capable of
activating Nrf2 it is of great interest weather Keap1-Nrf2-interaction is a common target of these
molecules in human endothelial cells and hereby acts as a converging node of sensing
electrophilic and oxidative stress and of maintaining cellular redox homeostasis.

Aims The aim of this dissertation was to elucidate and compare the effects of the electrophiles
(1) (-)-epicatechin, (2) NO, NO™ and NO", (3) sulfide, (4) the crosstalk of NO and sulfide and
(5) their recently described reaction product SSNO™ on Keap1-Nrf2-interaction in the same
cellular model (human umbilical vein endothelial cells — HUVECs).

Methods HUVECs were treated with the substances in micromolar concentrations in medium
containing 2% inactivated FCS. Nrf2 translocation into the nucleus and binding to ARE was
detected by transcription factor binding assays. Additionally, western blots of nuclear extracts
were performed. Transcription of phase II antioxidant enzymes (Hmox1, Nqol and Gclc) was
determined using reverse transcription real time PCR. The formation of reaction products of
nitric oxide and sulfide (SSNO™) was measured via UV-visible spectrometry.

Results /) Nrf2 binding activity of HUVECs was significantly increased (1.48 £+ 0.09 fold) upon
incubation with 10uM (-)-epicatechin, whereas gene expression of Hmox1, Nqol and Gclc was
only little affected. (2) Treatment with 1-100 uM concentrations of NO , NO™ and NO" donors
showed that NO" (released by SPER/NO) increased ARE binding (2.05 0.1 fold at 100 uM)
and Hmox1 gene expression (16.26 £1.97 fold at 20 uM) most potently while the other two
redox congeners had weaker but still significant effects. (3) The sulfide donor Na,S only exerted
significant effects on Nrf2 activation when concentrations were higher than 100 uM (1.43 +0.14
fold at 200 uM, 2.25 £0.27 fold at 400 uM) while GY'Y 4137 had no significant effects at
micromolar concentrations. (4) Crosstalk of NO and sulfide led to diverging results. While the
Nrf2 activiation of the NO" donor S-nitroso-N-acetylpenicillamine (SNAP) was attenuated by
sulfide, co-incubation with sulfide did not affect SPER/NO derived Nrf2 activation. (35)
Treatment of HUVECs with SSNO™ led to the strongest and most significant activation of Nrf2
(1.76 £0.28 fold at 20 uM, 2 +0.42 fold at 40 uM) and transcription of Hmox1 mRNA (10.68
+1.31 fold at 20 uM) among all substances analyzed. Upon coincubation with NO scavengers
(cPTIO) and after decomposition of polysulfides (upon coincubation with cysteine) Nrf2
binding activity and Hmox1 gene expression were significantly decreased indicating that NO
release and polysulfides contribute to Nrf2 activation of the SSNO™ mix.

Conclusion For the first time Nrf2 activation, translocation and transcription of phase Il
detoxifying enzymes was directly compared in the same cellular model (HUVECsS) after
treatment with (-)-epicatechin, NO , NO™ and NO", sulfide and reaction products of NO and
sulfide (SSNO™, SULFI/NO, polysulfides). Taken together this study showed that among all
substances under investigation NO" and SSNO™ exert the most distinct effects on Nrf2 signaling,
whereas effects of SSNO™ are likely to be mediated by its products of homolysis NO" and S, of
which the later results in formation of polysulfides. Therefore, these molecules emerge to play a
key role in redox signaling and should be subject to subsequent studies.
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Zusammenfassung

Hintergrund Der durch oxidativen Stress induzierte Nrf2 Signalweg vermittelt die Expression
von antioxidativen Phase II Enzymen. Daher spielt Nrf2 eine entscheidende Rolle beim Schutz
eukaryotischer Zellen vor oxidativen oder elektrophilen Schiaden, die zu zelluldrer Dysfunktion
fiihren konnen und damit zur Pathogenese vieler Krankheiten beitragen. Da elektrophile
Substanzen in der Lage sind Nrf2 zu aktivieren ist es von gro3em Interesse, ob die Keap1/Nrf2
Interaktion auch in menschlichen Endothelzellen ein gemeinsames molekulares Ziel dieser
Substanzen ist und einen Knotenpunkt bei der Wahrnehmung und Antwort von elektrophilem
und oxidativen Stress darstellt und somit zur Aufrechterhaltung der zelluldren Redox
Homdostase in humanen Endothelzellen beitragt.

Ziel Die Ziele dieser Dissertation waren demnach den Einfluss von (1) (-)-Epicatechin, (2) NO,
NO™ und NO", (3) Sulfid, (4) einem Wechselspiel von NO und Sulfid und (5) deren vor kurzem
beschrieben Reaktionsprodukts SSNO™ auf die Aktivierung und Translokation von Nrf2 und die
Expression der Phase II Enzyme zu untersuchen und zwar in einem direkten Vergleich im
selben zelluldren Modell (human umbilical vein endothelial cells - HUVECs).

Methoden HUVECs wurden mit den jeweiligen Substanzen in Medium mit 2% inaktiviertem
FCS behandelt. Nach 1 h wurde die Nrf2 Translokation und Bindungsaktivitit an das
Antioxidative Responsive Element (ARE) durch Transkriptionsfaktor-Assays und Western-Blots
von Kernextrakten bestimmt. Die Genexpression der antioxidativen Phase-II Enzyme Hmox1,
NQO1 und GCLC wurden unter Verwendung der reverse transcription real time PCR bestimmt.
Zelluldre Glutathion Konzentrationen wurden mit Fluoreszenznachweismethoden analysiert. Die
Entstehung des Reaktionsproduktes von NO und Sulfid (SSNO”) wurde mittels UV-sichtbarer-
Spektrometrie gemessen.

Ergebnisse /) die Nrf2 Bindungsaktivitit von HUVECs war nach Behandlung der Zellen mit
10uM (-)-Epicatechin signifikant auf das 1.48 +0.09 fache erhoht wohingegen die Gen
Expression von Hmox1, Nqol und Gclc nur geringfiigig beeinflusst wurde. (2) Behandlung mit
1-100 uM NO, NO" und NO" Donoren zeigte, dass NO* (aus SPER/NO freigesetzt) sowohl die
Nrf2 Bindungsaktivitdt (2.05 +0.1 fach bei 100 uM) als auch die Hmox1 Genexpression (16.26
+1.97 fach bei 20 uM) am stéirksten beeinflusst wihrend seine Redox Varianten NO™ und NO*
nur geringeren jedoch trotzdem signifikanten Einfluss hatten. (3) Der Sulfid Donor Na,S erhdhte
die Nrf2 Bindungsaktivitdt nur bei Konzentrationen von iiber 100 uM signifikant (1.43 +0.14
fach bei 200 uM, 2.25 +£0.27 fach bei 400 pM) wihrend GY'Y 4137 in mikromolaren
Konzentrationen keinen signifikanten Effekt auf Nrf2 hatte. (4) Das Zusammenspiel von Sulfid
und NO zeigte unterschiedliche Ergebnisse. Wihren die Nrf2 Aktivierung durch den NO™ Donor
S-nitroso-N-acetylpenicillamine (SNAP) von Sulfid abgeschwiécht wurde, hatte die Co-
Incubierung von Sulfid und SPER/NO keinen eindeutigen Effekt.

(5) Die Behandlung von HUVECs mit begastem SSNO™ fiihrte zur starksten, signifikanten Nrf2
Aktivierung (1.76 £0.28 fach bei 20 uM, 2 +0.42 fach bei 40 uM) und Hmox1 Expression
(10.68 £1.31 fach bei 20 uM) unter allen untersuchten Substanzen. Es konnte gezeigt werden,
dass die Freisetzung von NO" und Entstehung von Polysulfiden durch den Zerfall von SSNO™
wesentlich zu den SSNO™ induzierten Effekten auf den Nrf2 Signalweg beitragen, da nach
gemeinsamer Incubierung mit dem NO Scavenger (cPTIO) und nach Zerfall der Polysulfide
durch Anwesenheit von millimolarem Cystein die Nrf2 Bindungsaktivitéit deutlich geschwicht

wurde.
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Fazit Zum ersten Mal wurden die Effekte elektrophiler Substanzen auf den Nrf2 Signalweg und
die Gen Expression von Phase II Enzymen im selben zelluldren Model verglichen, indem
HUVECs mit (-)-Epicatechin, NO, NO” und NO", Sulfid und dem Reaktionsprodukt aus NO
und Sulfid (SSNO™, SULFI/NO, Polysulfide) behandelt wurden. Hierbei konnte diese Arbeit
zeigen, dass unter allen untersuchten Substanzen NO™ und SSNO™ die starksten Effekte auf den
Nrf2 Signalweg hatten, wobei diese Effekte sehr wahrscheinlich durch die Zerfallsprodukte NO”
und S, “vermittelt werden. Diese Ergebnisse legen nahe, dass diese beiden Substanzen eine
Schliisselrolle in der Redoxkommunikation spielen konnten. Deshalb sollten sie in weiteren

Studien zum Zusammenspiel von NO und Sulfid eingehend untersucht werden.
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1 Introduction

1.1 Oxidative stress signaling in biological systems

Oxidative stress is defined as “an imbalance between oxidants and antioxidants in favor of the
oxidants, potentially leading to damage” (Sies 1985). These damages include structural
impairments on a broad variety of biological compound most importantly nucleic acids,
proteins, carbohydrate and lipids (Sies 1986) and they appear to be a keystone to systemic
impairments and pathophysiology in form of carcinogenesis (Trachootham, Alexandre et al.
2009), neurodegeneration (Andersen 2004, Shukla, Mishra et al. 2011), diabetes (Paravicini and
Touyz 2006), arteriosclerosis (Stocker and Keaney 2004) and aging (Haigis and Yankner 2010).
Since sources of oxidative stress are manifold and include metabolic oxidative stress,
environmental oxidative stress, photooxidative stress, drug-dependent oxidative stress and
nitrosative stress (Encyclopedia of stress, Fink and Fink 2000, volume 3, chapter "oxidative
stress", H. Sies and D. Jones), oxidative stress occurs ubiquitous in all cells at both
physiological and pathological conditions. Therefore, all cells require sufficient mechanisms to
maintain redox homeostasis. These mechanisms include non-enzymatic systems (tocopherole,
ascorbate, glutathione etc.) as well as enzymatic systems (superoxide dismutase, glutathione
peroxidase, glutathione-disulfide reductase etc.), of which the later account for the major part of
antioxidant defense, and in its entirety is described by the term redox signaling (Sies 1993).
Therefore, the “discovery of master switch systems” (Sies 2015) was particularly important.
These systems include nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NFxB)
(Schreck, Rieber et al. 1991) and Nrf2/Keap1 (Itoh, Chiba et al. 1997) amongst others
summarized in (Lukosz, Jakob et al. 2010).

However, amongst all these pathways nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
signaling seems to play a key role in reactive oxygen species derived oxidative stress response
(Dhakshinamoorthy, Long et al. 2000, Jaiswal 2004, Kobayashi and Yamamoto 2006, Zhang

2006) and was therefore put to focus of this work.
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1.2 Keapl Nrf2 ARE pathway

1.2.1 Structural basis

Nrf2 is a basic leucine zipper transcription factor with a cap’n’collar (Moi, Chan et al. 1994,
Itoh, Igarashi et al. 1995) domain and highly conserved in most species (Kobayashi, Itoh et al.
2002).

Neh2 Neh4 Neh5 Neh7 Neh6 Nehl Neh3

Nrf2 ] T W] TT T ] )

BTB 3-box IVR Kelch

Keapl (] | N ] ] )

C151 C273 (288

Fig. 1 Domain architecture of human KEAP1 and Nrf2 protein. Modified from Canning et al. and Saito et al. (Canning, Sorrell
et al. 2015, Saito, Suzuki et al. 2015)

As Fig. 1 shows Nrf2 consists of seven Neh (Nrf2-ECH homology) domains. With its
cap’n’collar basic leucine zipper domain Nehl allows heterodimerization with small
musculoaponeurotic fibrosarcoma proteins (small Maf) (Motohashi, Katsuoka et al. 2004). Neh2
contains the DLG and ETGE degrons which are substrates to Kelch-like ECH-associated protein
1 (Keapl) binding sites (Tong, Padmanabhan et al. 2007). Neh 3-5 are essential for transcription
(Katoh, Itoh et al. 2001, Nioi, Nguyen et al. 2005) whereas Neh 6 was described as a redox
independent degron which is not bound by Keapl (McMahon, Thomas et al. 2004). Function of
Neh7 is not clear yet.

Keapl however contains three main domains. The N-terminal BTB (Broad complex, Tramtrack,
Bric a brac) mediates Keapl homodimerization and Cul 3 interaction (Cleasby, Yon et al. 2014).
The 3-box motif belongs to the IVR part, whereas the C-terminal Kelch domain is the binding
site for Nrf2 via its ETGE and DLG motives (Lo, Li et al. 2006, Padmanabhan, Tong et al.
2006, Tong, Padmanabhan et al. 2007, Fukutomi, Takagi et al. 2014).

ARE, also referred to as electrophile response element (ERE), is a cis-regulatory element or
enhancer sequence and acts as the promoter region of many phase II detoxifying enzymes such
as heme oxigenase 1 (HO-1), glutathione S-transferase (GST) and NAD(P)H quinine reductase
(NQO) amongst others. Rushmore et al. were the first to describe its sequence as 5'-
puGTGACNNNGC-3’ (Rushmore, Morton et al. 1991). Bachl is a transcriptional repressor and
competes against Nrf2 for ARE binding (Dhakshinamoorthy, Jain et al. 2005).

15



1.2.2 Keapl-Nrf2-ARE interaction

Nrf2 is abundant in almost all tissues and cells of the human body (Chan, Han et al. 1993, Moi,
Chan et al. 1994, McMahon, Itoh et al. 2001) and considered to play a crucial role in mediating
antioxidant response (Kobayashi and Yamamoto 2006) and therefore maintaining redox
homeostasis.

Keapl was discovered as the suppressor protein of Nrf2 (Itoh, Wakabayashi et al. 1999). Under
physiological conditions Keapl forms homodimers that are able to bind to the Neh2 part of Nrf2
with their C-terminal Kelch domains. In this coupled state Nrf2 and Keap1, which is an E3
ubiquitin ligase can be targeted to undergo proteasomal degradation (Itoh, Ishii et al. 1999,
McMahon, Thomas et al. 2006).

Thus, Keapl modulation releases Nrf2 from the coupled state to escape proteasomal
degradation. Hereafter, Nrf2 accumulates and translocates to the nucleus to form heterodimers
with small Mafs and bind to the antioxidant response element (ARE) (Itoh, Chiba et al. 1997).
This leads to transcription of ARE dependent genes of phase II enzymes (Rushmore, Morton et
al. 1991, Ishii, Itoh et al. 2000) such as Nqol, Hmox1, Gclc amongst others, which account for
detoxifying and antioxidant effects (Kaspar, Niture et al. 2009, Baird and Dinkova-Kostova

2011).
Nrf2 activating compounds
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Fig. 2 Keap1-Nrf2-ARE pathway in eukaryotic cells
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Since Keap1 modulation is essential for Nrf2 activation it is of great interest by which molecular
mechanisms Keapl is affected. Due to the fact that substances activating Nrf2 belong to
different chemical classes but share the same characteristic of readily reacting with protein thiols
it was proposed that one or more of the cysteine residues of Keap 1 act as the molecular target of
Nrf2 inducers (Dinkova-Kostova, Massiah et al. 2001). In following studies their research group
showed sulfhydryl groups of Keap1 to be the major sensors of induced Nrf2 activation
(Dinkova-Kostova, Holtzclaw et al. 2002) and proposed a critical role for Cys273 and Cys288
due to their high reactivity and ability to form disulfide bridges. (Wakabayashi, Dinkova-
Kostova et al. 2004).

Zhang et al. were also able to identify Cys273 and Cys288 as critical cysteine residues in Keapl,
which are required for Keap1-dependent ubiquitination of Nrf2. They also described a third
cysteine residue (Cys151) that plays a crucial role for Keaplinhibition by sulforaphane and
oxidative stress (Zhang and Hannink 2003). Further studies reported that Cys151 modification
inhibits Cul3 interaction, which is required for E3 ligase activity (Kobayashi, Kang et al. 2004,
Rachakonda, Xiong et al. 2008, Cleasby, Yon et al. 2014).

However, while Cys 273, Cys288, and Cys151 were identified as key targets for electrophilic
Nrf2 activators (Hong, Freeman et al. 2005) it remained unclear how these cysteine residues are
modulated chemically.

Cys151 was reported to play the major key role in electrophile sensing by Keap1 (Zhang and
Hannink 2003) and McMahon et al. considered direct adduction of electrophiles to Cys151 as
the most likely molecular basis of it. Hereby, the negative charge of the thiolate anion could be
removed leading to structural changes in the protein fold (McMahon, Lamont et al. 2010).

NO was also shown to be sensed by Cys151. Mutation of Keapl (C151S) lead to diminished
Nrf2 levels after treatment of mouse embryonic fibroblast cells (MEF) with the NO donor
acetoxymethylated diethylamine-NONOate (DEA-NO/AM) (McMahon, Lamont et al. 2010).
As the molecular mechanism for NO sensing by Keapl, they suggested S-nitrosylation as the
most likely mechanism.

After Nishida et al. described electrophile sulfhydration properties of sulfide (Nishida, Sawa et
al. 2012) S-sulfhydration at cysteine 151 could be shown for sulfide and S-nitrosothiol mediated
Nrf2 activation (Yang, Zhao et al. 2013). An alternative mechanisms was proposed by Hourihan
et al. in which sulfide leads to formation of a disulfide bond between Cys226 and Cys613

inactivating the Keap1 ubiquitin ligase substrate adaptor (Hourihan, Kenna et al. 2012).
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1.3 (-)-epicatechin

1.3.1 Beneficial effects

Accumulating epidemiological evidence shows flavonoids and especially flavanols to mediate
beneficial effects on the vasculature amongst other organs and systems. It could be shown, that
flavanoids reduce the risk of cardiovascular disease and mortality (Mulvihill and Huff 2010,
McCullough, Peterson et al. 2012, Toh, Tan et al. 2013). Therefore their sources, their

metabolism, and their molecular effects are of great interest of current investigations.

1.3.2 Chemical structure and properties

Flavanoids are natural molecules from sources like cocoa, tea, whine, fruits, and vegetables and
belong to the group of polyphenols, which are all derived from the flavan-structure. They

distinguish each other by variation of side groups and oxidation status of the carbon rings.

A B OH

HO O “\\
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C "0H
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Fig. 3 chemical structures and properties of (A) Flavan structure; (B) (-)-epicatechin with hydroxyl group on
3’position

Flavan-3-ols like (-)-epicatechin share a hydroxyl group on position 3 of the C ring. In plants
they serve as chromophoric molecules or protect against UV light or herbivores. Additionally,
they have direct antioxidant properties due to their ability to accept one or two electrons to form

a semichinon or chinon.

1.3.3 Bioavailability and metabolism

Work by Schroeter and Ottaviani et al. (Schroeter, Heiss et al. 2006, Ottaviani, Momma et al.
2011) could show that intake of flavanol monomers has beneficial effects on vascular function
in humans indicated by flow-mediated dilation (FMD). Since Ottaviani et al. were also able to
detect and measure flavonol-monomers and their methylated, glucuronidated or sulfated
metabolites in human blood, (-)-epicatechin was shown to have the greatest bioavailability and

bioactive potential (Ottaviani, Momma et al. 2012).
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1.3.4 Effect on Endothelial Cells

After (-)-epicatechin and its metabolites were found out to have beneficial effects on vascular
function in humans (Schroeter, Heiss et al. 2006) there were several studies investigating on the
molecular short and long-term mechanisms as reviewed in (Brossette, Hundsdorfer et al. 2011).
As one cause especially of these long-term effects cellular redox-homeostasis was considered,
not only in vascular research. Flavanols are assumed to provide their influence on cellular
signaling by different mechanisms including direct anti-oxidative effects and indirect anti-
oxidative effects via cell membrane signaling or intracellular signaling molecules (Fraga and
Oteiza 2011).

Flavanoids in general but also Flavanols like (-)-epicatechin were described by some authors to
have scavenging activities towards reactive oxygen species (ROS) (Chen, Zheng et al. 1990,
Sichel, Corsaro et al. 1991) as well as reactive nitrogen species (RNS) (Haenen, Paquay et al.
1997) depending on their chemical structure. They are able to prevent oxidation by direct anti-
oxidative effects. Direct ROS scavenging activity of the flavan-3-ol (-)-epicatechin was
described in HUVECS in only one study (Ruijters, Weseler et al. 2013). Though, concentrations
applied in this study, which are required for direct antioxidant effects in vivo, are not provided
by dietary flavanols in most tissues and are lower compared to other antioxidant compounds like
glutathione, albumin, ascorbate and tocopherols. Therefore, indirect anti-oxidative effects are
much more likely to mediate the beneficial outcome (Fraga and Oteiza 2011).

The intracellular signaling mechanisms described for (-)-epicatechin include mainly NF«xB
(Mackenzie, Carrasquedo et al. 2004, Mackenzie and Oteiza 2006, Mackenzie, Adamo et al.
2008), MEK/ERK pathway (Kang, Lee et al. 2008) and Nrf2 (Nehlig 2013, Chang, Cho et al.
2014) amongst others (Lukosz, Jakob et al. 2010).

However, due to its electrophilic properties (-)-epicatechin makes a good candidate for
Keap1-Nrf2-signaling and therefore was chosen for this study.

For neurons and astrocytes Nrf2 activation and Hmox1 expression was already shown after
treatment with (-)-epicatechin in cell culture (Bahia, Rattray et al. 2008) and animal experiments
(Shah, Li et al. 2010). Effects could be abolished in Nrf2 /_mice (Shah, Li et al. 2010).
However, evidence that (-)-epicatechin accounts for Nrf2 activation in endothelial cells was

missing so far.
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1.4 Nitric oxide

1.4.1 Nitric oxide sources, circulation and signaling

Since its discovery as endothelium-derived relaxing factor (Ignarro, Buga et al. 1987, Palmer,
Ferrige et al. 1987) nitric oxide has been the focus of a broad field of research. It has unique
chemical properties that account for its role in cellular signaling. With its unpaired electron
nitric oxide is able to bind to ferrous heme parts of proteins like soluble guanylat cyclase (sGC)
(Denninger and Marletta 1999) or cytochrome C oxidase (Cooper and Giulivi 2007) by a
reaction called nitrosylation. Nitric oxide can also promote nitrosation of proteins mainly by
reaction with cysteine residues (Zhang and Hogg 2005). Those nitroso groups can be further
transferred to other proteins called transnitrosation.

Due to its short half-life (Thomas, Liu et al. 2001) mechanisms of endogenous generation,
transport and release are of crucial importance. Nitric oxide synthetase (NOS) could be
identified as the major physiological source of NO, which converts L-arginine and molecular
oxygen to citrulline and NO in a calcium dependent manner (Bredt and Snyder 1990). In
addition to the endothelial NOS (eNOS) an inducible isoform (iNOS) present in macrophages
and monocytes (Siedlar, Mytar et al. 1999) and a neuronal isoform (nNOS) found in neuronal
tissues (Rothe, Huang et al. 1999) could be identified. In addition, Cortese-Krott et al. could
show that eNOS is not only abundant in the endothelium but is also present and consistently

active in red blood cells (Cortese-Krott, Rodriguez-Mateos et al. 2012).

1.4.2 Nitric oxide releasing compounds

For exogenous application of nitric oxide there are many different sources. Some of them
already became essential pharmacological therapeutics like glyceryl trinitrate, ISMN, ISDN,
nitroprussid sodium and molsidomin.

N-Diazeniumdiolates (NONOate) like Spermine NONOate (SPER/NO) and DiethylaminoNO-
NOate (DEA/NO) can be synthesized from amines and nitric oxide (Hrabie and Keefer 2002)
and decompose to NO or nitrosonium by protonation of the NONOate moiety (Keefer 2011,
Riccio and Schoenfisch 2012). Therefore, they do not require redox activation and release nitric

oxide at first order rates that can easily be dissoluted in cell culture media (Keefer 2011).
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S-nitrosothiols are considered as one physiological mean of systemic NO circulation (Rassaf,
Feelisch et al. 2004). Therefore, the small SNAP molecule serves as a good model for
physiological nitric oxide or nitrosonium interaction, which could easily be acquired and
administered in cell culture. Angeli’s salt (sodium trioxodinitrate) is a nitroxyl donor
decomposing at physiological pH whereas nitric oxide could be a reaction product at acidic
conditions (pH<4) (DuMond and King 2011) or in the presence of superoxide dismutase (SOD)
(Cortese-Krott, Kuhnle et al. 2015).

1.4.3 Nitric oxide and Nrf2 in endothelial cells

Naughton et al. were the first ones to show Nrf2 activation by nitric oxide. They described
interaction of heme with nitroxyl and nitric oxide leading to Nrf2 derived Hmox-1 amplification
in cardiac cells (Naughton, Hoque et al. 2002). Due to this involvement there were several
studies focusing on nitric oxide-Nrf2 interrelation. A significant increase in Hmox-1 mRNA
levels could be shown after treatment of BAEC with SNAP, sodium nitroprusside (SNP) and
diethylenetriamine-NONOate (DETA/NO) (Foresti, Hoque et al. 2003). SPER/NO was also
found to affect Nrf2 activation as well as HO-1 and total GSH levels in BAEC (Buckley,
Marshall et al. 2003). Complementary, nitric oxide and peroxynitrite interaction with Nrf2 was
described for macrophages (Abbas, Breton et al. 2011), rat aortic SMC (Liu, Peyton et al. 2007)
and rat aortic ECs (Cortese-Krott, Suschek et al. 2009).

However, although different NO donors and its redox switches were already shown to activate
Nrf2 signaling in endothelial cells it remains unknown if NO activates Nrf2 signaling in human
endothelial cells and how different NO redox congeners would affect Nrf2 signaling in direct

comparison to each other in the same cellular model.
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1.5 Sulfide

1.5.1 Endogenous production, exogenous sources and metabolism

In mammalian cells sulfide is mainly generated from L-cysteine or homocysteine by
cystathionine beta-synthase (CBS) and cystathionine gamma-lyase (CSE) (Wang 2012). As
Yang et al. could demonstrate both enzymes contribute to endogenous cellular H,S levels, which
are significantly lowered in CSE knockout mouse embryonic fibroblasts (MEF) and after
CSE/CBE inhibition (Yang, Zhao et al. 2013).

CBS/CSE

Homolanthionine Lanthionine Cystathionine
+H,S +HgS +H,S
Homocysteine/{ CSE CystelNS & A C%mccystene
L-M CBS
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: Amino 3-MST
Homoserine HoS + acid 3-Mercaptopyruvate j-&MST-SS
+H,S L-Serine H,S + Pyruvate Trx, DHLA
Pyruvate + NH,
H.S +
3-MST

Fig. 4 pathways of H,S biosynthesis (Olson 2012) DHLA, dihydrolipoic acid; CAT, cysteine aminotransferase;
CBS, cystathionine b-synthase; CSE, cystathionine c-ligase; ST, sulfur transferase; TR, thiosulfate reductase; Trx, thioredoxin;
3-MST, 3-mercaptopyruvate sulfur transferase.

As summarized by Olson (Olson 2012) exogenous application of sulfide in experimental
conditions is most commonly made by the sulfide salts NaHS and Na,S. Due to its pKalof 7.0
and pKa2 of 17.0 Wang et al. estimated that this will account for an intracellular equilibrium of
about '/, undissociated H,S, '/, HS™ and a negligible rest of S* at physiological pH and 37°C.
In extracellular fluid and plasma this equilibrium is shifted to 20% H,S and 80% HS™ (Wang
2012). At physiological conditions Olson describes an absolute concentration of 191 uM of
dissolved H,S in a 1 mM Na,S solution (Olson 2012). Howsoever, this equilibrium will be
referred to as “sulfide” in the following.

GYY 4137 is a water-soluble and cell-permeable sulfide releasing molecule that was
characterized by Li et al. (Li, Whiteman et al. 2008) next to other sulfide releasing agents (Zhao,
Biggs et al. 2014). Those agents and especially GYY 4137 release sulfide slower and more

sustained, making it eligible for chronic treatment and pharmaceutical approaches.
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1.5.2 Biological activity and influence on endothelial cells

Over the last years sulfide could be shown to provide a great many of beneficial effects on blood
pressure, angiogenesis and response to hypoxemia (Kajimura, Fukuda et al. 2010, Liu, Lu et al.
2012) amongst many other biological effects (Wang 2012). Levitt et al. could show that the
vasculature contains the highest concentration of free sulfide in rodents (Levitt, Abdel-Rehim et
al. 2011) and in line with that, a growing number of publications could attribute the above
mentioned effects to direct or indirect influence of sulfide on endothelial cells.

Considering that those effects might be at least in part mediated by NO, influence on endothelial
NO release and therefore vasodilatory effects were hypothesized to account for those protective
effects. While eNOS phosphorylation was considered and described as one possible origin for
these effects (Coletta, Papapetropoulos et al. 2012, Altaany, Yang et al. 2013) Ondrias et al.
could also show direct NO release from nitrosothiols by sulfide (Ondrias, Stasko et al. 2008).
On the other hand Nrf2 was proposed to be the converging node of sulfide derived signaling in
endothelial cells (Calvert, Jha et al. 2009, Hourihan, Kenna et al. 2012, Liu, Wang et al. 2012) .
Calvert et al. described increased nuclear Nrf2 levels for at least 2 h in cardiac cells treated with
sulfide. Cellular Hmox 1 gene expression was also increased by sulfide in wild-type mice but not
in Nrf2 "/_mice indicating that the increase of HO-1 in cardiac cells was Nrf2 dependent
(Calvert, Jha et al. 2009). Decreased endogenous H,S production in CSE deficient MEF cells
was recently described to lower nuclear Nrf2 levels and to account for less GCLC, GCLS and
GR mRNA, as well as decreased cellular GSH concentration. In consequence, oxidative stress
was increased and cellular senescence was fastened. In contrast, exogenous application of H,S
reversed those effects in knockout and wild type cells (Yang, Zhao et al. 2013). As the
underlying molecular mechanism of sulfide mediated Nrf2 activation they suggested S-
sulthydration at cysteine 151 (Yang, Zhao et al. 2013). In line with that, Hourihan et al. reported
Keapl inactivation by sulfide but credited formation of a disulfide bond between Cys226 and
Cys613 for those effects (Hourihan, Kenna et al. 2012). Due to those findings and since Nishida
et al. showed electrophile sulthydration properties of sulfide (Nishida, Sawa et al. 2012) sulfide
can be assumed to strongly activate Keap1-Nrf2-signaling also in human endothelial cells.
However, as described in the previous chapter, NO release and activation of Nrf2 signaling are
not contradictory theses. Therefore, this study aimed to investigate on Nrf2 activation and
Hmox1 gene expression induced by sulfide in HUVECs. Additionally it aimed to compare those
effects to the ones of nitric oxide and a sulfide-NO-crosstalk (as described in chapter 1.6) in the

same cellular model.
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1.6 Crosstalk of sulfide and nitric oxide

1.6.1 Biological similarities and cross talk of sulfide and nitric oxide signaling

While sulfide was disclosed to have major effects on different cellular signaling systems (see
chapter 1.5.2) it became noticeable that its properties were similar to those of nitric oxide like
vasorelaxation (Hosoki, Matsuki et al. 1997, Ali, Ping et al. 2006), cardioprotection (Cohen,
Yang et al. 2006, Jones and Bolli 2006, Sivarajah, McDonald et al. 2006) and anti-proliferation
(van der Veen, Dietlin et al. 1999, Du, Hui et al. 2004). Therefore, the possibility of a “cross
talk” between sulfide and NO was proposed (Moore, Bhatia et al. 2003, Wang 2003).

As the cause of these similarities different molecular mechanism were suggested. Some authors
described that sulfide was able to release NO™ from S-nitrosothiols (Ondrias, Stasko et al. 2008,
Teng, Scott Isbell et al. 2008) while others described direct chemical interaction of the two small
molecules to form a new nitrosothiol, which could not yet be identified (Whiteman, Li et al.
2006).

Recent work by Cortese-Krott et al. (Cortese-Krott, Fernandez et al. 2014) brought back to mind
that the smallest nitrosothiol HSNO was already described by the German chemist Goehring in
1950 (Goehring and Messner 1950). However, this compound was never studied in great detail
afterwards except in the 1980s when Miiller and Nonella could report that HSNO and its
isomers can only be characterized unstable and at extreme conditions (Miiller, Nonella et al.
1984). But due to currently increasing interest, research on direct sulfide-NO-interaction was
resumed and one recent publication reported HSNO formation at physiological conditions via
15N-NMR (Filipovic, Miljkovic et al. 2012). The authors claimed that HSNO was stable for less
than 1 h and therefore speculated that it might play a major role in cellular sulfide S-nitrosothiol
crosstalk.

Though, due to its reactivity and disputable stability Cortese-Krott et al. doubted the biological
relevance of HSNO and suggested nitrosopersulfide (SSNO") to be a more likely biological
mediator (Cortese-Krott, Fernandez et al. 2015). Referring to older work by Seel et al. (Seel and
Wagner 1988) they could provide evidence of its formation and stability at physiological
conditions via UV—visible spectroscopy and mass spectrometry (Cortese-Krott, Fernandez et al.
2014), which could be successfully reproduced in this work. In subsequent studies they
described formation of another S/N hybrid molecule dinitrososulfite ((ONN(O)-SO3]* or
“SULFI/NO”) at physiological pH and could show that homolysis of SSNO™ strongly releases
NO' and leads to formation of polysulfides (S*), colloidal sulfur (Sg) and sulfide (Cortese-
Krott, Kuhnle et al. 2015).
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Most recent publications showed that SSNO™ (and its byproducts) potently influence
vasodilation in a NO-analog fashion. In their 2015 publication Cortese-Krott et al. showed that
SSNO™ accounts for increased NO bioavailability and lowers blood pressure in rats (Cortese-
Krott, Kuhnle et al. 2015). Berenyiova et al. showed that the reaction products of sulfide and
NO relax precontracted isolated rings of rat thoracic aorta but not if coincubated with the NO
scavenger cPTIO or the inhibitor of soluble guanylyl cyclase ODQ (Berenyiova, Grman et al.
2015). Therefore, SSNO™ formation must be considered whenever addressing sulfide and NO

interaction.

1.6.2 Keapl-Nrf2-signaling as a potential target of sulfide and nitric oxide crosstalk
Since NO (Naughton, Hoque et al. 2002) and sulfide (Calvert, Jha et al. 2009) were shown to
potently activate Nrf2 activation, leading to increased Hmox1 gene expression, the Nrf2
pathway was suggested to act as a converging node of these effects (Liu, Wang et al. 2012).
Taking in account that sulfide affects NO release from S-nitrosothiols (Ondrias, Stasko et al.
2008) and directly interacts with NO to form SSNO~, SULFI/NO and polysulfides, which
themselves were described to either directly affect Nrf2 activation (Koike, Ogasawara et al.
2013, Kimura 2014) or mediate NO release (Berenyiova, Grman et al. 2015, Cortese-Krott,
Kuhnle et al. 2015), it is much likely that sulfide and nitric oxide strongly influence each other
in Nrf2 activation. However, it has not been shown yet if sulfide application alters NO derived
effects on Nrf2 signaling or vice versa, nor were effects of their reaction products on Nrf2
activation ever studied before. Therefore this study aimed to investigate on Nrf2 activation and
Hmox1 gene expression upon meanwhile application of sulfide and nitric oxide congeners from
different sources and compare these effects within the same cellular model. It also aimed to
analyze the impact of SSNO™ on Nrf2 signaling in endothelial cells and elucidate which one of

the possible reaction/decomposition products of SSNO™ accounts for its biological effects.
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1.7 Aims of the dissertation

Oxidative stress induced Nrf2 signaling mediates the expression of several antioxidant and
phase II detoxifying enzymes. Therefore, Nrf2 plays a crucial role in mammalian cell protection
from oxidative and electrophilic insults implicating cellular dysfunction in aging, cardiovascular

and neurodegenerative disease among other pathologies. Hence, activators of this pathway are

considered as promising therapeutics.
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Fig. 5 Major hypothesis - Nrf2 as a converging node of redox sensing and signaling in HUVECsS induced by (-)-epicatechin, NO,
sulfide and NO-sulfide-crosstalk.

This study aimed to investigate on the role of Nrf2 signaling as a converging node in defense
against redox induced damage in human primary endothelial cells. Since Keap1-Nrf2 interaction
is a susceptible target of electrophiles and other redox active molecules, this work compared the
effects of different electrophiles on Nrf2 signaling.

Therefore, the impact of (1) (-)-epicatechin, (2) NO, NO™ and NO", (3) sulfide, (4) the crosstalk
of NO and sulfide and (5) their recently described reaction product SSNO™ on Nrf2 activation
and translocation to the nucleus, ARE binding and transcription of phase II detoxifying enzymes

was analyzed and compared within the same cellular system.
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2 Material

2.1 Cells

HUVECs Lot 1110701 PromoCell Heidelberg, DE

(used for major parts of this work)

HUVECs Lot 1122701 PromoCell Heidelberg, DE

(used for subsequent experiments)

2.2 Media und Antibiotics

DMEM PromoCell Heidelberg, DE

Dulbeccos PBS PAA/GE Healthcare |Buckinghamshire, UK

Endothelial Cell Basal Medium PromoCell Heidelberg, DE

Endothelial Cell Growth Medium Supplement | PromoCell Heidelberg, DE

Mix

FCS PromoCell Heidelberg, DE

human Fibronectin Biochrom/Merck Darmstadt, Germany
KGaA

Penicillin/Streptomycin PAA/GE Healthcare | Buckinghamshire, UK

Trypsin EDTA PAA/GE Healthcare |Buckinghamshire, UK

2.3 Western blot - Solutions and Buffer

NuPage 3-8% Tris-Acetate Gel Novex California, USA
Tris Acetat running buffer Novex California, USA
Transfer buffer Novex California, USA
Image Quant GE healthcare | Buckinghamshire, UK
Membrane GE healthcare | Buckinghamshire, UK
Whatman paper GE healthcare | Buckinghamshire, UK
MagicMark"TM 220/ 120/100/80/60/ |life Carlsbad,USA
50/40/30 /20 kDa, unstained technologies
TBS (20x) pH 7,4 Trizma base
NaCl

11 H>044
T-TBS 50 ml TBS (20x)

1 ml Tween 20

950 ml Hzodd
Running buffer 50 ml Tris Acetat running buffer(20x)

950 ml Hzodd
Inner chamber buffer 200 ml running buffer

1 ml antioxidant
Transfer buffer 50 ml Methanol

25 ml running buffer (20x)

425 ml H20dd
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2.4 Synthetic Primers

18S (Hs03003631 gl)

life technologies

Carlsbad, USA

NQO 1 (Hs01045993 gl)

life technologies

Carlsbad, USA

HMOX 1 (Hs01110250 m1)

life technologies

Carlsbad, USA

GCLC (00892604 m1)

life technologies

Carlsbad, USA

Rplp0 (Mm01974474 gH)

life technologies

Carlsbad, USA

HMOX 1 (Mm00516005 m1)

life technologies

Carlsbad, USA

2.5 Reverse transcription real time PCR

Abi Prism 7900 HAT Sequence detection system | invitrogen Carlsbad, USA
MicroAmp® Optical Adhesive Film invitrogen Carlsbad, USA
MicroAmp® Optical Film Compression Pad invitrogen Carlsbad, USA
Proteinase K QIAGEN Hilden, DE
QuantiTect Reverse Transcription Kit QIAGEN Hilden, DE
Rneasy Mini Kit QIAGEN Hilden, DE
TagMan gene expression master mix invitrogen Carlsbad, USA
TissueRuptor QIAGEN Hilden, DE
2.6 siRNA

| RNAi Human/Mouse Starter Kit | QIAGEN | Hilden, DE

2.7 Antibodies

Anti-Nrf2 (ab62352) Dilution 1:200 abcam Cambridge, UK
Anti-Nrfl (ab90524) Dilution 1:1000 abcam Cambridge, UK
Anti-Lamin A (ab8980) Dilution 1:500 abcam Cambridge, UK

Anti-alpha Tubulin (ab4074) Dilution 1:1000 | abcam Cambridge, UK

Goat-anti-rabbit IgG 1:5000 BD Bioscience New Jersey, USA

Goat-anti-mouse I1gG 1:5000 BD Bioscience New Jersey, USA

2.8 Chemicals

(-)-Epicatechin Sigma-Aldrich St. Louis, USA

10x PVP-Solution Mecatronic Netherlands
acetic acid Carl Roth GmbH Karlsruhe, Germany
Aqua bidest Merck Millipore Darmstadt, DE

beta-Mercaptoethanol Sigma-Aldrich St. Louis, USA

Bovine serum albumin Sigma-Aldrich St. Louis, USA

Calciumchlorid (CaCl2 Sigma-Aldrich St. Louis, USA
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich St. Louis, USA
Ethanol Merck KGaA Darmstadt, Germany
GYY 4137 Cayman Michigan, USA
Hybond P membrane GE healthcare Buckinghamshire, UK
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Hydrochloride acid (HCI1) 25% Merck KGaA Darmstadt, Germany
Hydrogen peroxide 30% (H,O»); Carl Roth GmbH Karlsruhe, Germany
L-Arginin Carl Roth GmbH Karlsruhe, Germany
L-NAME Enzo Life Sciences |Lorrach, Germany

GmbH

Magic Mark XP Western Protein Standard | Invitrogen Carlsbad, USA
Magnesium sulfate (MgSO4 Sigma-Aldrich St. Louis, USA
Methanol Merck KGaA Darmstadt, Germany

Methanol, B-Nicotinamide adenine
dinucleotide 2'-phosphate reduced
tetrasodium salt hydrate

Sigma-Aldrich

St. Louis, USA

Milkpowder blotting grade

Sigma-Aldrich

St. Louis, USA

Na,S Sigma-Aldrich St. Louis, USA
Neutralred Sigma-Aldrich St. Louis, USA
NuPAGE LDS Sample Buffer Invitrogen Carlsbad, USA
NuPAGE Reducing Agent Invitrogen Carlsbad, USA
NuPAGE Transferbuffer Invitrogen Carlsbad, USA
NuPAGE Tris acetate running buffer Invitrogen Carlsbad, USA
Potassium chloride (PCI Sigma-Aldrich St. Louis, USA
Potassium hydrogen phosphate (KH2PO4 Sigma-Aldrich St. Louis, USA
Protease-Phosphatase-Inhibitor Cocktail Bio-Rad Munich, Germany
SNAP Cayman Michigan, USA
Sodium chloride (NaCl) Sigma-Aldrich St. Louis, USA
Sodium dihydrogen phosphate (Na2H2PO4) | Sigma-Aldrich St. Louis, USA
Sodium hydrogencarbonat (NaHCO3) Sigma-Aldrich St. Louis, USA
Sodium hydroxide (NaOH) Merck KGaA Darmstadt, Germany
SpermineNONOate

tBHQ Sigma-Aldrich St. Louis, USA
Trizma(R) Base (Tris) Sigma-Aldrich St. Louis, USA
Trypsin EDTA PAA/GE Healthcare | Buckinghamshire, UK

2.9 Consumables

12 well plates Greiner Bio One Frickenhausen, DE

12 well plates Corning NY, USA

6 well plates Greiner Bio One Frickenhausen, DE

6 well plates Corning NY, USA

cell scraper 18mm blade Becton, Dickinson and | Franklin Lakes, USA
Company (BD)

petridishes 100mm

QGreiner Bio One

Frickenhausen, DE

96-well-micro-plates black, flat bottom,
fluotrac200

Greiner Bio One

Frickenhausen, DE

96-well-micro-plates clear, flat bottom

Greiner Bio One

Frickenhausen, DE

96-well-micro-plates white , flat bottom

QGreiner Bio One

Frickenhausen, DE

Falcons 15ml

Greiner Bio One

Frickenhausen, DE

Falcons 50ml

QGreiner Bio One

Frickenhausen, DE

NuPage 3-8% Tris-Acetate Gel Novex California, USA
NuPage 7% Tris-Acetate Gel Novex California, USA
Gloves, nitril powder free Ansell Tamworth, UK
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Nitrocellulose Membrane Ammersham | GE Healthcare Buckinghamshire, UK
Hybond-P

Parafilm “M” Bemis Wisconsin, USA
Pipette filter tip Star Lab Hamburg,DE

Pipette tip TipOne 10ul Star Lab Hamburg,DE

Pipette tip TipOne 100ul Star Lab Hamburg,DE

Pipette tip TipOne 1000ul Star Lab Hamburg,DE
Safe-Lock tubes 2,0ml Eppendorf Hamburg,DE
Single-use Syringes 10ml B. Braun AG Melsungen, DE
Single-use Syringes 20ml B. Braun AG Melsungen, DE
Single-use Syringes Sml B. Braun AG Melsungen, DE
Stripetten Costar® 10ml Corning NY, USA

Stripetten Costar® 25ml Corning NY, USA

Stripetten Costar® 5ml Corning NY, USA

2.10 Equipement

Autoclave Systec DX-90 Systec Linden, DE
Centrifuge 5417 R Eppendorf Hamburg, DE
Centrifuge Mikro 200R Hettich Kirchlengern,DE
Centrifuge Rotina 380R Hettich Kirchlengern,DE
Centrifuge Rotina 35R Hettich Kirchlengern,DE
Incubator Heraeus BBD 6220 Thermo Scientific Massachusetts, USA
Incubator Heracell 240 Thermo Scientific Massachusetts, USA

Laminar air flow

Clean Air

Illinois, USA

Fluostar Omega

BMG Labtech GmbH | Ortenberg, DE

Millipore Filter Merck Millipore Darmstadt, DE
Micro pippets Eppendorf Hamburg, DE
Vortex scientific industries New York, USA
Heating cabinet THI15 Edmund Biihler Tiibingen, DE
Heating oven Memmert GmbH & CO. | Schwabach, DE

KG
ImageQuant LAS400 GE Healthcare Buckinghamshire, UK
pH Meter Lab870 Schott Instruments Mainz, DE

Pipet boy comfort

Integra Bioscience

Biebertal, DE

Testtube heater

Stuart Scientific

Staffordshire, UK

Master Cycler

Eppendorf

Hamburg, DE

ABI Prism 7900HT Sequence Detection

System

applied biosystems

Carlsbad, USA
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2.11 Kits

Glutathione (GSH) Colorimetric Detection Kit

arbor assays

Michigan, USA

Nuclear extraction kit active motif Carlsbad,USA
TransAM® Nrf2 active motif Carlsbad,USA

DC Protein Assay BioRad Munich, Germany

2.12 Software

MS excel microsoft Albuquerque, USA
MS word microsoft Albuquerque, USA
MS powerpoint | microsoft Albuquerque, USA
Zotero Roy Rosenzweig Center for History and New Media | Virginia, USA
EndNote Thomson Reuters (Scientific) LLC New York City, USA
GraphPad Prism | GraphPad Software, Inc. La Jolla, CA, USA
Image J Open source

ImageQuant TL | GE Healthcare Buckinghamshire, UK
OMEGA BMG Labtech Ortenberg, Germany

31




3 Methods

3.1 Cell culture

3.1.1 Cells

For all cell culture experiments HUVECs c-pooled by PromoCell (Cat No. C-12203) with Lot
numbers 1110701 (used for major parts of this work) and 1122701 (used for subsequent
experiments) were used. All processes and treatments of the cells were performed under a

laminar airflow bench.

3.1.2 Incubation and population of the cells

HUVECs were incubated at 37°C, 21% 02, 5% CO2 and 78% H,O saturation in a heraeus
incubator. The surface of the 100 mm diameter Petri dishes used was coated with a fibronectin
layer from a 10 pg/ml fibronectin/PBS stock solution.

After thawing and seeding the cells (see chapter 3.1.3) they were incubated in 8 ml of
PromoCell growth medium. After 24 h hours the medium was changed with 8 ml fresh medium.
At day 4 the cells reached a confluence of 90 %. They were split 1:3 and incubated in a Petri
dish with 8 ml of fresh growth medium. After another 3 days their confluence reached 90%.
Cells were then trypsinized again, their number was determined (see chapter 3.1.6) and they
were seeded on Petri dishes or 6 or 12-well plates depending on the up-coming experiment (see
chapters 0, 0, 0 and 0 for cell numbers and plate sizes). Therefore all experiments could be

performed with second passage cells.

3.1.3 Freezing and thawing of the cells

HUVECs were cryopreserved in liquid nitrogen prior to use. To thaw the cells according to the
manufacturer’s protocol, they were put in a 37°C water bath for 90 seconds. After that the
cryovial was disinfected with 70% ethanol. Under a laminar airflow bench cells were transferred
into a falcon tube together with 5 ml of complete growth medium. The falcon tube was then
centrifuged for 10 min at 300g and 20°C. After removing the supernatant the cell pellet was re-
suspended in 1 ml of complete growth medium and added to a Petri dish with another 9 ml of
complete growth medium.

The cells were not frozen again at any point.
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3.1.4 Trypsinization of the cells (splitting protocol)

To split the cells they were washed one time with 37 °C warm Dulbecco’s PBS and then
incubated with 3 ml of trypsin at 37°C for maximum 5 min. As stop solution 8 ml of DMEM
(containing 2% FCS and 1% penicillin/streptomycin) was used. The suspensions of all Petri
dishes were pooled in two falcon tubes and then centrifuged for 10 min at 300g and 20°C. After
removing the supernatant the cell pellets were re-suspended in 1,5 ml (per Petri) of complete
growth medium and their number was determined with a Neubauer Zdhlkammer as described

below (3.1.6 “cell count”).

3.1.5 Cell growth control
To control their growing process the cells were observed daily by light microscopy. Their

confluence was determined on the days of trypsinization and before every experiment.

3.1.6 Cell count

At passages 0 and 1 cell numbers were estimated and described by their confluence. Prior to
experiments a Neubauer Zdihlkammer was used to determine the number of cells in suspended
state. 10 pl of cell suspension were put on both counting areas of the counting chamber. All
cells inside of the 16 squares and all of those cells who touched the left or upper border of the
squares were counted together in all 4 areas and the mean of the four areas times 10”4 makes the

cell number per pl.

3.2 Substance solutions and mix preparation

Stock solutions were prepared as described in the following. Further dilutions were made in

Dulbeccos PBS if not otherwise mentioned.
(-)-Epicatechin
(-)-Epicatechin stock solution was prepared in DMSO in a concentration of 50 mM.

Tert-Butylhydrochinon (tBHQ)
tBHQ stock solution was prepared in DMSO in a concentration of 50 mM.

GYY 4137
GYY 4137 stock solution was prepared in DMSO in a concentration of 40 mM.

L-NG-Nitroarginine methyl ester (L-NAME)
L-Name stock solution was prepared in 0,01 M NaOH in a concentration of 50 mM.
S-nitroso-N-acetylpenicillamine (SNAP)

SNAP stock solution was prepared in DMSO in a concentration of 200 mM.
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DiethylaminoNO-NOate (DEA/NO)
DEA/NO stock solution was prepared in 0.01 M NaOH in a concentration of 50 mM.

Spermine NONOQOate (SPER/NO)
SPER/NO stock solution was prepared in 0.01 M NaOH in a concentration of 50 mM.

Angeli’s salt (AS)
AS stock solution was prepared in 0.01 M NaOH in a concentration of 50 mM.

Sodium sulfide (Na,S)

Na,S stock solution was prepared in double distilled water (H,Og4q) at concentration of 500 mM.

SSNO™ Mix

To obtain a 1 mM stock solution of SSNO™, 200 ul of 50 mM Na,S was added to a 1 mM SNAP
solution, dissolved in 800 ul of a I mM TRIS buffer. The eppendorf tube was incubated 10 min
protected from direct light. SSNO™ formation was detected as described in chapter 3.3.

SSNO~ Zinc mix

To eliminate the remaining Na,S of the stock solution, 20 pl of a 500 mM ZnCl, solution were
added to the prepared SSNO™ mix. It was then incubated for 2 min at room temperature to allow
formation of complexes. Afterwards it was centrifuged for 1 min at 10000 g and 20°C.

The supernatant was used for experiments or further procedure (see chapter 3.3.1).

Gassed SSNO™
The second protocol to eliminate the remaining Na,S of the stock solution was to gas the ready

prepared SSNO™ sample with nitrogen for 10 min (see chapter 3.3.2 for further details).

TPEN
TPEN was prepared as a stock solution of 50 mM, which was then added to the supernatant of

the SSNO™ Zinc mix in a final concentration of 1 mM, in order to eliminate the remaining zinc.

Carboxy-PTIO potassium salt (cPTIO)
cPTIO was prepared as a stock solution of 50 mM in DMSO.

L-cysteine

L-cysteine stock solution of 3 mM was prepared by solving L-cysteine HCI in PBS.

Dithiothreitol (DTT)
DTT was prepared as a stock solution of 100 mM in H,Og.

Dinitrososulfite (SULFI/NO)
SULFI/NO stock solution was prepared in 0,01 M NaOH in a concentration of 50 mM.
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3.3 Synthesis and UV-visible spectrometry of SSNO~

Following the protocol of Cortese-Krott et al. (Cortese-Krott, Fernandez et al. 2014) 1 mM

SNAP was incubated with 10 mM of Na,S to obtain a 1 mM SSNO™ mix. As buffer 100 mM
hydrogen phosphate or 100 mM TRIS (data not shown) was used. This lead to formation of a
stable yellow compound, which showed an increase of absorbance with peaks at 260 nm and
412 nm as well as increased absorbance at 250 to 310 nm in UV-visible spectroscopy (Fig.6).

As proposed by Cortese-Krott et al. this reaction product will be referred to as SSNO™ in the

following.
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Fig. 6 Absorbance spectrum of | mM SNAP in hydrogen phosphate buffer (green), 10 mM Na,S in hydrogen
phosphate buffer (blue) and the mix of 1 mM SNAP and 10 mM Na2S in hydrogen phosphate buffer (SSNO™) after
10 min of incubation at room temperature (red). The spectrum of SSNO™ shows a huge peak of 3,2 OD at 220 — 250
nm similar to Na,S, an increase of absorbance at 250 to 310 nm and a second peak of 0,3 OD at 412 nm, while the
peak at 340 nm disappeared.

3.3.1 Incubation of SSNO™ with Zn

To proof that the peaks of <250 nm in SSNO™ and Na,S solution were caused by excessive
Na,S and to remove it two different methods were used.

On the one hand ZnCl, was used in equimolar concentration to Na,S to form complexes, which
could then be eliminated by spinning them down. Therefore 10 mM ZnCl2 were put to the
SSNO™ solution and as a control also to the Na,S solution and those mixes were incubated for 2

min. After centrifuging those mixes at 12000 g and 20°C for 1 min white pellets could be

observed and absorbance was measured again and compared to the “crude” SSNO™ mix.

35



As shown in Fig. 7 incubation of both, the Na,S and the SSNO™ solution with ZnCl,; lead to
absence of the <250 nm peak in the samples. While the Na,S zinc mix hereafter was not
showing any absorbance at all indicating complete removal of the Na2S part, the SSNO™ zinc

mix still showed increased absorbance from 250 to 310 nm and the 412 nm absorbance peak.
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Fig. 7 (A) Absorbance spectrum of 1 mM SSNO™ after 10 min of incubation at room temperature (red) and 1 mM
SSNO™ additionally incubated with 10 mM of ZnCI2 and centrifuged (orange).

(B) 10 mM Na,S (blue) and 10 mM Na,S additionally incubated with 10 mM of ZnCI2 and centrifuged (purple).
All mixes prepared in 100 mM Hydrogen phosphate buffer. (A) The spectrum of SSNO™ incubated with ZnCI2
shows a depletion of the huge peak at 250 nm and below which is to be seen in regular SSNO™ solution. SSNO~
plus ZnClI2 still shows the increase of absorbance at about 280 nm and the second peak at 412 nm. (B) 10 mM

Na28 incubated with 10 mM of ZnCI2 and centrifuged was showing less than 0,2 OD absorbance in the UV-
spectrum.
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3.3.2 Gassing of SSNO~

The second method to remove excessive Na,S was gassing the SSNO™ mix with N, for 10 min
as described by Cortese-Krott et al. (Cortese-Krott, Fernandez et al. 2014). Sulfide (HS") is in

equilibrium with its undissociated form H,S and its twice dissociated form S* (see equation 1)
s = HS +H" =  HS. (1)

By gassing the sample with nitrogen the gaseous H,S is displaced from the solution. In
consequence, sulfide will be removed completely from the solution after 10 min. Fig. 8 shows

elimination of the <250 nm peak from the SSNO™ spectrum.
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Fig. 8 Absorbance spectrum of I mM SSNO™ after 10 min of incubation at room temperature (red) and 1 mM
SSNO™ additionally gassed with nitrogen for 10 min (orange). The spectrum of SSNO™ gassed with nitrogen shows
a depletion of the huge peak at 250 nm and below which is to be seen in regular SSNO™ solution, while still
showing the increase of absorbance at 250 to 310 nm and the second peak at 412 nm.

For cell culture experiments this method had the advantage that it is free of Zn compounds,
which themselves have a significant effect on Nrf2 signaling (Cortese, Suschek et al. 2008) also

found in our experiments (see chapter 4.7.3 and chapter 4.2.2).
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3.3.3 Identification of the increased absorbance at 250 to 310 nm

As described by Cortese-Krott et al. (Cortese-Krott, Fernandez et al. 2014, Cortese-Krott,
Fernandez et al. 2015) reaction of sulfide and nitric oxide also leads to formation of
dinitrososulfite (SULFI/NO) and polysulfides (HSx"). Therefore, we reproduced the
identification of the increased absorbance at 250 to 310 nm via UV-visible spectroscopy. To
disclose HS™ in the mix 1 mM of the polysulfide scavenger DTT was added to the SSNO™
sample. Fig. 10 shows how the gassed SSNO™ samples lowered their absorbencies at 250 to 310
nm in presence of DTT. SULFI/NO was detected to generate an absorbance peak of 259 nm,

which also matches the absorbance increase of SSNO™ as to be seen in Fig. 9.
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Fig. 9 Absorbance spectrometry of SULFI/NO. The compound shows an absorbance peak of 259 nm.
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Fig. 10 Absorbance spectrum of 1 mM SSNO™ after 10 min of incubation at room temperature (red) and 1 mM
SSNO™ additionally gassed with nitrogen for 10 min (orange). Addition of DTT (black) shows decrease of the

absorbance from 250 nm to 310 nm which is to be seen in regular SSNO™ solution, while still showing the increase
of absorbance at 412 nm.
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3.4 Protein level analysis

Treatment of HUVECs for 12 h

For plasma protein analysis HUVECs (2x10°) were incubated 24 h in 6 well plates with 2 ml
growth medium. Hereafter, medium was changed to 1.5 ml of FBS inactivated medium and cells
were incubated 12 h with the respective treatments and thereafter lysed and processed as

described below.

Lysis
To lyse HUVEC: for further protein assays a 200 mM RIPA buffer was used. Every well was
washed one time with Dulbeccos PBS and then flooded with 350 pul of RIPA. With help of cell

scrapers cells were collected in eppendorf tubes and frozen at -20°C

Protein assay

NanoQuant assay was used to determine protein concentrations in whole cell lysates. This
absorbance based assay calculates protein levels by comparing the quotient ODs9o/ODyso of
sample absorbencies to the ones of a prepared standard row in aqueous solutions. Hereafter
corrections for any dilution of the sample were made and total protein levels were calculated

using OMEGA software or MS excel.

Western blot
Western Blotting was performed to compare levels of cellular proteins. Samples were prepared

and operated as described below and analysis was made using “Image J” software.

SDS-Page

Samples were diluted in double distilled water (H,Ogyq) to a final concentration of 15 pug protein
in 16.25 pl of HyOy4. 6.25 pl of NuPage 4x LDS sample buffer and 2.5 pl of NuPage 10x
sample reducing agent were added and those mixes were incubated for 10 min at 70°C without
shaking or vortexing.

Meanwhile the 1x running buffer (Tris acetate) was made (see chapter 2.3). 200 ml of the buffer
were separated and 500 pl of sample oxidant was added to obtain the buffer for the inner
chamber. The gel was put into the chamber and after the buffers were added to the chambers, the
comb was removed and the slots were washed one time with inner chamber buffer.

The molecular weight marker was put into the first slot and the incubated samples were applied
to the other ones. To start the SDS-Page the running module was connected to a continuous

current of 200 mV for 40 to 50 minutes.
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Blotting

After the SDS-Page the gel was unpacked and put on a wet Whatman paper. The blotting
membrane was activated in methanol and put on top of the gel. The side of molecular weight
marker (the left side of the gel) was marked with a small cut on the edge of the membrane.
Another Whatman paper was put onto the membrane and the whole package was pressed one
time with an empty falcon tube to avoid air bubbles between gel and membrane. Surrounded by
4 sponges the pack was then put into the transfer module. The inner chamber was filled with
transfer buffer (10% methanol, 5% 20x transfer buffer diluted in H,O44) while the outer chamber
was filled with H,Og4q. The whole blot module was connected to a continuous current of 30 mV

for one hour.

Ponceau S staining and blocking
To detect if the transfer was successful and to lock the proteins the membrane was incubated in
a Ponceau S solution for 5 min and washed with H,Og4q4 several times. To block unspecific bands

the membrane was put into a 5% skim milk/T-TBS solutions at room temperature for 2 hours.

Primary antibody incubation
After 15 min washing in TBS solution the membrane was incubated at 4°C over night with
different concentrations of primary antibodies (see chapter 2.7) diluted in 5% BSA/T-TBS

solution also containing 0.03% of NaNj for conservation.

Secondary antibody incubation
Membranes were washed 5 times 5 min in T-TBS. Hereafter they were incubated with a 1:5000

diluted secondary antibody solution (see chapter 2.7) in 5% BSA/T-TBS buffer.

Chemiluminescence and detection

Membranes were washed another 5 times 5 min in T-TBS and then put on a wet Whatman
paper. To detect the protein lanes they were dyed with SuperSignal™ West Pico
Chemiluminescent Substrate and the chemiluminescence signal was measured with ImageQuant

LAS 4000.

Stripping of membranes
To strip the membranes they were put in stripping buffer (see chapter 2.3) at 70°C for 30 min
and then washed 5 times in TBS.

Densitometry analysis

Densitometry analysis was made using ImageJ software (see chapter 3.9).
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3.5 Transcription factor analysis

Treatment of the cells for 1 h

To analyze nuclear translocation of transcription factors HUVECs (10°) were incubated 24 h in
100 mm diameter Petri dishes with 8 ml growth medium. Hereafter, medium was changed to 8
ml of FBS inactivated medium and cells were incubated with the respective treatments for 1 h

and thereafter lysed and processed as described in chapter 0.

Nuclear extraction

Nuclear extraction was performed using the Active Motif Nuclear Extraction Kit. After 1 hour
treatment in 100 mm diameter Petri dishes, cells were put on iced underground and washed one
time in ice cold PBS. With the help of cell scrapers they were collected in ice cold PBS and
centrifuged at 500 g and 4°C for 10 min. Supernatant was removed and cells were re-suspended
in 500 pl pre-cooled hypotonic buffer for 15 min to allow lysis of the cytoplasmatic fraction.
After those 15 min the detergent was added to the vials and the samples were vortexed at highest
setting for 10 s then centrifuged at 10000 g 4°C for 30s. The cytoplasmatic fraction in the
supernatant was put to another vial and immediately stored in liquid nitrogen. The remaining
nuclear pellet was re-suspended in 50 ul complete lysis buffer vortexed once at highest setting
and then incubated for 30 min on ice on a rocking platform at 150 rpm. After another vortexing
at highest setting for 30 s the samples were again centrifuged at 10000 g 4°C for 10 min. The
supernatant including the nuclear fraction could now be separated and 5 pl aliquots for protein
detection and 40 pl aliquots for sample processing were frozen in liquid nitrogen. All samples

were then stored at -80°C.

Protein determination

Protein concentrations of nuclear extracts were determined using the BioRad protein detection
assay. In this colorimetric assay Coomassie brilliant blue G-250 dye changes its color in
response to various concentrations of protein because the dye binds to primarily basic and
aromatic amino acid residues (Bradford 1976). Protein levels are calculated by comparing the
absorbance at 595 nm of the sample to the ones of a prepared standard row using OMEGA

software or MS excel.
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Nrf2 transcription factor binding assay

To detect activated Nrf2 levels in nuclear extracts TransAM® Nrf2 transcription factor assay by
active motif was used. The DNA-binding ELISA for activated Nrf2 transcription factor was
performed according to the company’s protocol using 10 pg of protein per well. As blank 10 pl
complete lysis buffer was used, as positive control the 1.25 ul COS-7 solution diluted in 10 ul of
complete lysis buffer was used. All measurements were performed in duplicates.

Controls and samples (10 pg of protein in 40 pl full lysis buffer) were pipetted to an
intransparent microplate, to whose base ARE oligonucleotides (5’-GTCACAGTGACTCAG-
CAGAATCTG-3’) are bound. Incubation of 1h on a rocking platform (100 rpm) at room
temperature allows activated nuclear Nrf2 to bind to those oligonucleotides. After discarding the
sample solutions and 3 times washing the wells with 200 pl of a PBS buffer they were again
incubated for 1 h with 100 pl of a 1:1000 diluted Nrf2 antibody at room temperature. After
discarding the Nrf2 antibody solution and 3 times washing the wells with a PBS buffer they
were again incubated for 1 h with 100 pl of a 1:1000 horseradish peroxidase (HRP) linked anti-
Nrf2-antibody at room temperature. After discarding the HRP antibody solution and 4 times
washing the wells with a PBS buffer they were incubated with a developing solution containing
a substrate of the HRP. After 5-15 min peroxidase activity was stopped and absorbance could be
read at 450 nm with a reference wavelength of 655 nm. Nrf2 binding activity was calculated as

% of control or A% of control.

Western blot of nuclear extracts
Importantly, western blots of nuclear extracts were made to prove that nuclear Nrfl levels were
not increased by treatment with the respective substances. Western blots were performed as

described in chapter 0 using 15 pg of protein per slot.
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3.6 mRNA level analysis

Treatment of the cells for 6 h

To analyze effects of the substances on gene expression of phase Il detoxifying enzymes
HUVECs (2x10%) were incubated 24 h in 6 well plates with 2 ml growth medium. Hereafter,
medium was changed to 1.5 ml of FBS inactivated medium and cells were incubated for 6 h

with the respective treatment and thereafter lysed and processed as described below.

RNA extraction of HUVECs

RNA extraction of cells was performed with RNeasy mini kit. Cells were lysed in 350 ul RLT
buffer containing 1% beta-mercaptoethanol per well and collected in eppendorf tubes with help
of cell scrapers. A volume of 350 pl 70% ethanol was added to the tubes and mixed by pipetting
up and down several times. Samples were then put into the RNeasy spin columns and
centrifuged at 8000 g for 15 s. Collection tubes were depleted and spin columns were filled with
700 pl of RW1 washing buffer, then centrifuged again at 8000 g for 15 s. Collection tubes were
depleted again and 500 pl of RPE washing buffer was added to the spin columns, before they
were centrifuged at 8000 g for 15 s. This last step was repeated once with centrifugation at 8000
g for 2 min this time. Afterwards the columns were carefully removed from collection tubes. If
completely dry they were put into 1,5 ml eppendorf tubes and 40 ul H,O4q4 was added to the
columns to dilute the RNA. In a final centrifugation step at 8000 g for 1 min the diluted RNA

was collected in the eppendorf tubes.

RNA quantification
To determine the yield of RNA extraction performed sample absorbance was measured using

the NanoDrop ND 2000 spectrophotometer.

RNA quality control
To estimate the quality of the RNA extracted, Agilent bioanalysis was performed by the BMFZ
(Universitétsstralle 1, Geb. 23.12.E2 40225 Diisseldorf).

Reverse transcription

Reverse transcription was performed with the QuantiTect Reverse Transcription Kit. Samples
were diluted to a quantity of 1 pg RNA in 12 pl HyOg4q. To eliminate gDNA 2 ul of gDNA wipe
out buffer were added to the samples and they were incubated at 42°C for 2 min and hereafter
put on ice again. A RT-mastermix was prepared containing 1 part Quantiscript Reverse
Transcriptase, 4 parts 5x Quantiscript RT Buffer and 1 part RT Primer Mix. To every sample 6
ul of RT-mastermix were added. Additionally there was one pre-RT control, which underwent
the gDNA wipeout, but no reverse transcription to test the efficiency of the wipeout performed.
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All samples were then incubated at 42°C for 15 min to allow reverse transcription. Thereafter
temperature was risen to 95°C for 3 min in order to inactivate Quantiscript reverse transcriptase.

Obtained cDNA samples were then put on ice again and processed further or stored at -20°C.

Realtime polymerase chain reaction (rt-PCR)

To detect mRNA quantity real time PCR with the TagMan gene expression assay was used.
Samples were diluted to a concentration of 2 ng/ul and 5 ml (10 ng) cDNA per well was applied
to a 96-well microplate. Every sample measurement was performed in triplets. Reaction mixture
(20 pl per well) contained 1.25 pl 20x concentrated target assay mix (see chapter 2.4 for primer
overview), 12.5 ul 2x concentrated TagMan gene expression mastermix and 6.25 pul HyOg44. The
reaction mixture was added to the samples leading to a total volume of 25 pl per well.

Real time PCR was then performed in the ABI Prism 7900HT sequence detection system.
Primer activity was detected by FAM (6-FAM-phosphoramidit) reporter and the number of

cycles needed to reach the threshold was measured to obtain Ct-values for each sample.

Statistical analysis of gene expression

The values measured by reverse transcription real time PCR were analyzed with AACT method.
Ct-values of the target genes were first compared to Ct-values of housekeeping gene 18 S
(“ACT”). Then these differences were compared to those of the untreated control (“AACT”).
To calculate x-fold gene expression from those results the base 2 was raised to the power of the

differences in Ct-values [ 2ACt(untreated control) - ACt(sample)] )

3.7 Glutathione assay

Treatment of the cells for 24 h

To detect differences in cellular glutathione levels cells (2x10°) were incubated 24 h in 6 well
plates with 2 ml growth medium. Hereafter, medium was changed to 1.5 ml of FBS inactivated
medium and cells were treated with the respective substances for another 24 h and lysed after

this.

Lysis
Cells were lysed in 200 pl of 100 mM HCI buffer per well. With the help of cell scrapers whole

cell lysates were collected in 1.5 ml eppendorf tubes.
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Protein assay

Samples were diluted 1:20 and buffered in a 100 mM TRIS buffer. To detect cellular protein
levels NanoQuant protein assay was chosen. This absorbance based assay calculates protein
levels by comparing the quotient ODs9/ODyso of sample absorbencies to the ones of a prepared
standard row in aqueous solutions. Hereafter corrections for any dilution of the sample were

made and total protein levels were calculated using OMEGA software or MS excel.

Glutathione assay

Total GSH and GSSG levels were determined by an Arbor Assays” GSH detection kit according
to the company’s protocol. The fluorescence based assay uses a proprietary nonfluorescent
molecule (ThioStar”™), which will form fluorescent product after binding to the free thiol group
of GSH. After mixing the sample or standard with ThioStar and incubating at room temperature
for 15 minutes the fluorescent product is read at 510 nm in a fluorescent plate reader with
excitation at 390 nm and intensity is compared to a GSH standard to calculate free GSH.
Hereafter, GSSG is measured by a glutathione reductase reaction mixture, which converts the
remaining GSSG to GSH. After incubating the converted samples with ThioStar for another 15
min at room temperature the fluorescent signal is again read at 510 nm with excitation at 390 nm
and intensity is again compared to a GSH standard. After measuring free GSH and GSSG
concentration suitable correction for any dilution of the sample were made using the OMEGA

software and total GSH levels could be calculated from GSH and GSSG.

3.8 RNA Interference

siRNA Transfection

RNA interference was planned to knock down Nrfl, Nrf2 and Keap!l and to elucidate which one
of these proteins contributes most to electrophile induced Nrf2 signaling. As transfection kit the
Qiagen RNAi Human/Mouse Starter Kit and HiPerFect transfection reagent were used. For
effective knock-down HUVECs (10°) were incubated 24 h in 12-well plates with 1 ml growth
medium. Hereafter, medium was changed to 1 ml of FBS inactivated medium and cells were
treated with 5 or 10 nM siRNA oligonucleotides and 8, 12 or 18 pul of HiPerFect transfection
reagent for 24 h. After this time cells were lysed (compare to chapter 0) and gene expression of

target genes was monitored as described in chapters 0 and 0.

Negative control and mock control
Knock down of target genes was compared to its expression in untreated cells and to cells which

were treated with transfection reagent only (mock control).
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Cell death control

Qiagen Cell death control was used to check transfection effectiveness. Cells were incubated
with AllStars Hs Cell Death Control siRNA from the kit and HiPerFect transfection reagent in
the same concentrations as used in MAPK1 transfection. Incubation was prolonged to 72 h as

proposed by the manufacturer’s protocol. Dying cells then showed effective knock down.

MAPKT1 transfection control

In order to quantify transfection effectiveness the expression of the housekeeping gene MAPK1
was monitored by rt-PCR after knocking down its corresponding mRNA. siRNA was
transfected in concentrations of 5 and 10 uM using 6, 12 and 18 ul of HiPerFect transfection

reagent per ml of medium.

Monitoring of gen knockdown

Knockdown was monitored by rt-PCR as suggested by the manufacturer. As primer hs MAPK1
was chosen with FAM signaling. As mastermix TagMan gene expression mastermix was used
(compare to chapter 3.6). Knockdown was analyzed according to AACT method comparing
knocked down MAPK1/18S CT-ratio to untreated control MAPK1/18S CT-ratio (compare to
chapter 3.6).

3.9 Statistic analysis

Statistical analysis of ARE binding assays
The values measured by UV-visible absorbance spectrometry were first blank corrected to the
absorbance of the lysis buffer used. Blank corrected values were then presented as raw data or

compared to control as % of control (value/CTRL) or A% of control [(sample-CTRL)/CTRL].

Statistical analysis of gene expression

The values measured by reverse transcription real time PCR were analyzed with AACT method.
Ct-values of the target genes were first compared to Ct-values of housekeeping gene 18 S
(“ACT”). Then these differences were compared to those of the untreated control (“AACT”).
To calculate x-fold gene expression from those results the base 2 was raised to the power of the

differences in Ct-values [ 2ACt(untreated control) - ACt(sample)] )

Presentation of results
All values are reported as means with standard errors of the means (SEM). Comparisons were
performed via two tailed T-test or one-way ANOVA with Tukey post hoc tests for multiple

comparisons. Differences were considered significant when p<0.05.
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Microsoft Excel
Assay analysis, descriptive statistics and RNA analysis was performed with Microsoft Excel.

For RNA analysis AACT method was applied. Hereby

GraphPad Prism 5

Major parts of descriptive and all inference statistics were performed with GraphPad Prism 5.

3.10 Citation manager

For citation managing Zotero (Version 4.0.27.1) and EndNote (Version X7.3.1) were used.
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4 Results

4.1 Plan of the study and experimental setup

Treatment of HUVECs with

(-)-epicatechin NO sulfide SSNO~
comparison of
1h
\\ \\ \\ \\ » | nuclear Nrf2 levels
ARE binding activity
h
\\ \\ \\ \\ 6 » | Hmox1
gene expression
24 h
\\ \\ \\ \\ » | GSH levels
cell viability

Fig. 11 experimental setup for the comparison of (-)-epicatechin, NO, sulfide and SSNO-

This work aimed to compare the effects of (-)-epicatechin, NO, sulfide, the crosstalk of NO and
sulfide and nitrosopersulfide (SSNO") on Nrf2 activation and translocation to the nucleus, ARE
binding, transcription of phase II detoxifying enzymes and cell viability in human endothelial
cells. To do so, HUVECs were treated with those substances and analyzed at different levels of
the Nrf2 pathway as shown by Fig. 11. Nuclear extracts were obtained after 1 h of incubation
and were analyzed by western blots and staining for Nrfl, Nrf2 and Lamin A (as loading
control). Nuclear extracts were also analyzed with an ELISA-based transcription factor binding
assay for Nrf2. Hmox-1 gene expression was determined after 6 h of treatment using reverse
transcription real time PCR. Cellular GSH levels were measured after 24h of incubation by

fluorescence detection assay and cell viability was determined by neutral red staining.
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4.2 Pre-experiments and evaluation

4.2.1 Treatment of HUVECs passage >3

Nrf2 signaling is dependent on cell type, cellular redox status and culture conditions. To prove
eligible conditions the cells responsiveness to tert-butylhydroquinone (t-BHQ) was compared,
because this substance was already characterized as a strong inhibitor of Keapl (Wakabayashi,
Dinkova-Kostova et al. 2004). Hereby, pooled HUVECs from the same lot number and same
passage were found to be necessary for best comparability. Otherwise responsiveness to t-BHQ
was inconsistent (data not shown). We also found that the cells should not be split to passages
higher than two, they should not be maintained in culture for more than one day once full
confluence was reached, and they should all be cultured under the same standardized growing
conditions (see chapter 3.1).

Under these conditions we found an increased ARE-binding activity upon treatment with 10 pM
t-BHQ as shown in Fig. 12 (no statistical significance due to n=2). Additionally we found that
treatment with the hydrophobic solvent DMSO that was used for stock preparation (see chapter

3.2) did not have any significant effects on Nrf2 activation.
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Fig. 12 treatment of HUVECs passage < 2 with positive control t-BHQ and solvent DMSO. In HUVECsS passage <2 t-BHQ
showed increased ARE binding while DMSO had no influence. Scatter is shown as SEM. Statistical significance was tested by
one-way ANOVA (n=2; P=0.13 [95% CI for t-BHQ -0.3792 to 0.08267])
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4.2.2 Toxicity tests of treatments

To make sure that the compounds and its concentrations used have no toxic effects on HUVECs
neutral red staining experiments were performed. Cells were treated for 24 h with all compounds
used in this work (for treatments and concentrations see figures below) and stained with neutral
red afterwards. Fig. 13,

Fig. 14 and Fig. 15 show the absorbance of 450 nm correspondent to HUVECsS viability after

treatment.
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Fig. 13 Cellular viability after 24 h incubation with (A) (-)-epicatechin, tBHQ and (B) GYY 4137 and SPE/NO.
Viability was determined by neutral red staining. The graph shows absorbance at 450 nm equivalent to cell
viability. Scatter is shown as SEM. Statistical significance was tested by one-way ANOVA (n=5; n.s.= no statistical
difference in ANOVA and additional single t-test)

50



>
w

-
o
]

. n.s. . 069 n.s.
) 1 |
E 0.8- . '
2ol T i z T
T 06 T g 047 I T T
- : T
£ 0.4 T &
& £ 0.2
3 2
< 0.2 £
0.0 T T T T T T 0.0 T T T T T T
S & & & & & C T R R
& $\%Q @o @%o ﬁ\%‘\ @o O&Qy @o @Gﬁ @o @o @o
RS SIS SN N S N
\ X\ X\ X\ X\ ‘\Q ‘\Q \Q \Q \Q
é é 4 4 X X X X
& & & & S8 &
> S > o © © © ©
RN \~§\ $ $ $
RSN R S
n.s n.s
087 | | 1.04 | i
n.s.
g 0.6- E 0.8 T T '|' T
(=
[—3
ﬁ 1 '|' L T ¥ 0.6- T
0.4 5
g g T
g T £ 044
2 0.2 5
£ 02 L. 2 o2
0-0 1 1 1 1 T 1 OIO T T T L] L] L]
&Qy ﬁ\(‘}\ @(\? @(\f @v\ @(\? & o“’&z o"&c e"’&e o"’&e o“’é&
(O S S S S AR C RS SR R
$a o s TS
x X X N & & &
S & A N N N N N
é é é *X X *X 4><
RN G A
Q¥ o¥ ot S N
AN S ? ? §\ §\
N Y Y © \@m

Fig. 14 Cellular viability after 24 h incubation with GYY 4137 in combination with SNAP, L-NAME and Zn*".
Viability was determined by neutral red staining. The graph shows absorbance at 450 nm equivalent to cell
viability. Scatter is shown as SEM. Statistical significance was tested by one-way ANOVA (n=5; n.s.= no statistical
difference in ANOVA and additional single t-test)
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Fig. 15 Cellular viability after 24 h incubation with different concentrations of SSNO™ and Na2§, with and without
zinc. Viability was determined by neutral red staining. The Graph shows absorbance at 450 nm equivalent to cell
viability. Scatter is shown as SEM. Statistical significance was tested by one-way ANOVA (n=5; n.s.= no statistical
difference in ANOVA and additional single t-test)

Neutral red staining experiments showed that the selected treatments of HUVECs overall did not
affect their viability at the concentrations used. However, GYY 4137 showed decreased cell
viability at concentrations of 1000 uM. These findings were consistent with observations via
microscopy (not displayed) in which changes in cell morphology were seen after administration
of 1000 uM GYY 4137 to the medium. Additionally, decreased cell viability could be observed
within incubations with zinc which don’t seem to follow a specific rule since 10 pM zinc seem
to harm the cells while 20 pM do not. On the other side, mix 2 on concentration of 40 pl per ml
medium shows decreased viability, while lower concentrations or segregation of zinc (mix 4)
had no effect on cell survival. However, differences were not significant at any treatment.
Taken together, most treatments did not affect cell viability. While treatments with 1000 uM
GYY 4137 and some treatments with zinc seemed to decrease cell viability there were no

statistical differences observed.
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4.2.3 Transfection with siRNA

RNA interference experiments were planned to knock down Nrfl, Nrf2 and Keap1 and to
elucidate to what extent they contribute to electrophile induced Nrf2 signaling. As transfection
kit the Qiagen RNA1 Human/Mouse Starter Kit and HiPerFect transfection reagent were used.
For effective knock-down HUVECs (10°) were incubated 24 h in 12-well plates with 1 ml
growth medium. Hereafter, medium was changed to 1 ml of FBS inactivated medium and cells
were treated with 5 or 10 nM siRNA oligonucleotides and 8, 12 or 18 pl of HiPerFect
transfection reagent for 24 h. After this time cells were lysed and gene expression of target
genes was monitored as described in detail in chapters 3.6 and 3.8.

To establish the protocol siRNA for MAPK1 (NM_002745) was chosen. Fig. 16 shows
expression of MAPKI1 after transfection as calculated by AACT method. Sufficient knock down

would significantly reduce MAPK1 gene expression.

1.59 mock 5nM 10nM

CTRL siRNA  siRNA

expression of MAPK 1 ddCT

0.0

Fig. 16 Real time RT-PCR of RNA extracts from HUVECs transfected with MAPK1 siRNA and HiPerFect reagent
in different concentrations. Cellular mRNA concentration was detected by real time RT-PCR (10 ng cDNA per

well) using primers for 18S as housekeeping gene. CT values were analyzed according to AACT method. Values
represent the mean £SEM (n=1)

MAPKI1 expression was at most reduced to 0.58 fold expression (when treated with 10 nm
siRNA) as compared to untreated control. Although this was only n=1, siRNA-transfection was
considered incomplete since cell viability controls of the transfection with AllStars Hs Cell
Death Control siRNA were also insufficient (not displayed). Therefore, this protocol for human

primary endothelial cells RNA interference was not studied further and still has to be optimized.
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4.3 Effects of (-)-epicatechin on Nrf2 in HUVECs

4.3.1 Nrf2 transcription factor binding assay

To analyze the effects of (-)-epicatechin on Nrf2 signaling HUVECs were treated with
concentrations from 0.1 to 100 uM (-)-epicatechin for one hour. After preparation of nuclear
extracts activated Nrf2 levels were determined using the transcription factor binding assay
measuring ARE binding. Fig. 17 shows the absorbance at 450 nm and absorbance relative to

control corresponding to activated nuclear Nrf2 levels.
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Fig. 17 Transcription factor binding assay of nuclear extracts from HUVECsS treated with (-)-epicatechin. The
graphic shows the absorbance at 450 nm and relative to control corresponding to activated nuclear Nrf2 levels.
Treatment for 1 h with (-)-epicatechin shows increased absorbance dependent on concentration. Significant
differences were observed at all concentrations. Each measurement was performed in duplicates. Scatter is shown
as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison
test (n=5; *P<0.05, **P<0.01)

Treatment for 1 h with (-)-epicatechin shows increased absorbance dependent on concentration.
ARE binding was augmented up to 1.48 £ 0.09 fold intensity (at concentration of 10 uM)
indicating up to 50% increase in nuclear Nrf2 levels. Significant differences to control

treatment were observed at concentrations of 10 and 100 pM when comparing raw data.
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4.3.2 Waestern blots of nuclear extracts

To analyze translocation of Nrf2 western blots of the same nuclear extracts were made. Nrf2
levels were detected at a molecular weight of 100 kDa (see discussion) (Lau, Tian et al. 2013).
Fig. 18 shows one representative western blot. Fig. 19 shows the densitometry analysis of

western blots.

tBHQ  (-)-Epicatechin [uM]
CTRL 1 100 10 1 0.1 MWM

—_ 120 kDa
N rfz - — — — — - 100 kDa
Lamin A | e — ————— 80 kDa

Fig. 18 Western blot of nuclear extracts from HUVECsS treated with (-)-epicatechin. The graphic shows bands at
100 kDa after staining with Anti-Nrf2 (ab63252) corresponding to activated nuclear Nrf2. Treatment for 1 h with
(-)-epicatechin shows increased incidence of Nrf2 in the nucleus in a concentration dependent manner. The second
staining was made with Lamin A (ab8980) as a loading control. Slots were loaded with 15 pg protein.
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Fig. 19 Densitometry analysis of western blots of nuclear extracts from HUVECs treated with (-)-epicatechin. The
graphic shows the band density of the treatments compared to control. Treatment for 1 h with (-)-epicatechin shows
increased translocation of Nrf2 into the nucleus in a concentration dependent manner (error bars show SEM, n=5).

Western blot analysis of nuclear activated Nrf2 levels could also show a concentration
dependent translocation of Nrf2 into the nucleus that was strongest for (-)-epicatechin at 100 uM

concentration, though not statistically significant.
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4.3.3 Gene expression

To determine the effects on transcription of phase II detoxifying enzymes by (-)-epicatechin
mRNA expression was detected after 6 h of treatment using reverse transcription real time PCR.
As target enzymes of Nrf2 Nqol, Hmox1 and Gclc were chosen. Fig. 20 shows the logCT

values compared to housekeeping genes and compared to CTRL gene expression (AACT) of

Ngol, Hmox1 and Gclc.

A B Hmox1

Nqgo1 *
5- 67
7 . T
< 3 <Z( -|-
z T 'r
£ 1 [S
(N 5 4 | L
3 1] I L 3 T
0 T T T T T T o T T T L] L] L]
S N g » S o
QZ‘Q RN '&QQ «q,‘?‘ A Q'?Q N IIRN \@Q &@‘b &
& &
N N
(-)-epicatechin concentration (-)-epicatechin concentration
C Gcelc
5-
T 4 '|'
>
2
3 o
E
- 0| L
[8)
S 1 T 4
c L] L] L] L] L] L]
S & &

(-)-epicatechin concentration

Fig. 20 Real time RT-PCR of RNA extracts from HUVECs treated with (-)-epicatechin for 6 h. Cellular mRNA
concentration was detected by real time RT-PCR (10 ng cDNA per well) using primers for (A) Nqol
(Hs01045993 ¢1), (B) Hmox1 (Hs01110250 m1), (C) Gclc (00892604 ml) as target genes and 18S
(Hs03003631_g1) as housekeeping gene. CT values were analyzed according to AACT method. Values represent
the mean +SEM; Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple
comparison test (n=5; *P<0.05)
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Reverse transcription real time PCR showed a non significant increase of cellular phase I1
enzymes mRNA levels. Treatments with 0.1 uM (-)-epicatechin led to 3.39 +£1.31 fold up-
regulation of Nqol mRNA levels, to 2.91 +1.28 fold up-regulation of Hmox1 mRNA levels and
to 2.8 £1.41 fold up-regulation of Gclc mRNA levels. However, gene expression of the phase II
genes was only weakly increased by 1 uM (-)-epicatechin and hardly increased by 10 uM and
100 uM treatment. Statistically significant differences were only measured for the positive

control t-BHQ.
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4.4 Effects of NO, NO and NO" on Nrf2 in HUVECs

4.4.1 SPER/NO, SNAP and Angeli’s salt

An important goal of this study was to compare Nrf2 activation by Angeli’s salt (nitroxyl-
donor), SNAP (S-nitrosothiol), SPER/NO and DEA/NO (both NO' releasing chemicals) in the
same cellular system. Upon exposure to NO , NO” and NO™ for 1 h Nrf2 activation and
translocation was measured via ARE binding assays of nuclear extracts. Fig. 21 shows the

absorbance at 450 nm and absorbance relative to control corresponding to activated nuclear Nrf2

levels.
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Fig. 21 Transcription factor binding assay of nuclear extracts from HUVECs treated for 1 h with (A) SPER/NO
(1-20 uM), (B) SNAP (1-20 uM) and (C) Angeli’s salt (1-20 uM). Treatments of HUVECs with SPER/NO showed
the strongest increase in ARE binding. Nrf2 is activated in a concentration dependent fashion with significant
increase at 20 uM SPER/NO. Angeli’s salt and SNAP also augmented Nrf2 activation in a concentration dependent
fashion but in less potent way. Each measurement was performed in duplicates. Scatter is shown as SEM. Statistical
significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test and/or two way
T-test (n=3; *P<0.05, **P<0.01, # indicates P<0.05 in additional T-test)
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Treatments of HUVECs with SPER/NO, SNAP and Angeli’s salt all showed a dose responding
increase in ARE binding. The highest and significant increase was observed for 20 uM of
SPER/NO (0.33 £0.02 absorbance compared to CRTL 0.23 +£0.01). Angeli’s salt and SNAP also

augmented Nrf2 activation in a concentration dependent fashion but in less potent way.

To determine the effects on transcription of Hmox-1 induced by SPER/NO, SNAP, and Angeli’s
salt, mRNA expression was detected after 6 h of treatment using reverse transcription real time
PCR. Fig. 22 shows the logCT values compared to housekeeping genes and compared to control

gene expression (AACT) of Hmox-1.
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Fig. 22 Hmox1 gene expression in HUVECs treated for 6 h with SPER/NO (20 uM), SNAP (20 uM) and Angeli’s
salt (20 uM). Treatments of HUVECs with 20 pM SPER/NO showed significantly increased Hmox1 gene
expression (16.26 +£1.97 fold increase). Angeli’s salt and SNAP also augmented cellular Hmox1 mRNA levels but
in less potent way. Cellular mRNA concentrations were detected by real time RT-PCR (10 ng cDNA per well)
using primers for Hmox1 (Hs01110250 ml) as target genes and 18S (Hs03003631 g1) as housekeeping gene. CT
values were analyzed according to AACT method. Bars represent the mean £SEM. Statistical significance was
tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; *P<0.05, **P<0.01)

SPER/NO at a concentration of 20 uM showed a significant increase in cellular mRNA levels of
Hmox-1 (16.26 £1.97 fold expression compared to untreated control). Augmentation of cellular
Hmox1 mRNA levels by Angeli’s salt and SNAP were less potent and statistically not
significant (4.26 +0.64 fold expression by Angeli’s salt vs. 5.19 £0.46 fold expression by
SNAP)
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4.4.2 Treatment with DEA/NO

In addition DEA/NO was used to measure the influence of nitric oxide (NO") on HUVECs.
Upon exposure to NO for 1 h Nrf2 activation and translocation was measured via ARE binding
assays of nuclear extracts. Fig. 23 shows the absorbance at 450 nm and absorbance relative to

control corresponding to activated nuclear Nrf2 levels.
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Fig. 23 Transcription factor binding assay of nuclear extracts from HUVECs treated with DEA/NO. The graphic
shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and absorbance relative to control.
Treatment for 1 h with DEA/NO shows increased absorbance. Each measurement was performed in duplicates.
Scatter is shown as SEM. Statistical significance was tested by non-paired, two tailed t-tests (n=2; *P<0.05,
**pP<0.01)

Treatment for 1 h with DEA/NO showed 1.64 +0.041 fold increased absorbance.
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4.4.3 Compared Nrf2 activation by nitroxyl, S-nitrosothiol and NO

In order to better compare the effect sizes on Nrf2 activation by nitroxyl, S-nitrosothiol and NO*
raw data were normalized. ARE binding data were first compared to untreated control within the
same experiment as A% of CTRL [(sample-CTRL)/CTRL]. Hereafter data were pooled and

reanalyzed for better comparability.
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Fig. 24 normalized and pooled data of transcription factor binding assays from HUVECs treated for 1 h with SPER/NO (1-100
uM), DEA/NO (100 uM), SNAP (1-100 pM) and Angeli’s salt (1-20 uM). Treatments of HUVECs with SPER/NO showed the
strongest increase in ARE binding. Nrf2 is activated in a concentration dependent fashion with significant increases at 20 pM
and 100 pM SPER/NO. DEA/NO also showed significant increased ARE binding. Angeli’s salt and SNAP also augmented Nrf2
activation in a concentration dependent fashion but in less potent way. Each measurement was performed in duplicates. Scatter
is shown as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test
(n=3; n=12 for SNAP 20uM; *P<0.05, **P<0.01)

Treatment of HUVECs with SPER/NO showed the strongest increase in ARE binding (44% +
13% at 20 uM and 105% + 10% at 100 uM) and the most distinct increase in Hmox 1 expression
(16.26 £ 1.97 fold expression at 20 uM — see Fig. 22). Angeli’s salt and SNAP also augmented
Nrf2 activation in a concentration dependent fashion but in less potent way (24% + 10% at 20
uM Angeli’s salt and 24% =+ 7% at 20 uM SNAP). Similar results were shown for Hmox|1
expression (see chapter 4.4.1)

Taken together, this work showed Nrf2 activation and increase in cellular mRNA levels of phase
IT enzyme Hmox1 in HUVECs. By direct comparison of NO*, NO™ and NO" strongest effects
were shown for SPER/NO indicating NO" to be the most potent Nrf2 activator among those

three.
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4.5 Effects of sulfide on Nrf2 in HUVECs

4.5.1 Treatment with GYY 4137

To analyze the effects of sulfide on Nrf2 translocation and ARE binding HUVECs were treated
with the slow sulfide donor GY'Y 4137 for one hour. After preparation of nuclear extracts
activated Nrf2 levels were determined using the transcription factor binding assay. Fig. 25
shows the absorbance at 450 nm and absorbance relative to control corresponding to activated

nuclear Nrf2 levels.
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Fig. 25 Transcription factor binding assay of nuclear extracts from HUVECs treated with GYY4137. The graphic
shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and absorbance relative to control.
Treatment for 1 h with GY'Y shows increased absorbance dependent on concentration. Significant differences were
observed at 1000 pM concentration of GY'Y. Each measurement was performed in duplicates. Scatter is shown as
SEM Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test
(n=4; *P<0.05, **P<0.01)

Treatment for 1 h with GY'Y shows concentration-dependent increased absorbance. Significant

differences were only observed at 1000 uM concentration of GY'Y.
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4.5.2 Treatment with Na,S

Additionally HUVECs were treated with increasing concentrations of sulfide by dilution of
Na,S for 1 h. After preparation of nuclear extracts activated Nrf2 levels were determined using
the transcription factor binding assay. Fig. 26 shows the absorbance at 450 nm and absorbance

relative to control corresponding to activated nuclear Nrf2 levels.
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Fig. 26 Transcription factor binding assay of nuclear extracts from HUVECs treated with Na,S. The graphic shows
the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and absorbance relative to control.
Treatment for 1 h with Na,S shows increased absorbance dependent on concentration. Significant differences were
observed at 200 pM and 400 uM concentration of Na,S. Each measurement was performed in duplicates. Scatter is
shown as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple
comparison test (n=3; *P<0.05, **P<0.01).

Treatment for 1 h with Na,S shows increased absorbance dependent on concentration.

Significant differences were only observed at 200 uM and 400 uM concentration of Na,S.
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4.6 Modulation of nitric oxide effects on Nrf2 by sulfide in HUVECs

4.6.1 Treatment with GYY and SPER/NO

To investigate on a potential crosstalk between sulfide and nitric oxide HUVECs were treated
with GYY 4137 in combination with SPER/NO for 1h. After preparation of nuclear extracts
activated Nrf2 levels were determined using the transcription factor binding assay. Fig. 27
shows the absorbance at 450 nm and absorbance relative to control corresponding to activated

nuclear Nrf2 levels.
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Fig. 27 Transcription factor binding assay of nuclear extracts from HUVECs treated with SPER/NO in combination
with GY'Y 4137. The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and
absorbance relative to CTRL. Treatment for 1 h with SPER/NO shows increased absorbance. In combination with
rising concentrations of GY'Y 4137 absorbance is decreasing. Each measurement was performed in duplicates.

Scatter is shown as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc
multiple comparison test (n=3; *P<0.05, **P<0.01)

Treatment for 1 h with 100 uM SPER/NO shows 2.05 +0.1 fold increased absorbance. In
combination with 100 uM GY'Y 4137 Nrf2 binding activity is 1.95 +0.08 fold increased while
there are no significant differences to treatment with only SPER/NO.

64



4.6.2 Treatment with GYY and SNAP

To investigate on a potential crosstalk between sulfide and S-nitrosothiols respectively
nitrosonium (NO") HUVECs were treated with GYY 4137 in combination with SNAP for 1h.
After preparation of nuclear extracts activated Nrf2 levels were determined using the
transcription factor binding assay. Fig. 28 shows the absorbance at 450 nm and absorbance

relative to control corresponding to activated nuclear Nrf2 levels.
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Fig. 28 Transcription factor binding assay of nuclear extracts from HUVECs treated with SNAP in combination
with GY'Y 4137. The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and
absorbance relative to CTRL. Treatment for 1 h with SNAP shows increased absorbance although not significant.
In combination with GY'Y 4137 absorbance is almost decreased to levels of control when concentration of GY'Y
4137 is rising. Each measurement was performed in duplicates. Scatter is shown as SEM. Statistical significance
was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; *P<0.05, **P<0.01)

Treatment for 1 h with SNAP did not show significantly increased absorbance in this
experiment. However, Nrf2 binding activity tends to raise upon incubation with 100 uM SNAP
while combination of SNAP with GY'Y 4137 decreases Nrf2 activation.
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4.6.3 Treatment with sulfide and DEA/NO

To obtain further insights into the crosstalk between sulfide and NO" cells were incubated with
DEA/NO with and without Na,S for 1 h. After preparation of nuclear extracts activated Nrf2
levels were determined using the transcription factor binding assay.

Fig. 29 shows the absorbance at 450 nm and absorbance relative to control corresponding to

activated nuclear Nrf2 levels.
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Fig. 29 Transcription factor binding assay of nuclear extracts from HUVECs treated with DEA/NO in combination
with Na2S. The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and
absorbance relative to CTRL. Treatment for 1 h with DEA/NO shows increased absorbance. In combination with
Na28 absorbance shows a 2-fold increase compared to levels of control while concentration of Na2S is rising. Each
measurement was performed in duplicates. Scatter is shown as SEM Statistical significance was tested by one-way
ANOVA followed by Tukey post hoc multiple comparison test (n=2; *P<0.05, **P<0.01)

Treatment for 1 h with DEA/NO showed 1.64 £0.041 fold increased absorbance. In combination
with Na,S ARE binding levels were risen up to 2.26 +0.035 fold absorbance.
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4.6.4 Treatment with GYY and L-NAME

To clarify if treatment with sulfide has any effects on Nrf2 signaling in the absence of
intracellular NO, cells were pre-incubated with L-N®-Nitroarginine methyl ester (L-NAME) to
inhibit cellular NO production. Fig. 30 shows the absorbance at 450 nm corresponding to

activated nuclear Nrf2 levels.
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Fig. 30 Transcription factor binding assay of nuclear extracts from HUVECs treated with L-NAME in combination
with GY'Y 4137. The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and
absorbance relative to CTRL. Treatment for 1 h with L-NAME shows no significant change in absorbance. In
combination with GY'Y 4137 absorbance is increased but without significant changes. Each measurement was
performed in duplicates. Scatter is shown as SEM. Statistical significance was tested by one-way ANOVA followed
by Tukey post hoc multiple comparison test (n=4; *P<0.05, **P<0.01)

Pre-incubation with L-Name for 30 min did not affect absorbance levels compared to control. In

combination with GY'Y 4137 ARE binding is also not altered significantly.
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4.7 Effects of SSNO™ on Nrf2 in HUVECs

4.7.1 Formation of SSNO

In this study SSNO™ was synthesized from sulfide and an S-nitrosothiol at physiological pH
monitored by UV—visible spectroscopy following the protocol of Cortese-Krott et al. (Cortese-
Krott, Fernandez et al. 2014). Incubation of 10 mM Na,S with I mM SNAP led to formation of
a yellow compound at 412 nm, that was stable for >30 min. Additionally an increase of
absorbance at 250 to 310 nm with a second peak at 260 nm was observed. The 250 to 310 nm
increase of absorbance was assumed to be polysulfides (HS;") because it could be removed by
the polysulfide scavenger DTT. The peak at 260 nm however emerges from SULFI/NO
formation, which is another reaction byproduct also described by Cortese-Krott et al. (Cortese-
Krott, Kuhnle et al. 2015). For further information see chapter 3.3.

Since sulfide in excess was used to obtain the SSNO™ solution, the remaining educts (visible at
250 nm and below) had to be removed to study the reaction products individually. This was
performed via two different protocols (see chapter 3.3). The sulfide in excess could be removed
(1) via gassing with N, for 10 min and (2) via application of 10 mM zinc, which led to
formation of zinc complexes, which then could be removed from the solution by centrifugation.
Following both protocols the sulfide in excess was removed successfully.

Thereby we obtained a Na,S free SSNO™ solution stable for more than 30 minutes, which could

be administered to the cells.

4.7.2 Treatment with SSNO~

To investigate on activation of Nrf2 signaling by SSNO™ solutions, HUVECs were incubated
with the mixes (described in chapter 3.3) prepared immediately prior to treatment. Effects on
Nrf2 activation and translocation were analyzed by ARE binding in nuclear extracts after
treating the cells for 1h with SSNO™ and different controls.

Fig. 31 shows the absorbance at 450 nm and absorbance relative to control corresponding to
activated nuclear Nrf2 levels. Treatment for 1 h with SSNO™ showed up to 2.11 £0.15 fold
increased absorbance at concentrations of 20 uM. Significant differences were observed

compared to CTRL as well as to Na,S at concentrations of 200 uM.
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Fig. 31 Transcription factor binding assay of nuclear extracts from HUVECs treated with 20 uM SSNO™, 200 uM
Na,S and 20 uM SNAP. The graph shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels
and absorbance relative to CTRL. Treatment for 1 h with SSNO™ shows 2.11 £0.15 fold increased absorbance with
high significance compared to control. Na,S treatment also shows significantly increased absorbance. SSNO™
shows significant higher absorbance than Na,S. Each measurement was performed in duplicates. Scatter is shown
as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison
test (n=3; *P<0.05, **P<0.01)

4.7.3 Treatment with SSNO™ incubated with Zn

To remove sulfide in excess from the SSNO™ solution, the SSNO™ mix was incubated with 10
mM ZnCl, for 2 min to allow formation of sulfide Zn complexes, which could then be spun
down by centrifugation. As a control the Na,S solution was processed the same way (for further
details see chapter 3.3). HUVECs were incubated with the supernatant of those mixes.

Fig. 32 shows the absorbance at 450 nm and absorbance relative to control corresponding to

activated nuclear Nrf2 levels.
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Fig. 32 Transcription factor binding assay of nuclear extracts from HUVECs treated with the supernatant of SSNO™
and Na,S incubated with ZnCl,. The graphic shows the absorbance at 450 nm corresponding to activated nuclear
Nrf2 levels (A and C) and absorbance relative to CTRL (B and D). Treatment for 1 h with SSNO™ showed 2.11
+0.15 and treatment with SSNO™ incubated with zinc showed 2.0 £0.13fold increased absorbance with high
significance. Na,S treatment also shows significantly increased absorbance, while Na,S plus zinc shows minor
increases. Each measurement was performed in duplicates. Scatter is shown as SEM. Statistical significance was
tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; *P<0.05, **P<0.01)

Treatment for 1 h with SSNO™ showed 2.11 £0.15 and treatment with SSNO™ incubated with
zinc showed 2.0 £0.13fold increased absorbance with high significance. Na,S treatment also
shows significantly increased absorbance, while Na;,S plus zinc shows minor increases. Zinc
itself had minor, non significant effects on Nrf2 signaling, which were completely abolished

upon coincubation with the chelator TPEN.
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4.7.4 Treatment with gassed SSNO~

The second protocol to deplete the effects of Na,S in excess abundant in the SSNO™ solution and
to investigate on its effects on Nrf2 activation, was to gas the SSNO™ mix with nitrogen for 10
min. HUVECs were incubated with both gassed and non-gassed SSNO™ at a concentration of 20

uM. Fig. 33 shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels.
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Fig. 33 Transcription factor binding assay of nuclear extracts from HUVECs treated with crude and gassed SSNO™.
The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and absorbance relative
to CTRL. Treatment for 1 h with crude and gassed SSNO™ showed 1.95 +£0.39 fold and 1.76 +0.28 fold increased
absorbance with significant differences for crude SSNO™. Each measurement was performed in duplicates. Scatter
is shown as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple
comparison test (n=3; *P<0.05, **P<0.01)

Treatment for 1 h with crude and gassed SSNO™ showed increased absorbance. ARE binding
was augmented 1.95 £0.39 fold by 20 uM crude SSNO™ and 1.76 £0.28 fold by 20 uM of
gassed SSNO". Significant differences to control were only observed with crude SSNO™.

Differences between crude and gassed SSNO™ were not significant in direct comparison.
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In addition to ARE binding, the effects of gassed and non-gassed SSNO™ on transcription of
phase II detoxifying enzyme Hmox1 was detected after 6 h of treatment using reverse

transcription real time PCR.
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Fig. 34 Real time RT-PCR of RNA extracts from HUVECs treated for 6 h with SSNO™ with and without gassing
with nitrogen for 10 min. Cellular mRNA concentrations were detected by real time RT-PCR (10 ng cDNA per
well) using primers for Hmox1 (Hs01110250 m1) as target genes and 18S (Hs03003631 g1) as housekeeping
gene. CT values were analyzed according to AACT method. Bars represent the mean =SEM. Statistical significance
was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; ¥*P<0.05, **P<0.01)

Treatment for 6 h with crude and gassed SSNO™ showed increased Hmox1 gene expression.
Hmox1 mRNA levels were significantly increased 12.25 +2.13 fold by 20 uM crude SSNO™ and
10.68 +1.31 fold by 20 uM gassed SSNO™. Differences between crude and gassed SSNO™ were

not significant in direct comparison.
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4.7.5 Influence of nitric oxide and polysulfides on Nrf2 activation by SSNO~

To further investigate the influence of NO released by SSNO™ and the polysulfide compounds of
SSNO™ HUVECs were incubated with a nitric oxide scavenger (cPTIO ) or with L-cysteine for
polysulfide decomposition in addition to the gassed SSNO™ treatment. After preparation of
nuclear extracts activated Nrf2 levels were determined using the transcription factor binding
assay. Fig. 35 shows the absorbance at 450 nm and absorbance relative to control corresponding

to activated nuclear Nrf2 levels.
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Fig. 35 Transcription factor binding assay of nuclear extracts from HUVECs treated with SSNO™ (after gassing
with nitrogen for 10 min) and additionally with 200 uM L-cysteine or 100 uM cPTIO. The graphic shows the
absorbance at 450 nm corresponding to activated nuclear Nrf2 levels and absorbance relative to CTRL. Treatment
for 1 h with gassed SSNO™ showed 1.95 +0.39 increased absorbance compared to CTRL. Coincubation with
cysteine decreases absorbance by 0.441 and cPTIO decreases absorbance by 0.305 compared to 20 uM gassed
SSNO™ treatment. Each measurement was performed in duplicates. Scatter is shown as SEM. Statistical
significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; *P<0.05,
**p<0.01)

Treatment for 1 h with crude and gassed SSNO™ showed increased absorbance. ARE binding
was augmented 1.95 +0.39 fold by 20 uM crude SSNO™ and 1.76 +0.28 fold by 20 uM of
gassed SSNO™. Significant differences to control were only observed with crude SSNO™.
Differences between crude and gassed SSNO™ were not significant. Coincubation with cysteine
decreases absorbance by 0.441 and coincubation with cPTIO decreases absorbance by 0.305

compared to 20 uM gassed SSNO™ treatment, even though not significant.
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Importantly, western blots of nuclear extracts could prove that Nrfl levels were not increased by
SSNO-. Therefore, changes in ARE binding as assessed by transcription factor binding assays
(see above) were due to increased Nrf2 activity and not Nrfl. Fig. 36 shows one representative
western blot putting the focus on the influence of cPTIO and L-cysteine on Nrf2 activation and

translocation. Fig. 37 shows the densitometry analysis of western blots (n=3).
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Fig. 36 Western blot of nuclear extracts from HUVECs treated with SSNO™ in different concentrations with or
without co-incubation with cPTIO or L-cysteine. The graphic shows bands at 100 kDa after staining with Anti-Nrf2
(ab63252) corresponding to activated nuclear Nrf2. Treatment for 1 h with SSNO™ shows increased incidence of
Nrf2 in the nucleus in a concentration dependent manner whereas co-incubation with cPTIO or L-cysteine led to
decreased western blot signal in the nucleus. The second staining was made with Lamin A (ab8980) as a loading
control. Slots were loaded with 15 pg protein.
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Fig. 37 Densitometry analysis of western blots of nuclear extracts from HUVECs treated with gassed and not
gassed SSNO™ with and without co-incubation of 200 uM L-cysteine or 100uM cPTIO. The graphic shows the
band density of the treatments compared to control. Treatment for 1 h with SSNO™ and co-incubation with cPTIO
showed up to 1.5 fold increased incidence of Nrf2 in the nucleus. Scatter is shown as SEM (n=3) Statistical
significance was tested by non-paired, two tailed t-test.
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In addition to nuclear Nrf2 activation effects of cPTIO and cysteine on mRNA expression of
Hmox1 were detected by reverse transcription real time PCR. Fig. 38 shows the logarithmized

CT values compared to housekeeping genes and compared to CTRL gene expression (AACT) of

Hmox]1.
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Fig. 38 Real time RT-PCR of RNA extracts from HUVECs treated for 6 h with SSNO™ after gassing with nitrogen
for 10 min and co incubation with cysteine or cPTIO. Cellular mRNA concentration was detected by real time RT-
PCR (10 ng cDNA per well) using primers for Hmox1 (Hs01110250_m1) as target genes and 18S
(Hs03003631_g1) as housekeeping gene. CT values were analyzed according to AACT method. Bars represent the
mean +SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple
comparison test (n=3; *P<0.05, **P<0.01)

Treatment for 6 h with crude and gassed SSNO™ showed increased Hmox1 gene expression.
Hmox1 mRNA levels were significantly increased 12.25 £2.13 fold by 20 uM crude SSNO™ and
10.68 +1.31 fold by 20 uM gassed SSNO™. Differences between crude and gassed SSNO™ were
not significant. Upon coincubation with cysteine Hmox1 gene expression was only increased
3.41 £0.19 fold and only 2.36 +0.22 fold with cPTIO. Differences between crude/gassed SSNO™

and cysteine /cPTIO were significant in Tukey post hoc multiple comparison test.
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4.7.6 Concentration dependent treatment of HUVECs with gassed SSNO™

To detect a concentration dependent influence of SSNO™ on Nrf2 signaling, cells were treated
with concentrations of 2 uM up to 200 uM for 1 hour. After preparation of nuclear extracts
activated Nrf2 levels were determined using the transcription factor binding assay. Fig. 39
shows the absorbance at 450 nm and absorbance relative to control corresponding to activated

nuclear Nrf2 levels.
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Fig. 39 Transcription factor binding assay of nuclear extracts from HUVECs treated with SSNO™ after gassing with
nitrogen for 10 min. The graphic shows the absorbance at 450 nm corresponding to activated nuclear Nrf2 levels
and absorbance relative to control. Treatment for 1 h with gassed SSNO™ shows increased absorbance in a
concentration dependent manner with high significance. Each measurement was performed in duplicates. Scatter is
shown as SEM. Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple
comparison test (n=3; ¥*P<0.05, **P<0.01)

Treatment for 1 h with gassed SSNO™ showed increased absorbance in a concentration
dependent manner. ARE binding was augmented 1.76 +0.28 fold by 20 uM of gassed SSNO",
1.99 £0.42 fold by 40 uM and 2.11 £0.31 fold by 200 uM of gassed SSNO™. At a concentration
of 2 uM SSNO™ hardly affected Nrf2 binding activity. Significant differences to control were
only observed at concentrations of 40 uM and 200 pM. Nevertheless a concentration dependent
increase can be recognized. Decomposed SSNO™ (incubated for 24 h protected from light) did

not affect Nrf2 activation.
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Importantly, western blots of nuclear extracts could prove that Nrfl levels were not increased by
SSNO™. Therefore, changes in ARE binding as assessed by transcription factor binding assays
(see above) were due to increased Nrf2 activity and not Nrfl. Fig. 40 shows one representative
western blot putting the focus on concentration dependent Nrf2 activation and translocation. Fig.

37 shows the densitometry analysis of western blots (n=3).
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Fig. 40 Western blot of nuclear extracts from HUVECs treated with SSNO™ in different concentrations. The graphic
shows bands at 100 kDa after staining with Anti-Nrf2 (ab63252) corresponding to activated nuclear Nrf2.
Treatment for 1 h with SSNO™ shows increased Nrf2 translocation to the nucleus in a concentration dependent

manner. The second staining was made with Lamin A (ab8980) as a loading control. Slots were loaded with 15 pg
protein.
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Fig. 41 Densitometry analysis of western blots of nuclear extracts from HUVECs treated with gassed SSNO™ in
concentrations from 2 uM up to 200 uM compared to CTRL and to 24h old SSNO™. The graphic shows the average
band density of the treatments compared to control. Treatment for 1 h with gassed SSNO™ showed up to 2.3 fold
increased incidence of Nrf2 in the nucleus in a strongly concentration dependent manner. Scatter is shown as SEM
(n=3). Statistical significance was tested by one tailed T-test (# indicates P<0.05).
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In addition to ARE binding effects of increasing concentrations of SSNO™ on mRNA expression
of Hmox1 was detected by reverse transcription real time PCR. Ct values were compared by
AACT method. Fig. 42 shows the logarithmized CT values compared to housekeeping genes and
compared to CTRL gene expression (AACT) of Hmox1.

40 *ox

30

*%

mRNA (ddCT)
S

10- ——
0 L] L] L] L] L] L]
y O o o o’ -
N
S S & S &
06 06 06 06 >
2 &2 &2 &2 N
¥ & & F N
S & & & W
v e P
2

Fig. 42 Real time RT-PCR of RNA extracts from HUVECs treated for 6 h with SSNO™ after gassing with nitrogen
for 10 min. Cellular mRNA concentration was detected by real time RT-PCR (10 ng cDNA per well) using primers
for Hmox1 (Hs01110250 m1) as target genes and 18S (Hs03003631 gl) as housekeeping gene. CT values were
analyzed according to AACT method. Each measurement was performed in duplicates. Scatter is shown as SEM.
Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3;
*P<0.05, **P<0.01)

Treatment for 6 h with gassed SSNO™ showed increased Hmox1 gene expression in a
concentration dependent manner. Hmox1 mRNA levels were significantly increased 10.68
+1.31 fold by 20 uM gassed SSNO™. At a concentration of 40 uM of gassed SSNO™ Hmox1
expression was increased 13.01 +£0.97 fold and 30.48 +4.39 fold at a concentration of 200 pM.
Decomposed SSNO™ (incubated for 24 h protected from light) did not affect Hmox1 expression.
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4.8 Comparison of HS, NO and SSNO™ effects on Nrf2 signaling

4.8.1 Nrf2 activation by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO~

In order to compare the effect sizes on Nrf2 activation by nitroxyl, S-nitrosothiol, NO, sulfide
and SSNO- mixtures raw data were normalized. ARE binding data were first compared to
untreated control within the same experiment as A% of control [(sample-CTRL)/CTRL].

Hereafter data were pooled and rearranged for better comparability.
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Fig. 43 Compared Nrf2 activation by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO™. In order to compare the
effect sizes on Nrf2 activation by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO- mixtures raw data were
normalized as A% of control [(sample-CTRL)/CTRL]. Hereafter data were pooled and rearranged for better
comparability. Treatment of endothelial cells with SSNO™ led to the strongest and most significant activation of
Nrf2 among all substances analyzed. Each measurement was performed in duplicates. Scatter is shown as SEM.
Statistical significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3;
*P<0.05, **P<0.01), or as T-test (# indicates P<0.05).

Treatment of endothelial cells with SSNO™ led to the strongest and most significant activation of
Nrf2 among all substances analyzed. Upon coincubation with a NO scavenger (cPTIO) and with
millimolar concentrations of reducing thiols (cysteine) we found that SSNO™ signaling is
significantly decreased indicating that it is in large parts dependent on NO" release and
polysulfide formation. By comparison to the effects of NO redox congeners we found NO™ to
exert only weak ARE binding indicating that the NO™ donor SULFI/NO is unlikely to mediate
SSNO™ derived effects on Nrf2 signaling. As described before (chapter 4.5) sulfide alone only

exerted effects on Nrf2 signaling at concentrations of more than 100 uM.
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4.8.2 Hmox1 expression by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO~

To compare Hmox1 expression by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO™ reverse
transcription real time PCR was performed after 6 h treatment of HUVECs with all substances
used. Data were first compared to housekeeping gene expression and then to untreated control
expression using (AACT method — see chapter3.6 and 3.9). Hereafter all data were pooled for

better comparability between experiments.
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Fig. 44 compared Hmox1 expression by nitroxyl, S-nitrosothiol, NO, sulfide and SSNO™. Pooled data of real time
RT-PCR of RNA extracts from HUVECs treated for 6 h with SSNO™ mixes and NO redox congeners. Cellular
mRNA concentration was detected by real time RT-PCR (10 ng cDNA per well) using primers for Hmox 1
(Hs01110250_m1) as target genes and 18S (Hs03003631 g1) as housekeeping gene. CT values were analyzed
according to AACT method. Each measurement was performed in duplicates. Scatter is shown as SEM. Statistical
significance was tested by one-way ANOVA followed by Tukey post hoc multiple comparison test (n=3; *P<0.05,
*#P<(0.01) Additional direct comparison was performed by unpaired, two tailed t-test (# indicates P<0.05).

SPER/NO at a concentration of 20 uM showed the highest and significant increase in cellular
mRNA levels of Hmox-1 (16.26 +1.97 fold expression compared to untreated control). Crude
and gassed SSNO™ also augmented Hmox1 gene expression significantly (12.25 +2.13 fold by
20 uM crude SSNO™ and 10.68 £1.31 fold by 20 uM gassed SSNO"). Differences between
crude and gassed SSNO™ were not significant. Upon coincubation with cysteine Hmox1 gene
expression was only increased 3.41 £0.19 fold and only 2.36 +0.22 fold with cPTIO.
Differences between crude/gassed SSNO™ and cysteine /cPTIO were significant in single

comparison two-tailed T-tests.
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Augmentations of cellular Hmox1 mRNA levels by Angeli’s salt and SNAP were less potent
and not significant in Tukey post hoc multiple comparison test, but in single comparison two-
tailed T-tests compared to control (4.26 £0.64 fold expression by Angeli’s salt vs. 5.19 £0.46
fold expression by SNAP).
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5 Discussion

5.1 Major findings

This study investigated on the role of Nrf2 signaling as a converging node in defense against
redox induced damage in human primary endothelial cells. Since Keap1-Nrf2-interaction is a
susceptible target of electrophiles and other redox active molecules this work aimed to compare
the effects of (1) (-)-epicatechin, (2) NO, NO™ and NO", (3) sulfide, (4) the crosstalk of NO and
sulfide and (35) nitrosopersulfide (SSNO™) on Nrf2 activation and translocation to the nucleus,
ARE binding and transcription of phase II detoxifying enzymes. This led to the following major
findings.
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Fig. 45 major hypothesis - Nrf2 as a converging node of redox sensing and signaling in HUVECs induced by (-)-
epicatechin, NO species, sulfide and S-nitrosothiols

1) (-)-epicatechin induced Nrf2 activation, translocation into the nucleus and ARE binding in
human primary endothelial cells. In consequence transcription of Hmox1, Nqo1l and Gclc was
augmented at low micromolar concentrations but very weak as compared to the other
substances.

2)NO, NO™ and NO" led to dose responsive and significantly increased nuclear Nrf2 levels and
ARE binding as well as higher cellular Hmox1 levels. In direct comparison NO (SPER/NO) had

much stronger effects than its redox congeners.
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3) Sulfide only affected Nrf2 activation, translocation and ARE binding in human primary
endothelial cells at concentrations of >100 uM. Exposure to Na,S induced stronger Nrf2
activation than treatment with the slow sulfide releasing compound GYY 4137.

4) Crosstalk of NO and sulfide however led to diverging results. While the Nrf2 activation of the
NO" donor SNAP was attenuated by sulfide, co-incubation with sulfide did not affect NO*
(SPER/NO and DEA/NO) derived Nrf2 activation.

5) Following the protocol of Cortese-Krott et al. (Cortese-Krott, Fernandez et al. 2014) stable
solutions of SSNO™ were obtained monitored by UV-visible spectrophotometry and sulfide in
excess was removed. Treatment of endothelial cells with SSNO™ led to the strongest and most
significant activation of Nrf2 and transcription of Hmox1 mRNA among all substances
analyzed. SSNO™ formation was recently described to be accompanied with dinitrososulfite
formation ([ONN(O)-SOs]*~ or “SULFI/NO”). In addition, it releases NO and S, ™ upon
decomposition, which allows polysulfide (S,*") formation (Cortese-Krott, Kuhnle et al. 2015).
Upon coincubation with NO scavengers (cPTIO) this work found that SSNO™ signaling is in
large parts dependent on NO' release. Nrf2 binding activity and Hmox1 gene expression were
also significantly decreased upon coincubation with millimolar concentrations of cysteine
indicating that polysulfides contribute to Nrf2 activation of the SSNO™ mix. Taking the effects
of NO redox congeners into consideration, it was found that NO™ only activates ARE binding
very weakly indicating that the NO™ donor SULFI/NO is unlikely to mediate SSNO™ derived
effects on Nrf2 signaling.
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5.2 Methods measuring Nrf2 activation — advantages and limitations

In this study Nrf2 signaling was measured at different sections of its pathway. First, Nrf2
translocation and activation were detected via transcription factor binding assays. DNA binding
activity of Nrf2 is detected colorimetric with an ELISA-based kit allowing sensitive and specific
quantification.

To obtain further specificity activated Nrf2 concentration was determined in nuclear extracts by
western blotting. As suggested by Lau et al. (Lau, Tian et al. 2013) we compared bands at 100
kDa which is described to be the apparent molecular weight of Nrf2 in its biologically active
form. Western blots were analyzed by densitometry for quantification using the software
imagelJ.

Downstream signaling was detected by reverse transcription real time PCR of Hmox1 mRNA
to achieve better comparability to previous studies on Nrf2 signaling (Naughton, Hoque et al.
2002, Buckley, Marshall et al. 2003, Foresti, Hoque et al. 2003). Nqo1 and Gclc mRNA levels
were determined additionally in some experiments.

To exclude influence of other signaling pathways gene silencing of Nrf2 and Keap1 (iNrf2) via
siRNA transfection was planned. However, this could not yet be established for HUVECs (see
chapter 4.2.3) and should be substance of subsequent studies. Nevertheless, Nrf2 could be

identified to be a crucial factor in the surveyed signaling pathway.

5.3 Influence of (-)-epicatechin on Nrf2 signaling in human endothelial cells

This study could show that (-)-epicatechin has a significant impact on Nrf2 signaling in
HUVECGs. Nrf2 activation and translocation to the nucleus could be detected in a concentration
dependent fashion whereas cellular mRNA levels of phase II detoxifying enzymes (Hmox1,
Gclc and Nqo1) showed highest increase upon treatment with micromolar concentrations.
These results indicate that Nrf2 signaling is triggered by (-)-epicatechin.

These effects are likely to emerge even at micromolar concentrations as shown after oral
administration of flavanols (Ottaviani, Momma et al. 2011). For neurons and astrocytes Nrf2
activation and Hmox1 expression was already shown after treatment with (-)-epicatechin in cell
culture (Bahia, Rattray et al. 2008) and animal experiments (Shah, Li et al. 2010). Effects could
be abolished in Nrf2 knock-out mice (Shah, Li et al. 2010) indicating that Hmox 1 expression

was mainly induced by (-)-epicatechin dependent Nrf2 activation.

84



What seemed to be rather surprising in this study was to find maximum mRNA increase of
Hmox1 levels upon treatment with 1 uM (-)-epicatechin, whereas higher concentration had
lower effects on transcription of phase II detoxifying enzymes. In contrast Nrf2 translocation
followed (-)-epicatechin application in a concentration dependent manner. Nevertheless, these
findings could be compared to those of Ramirez Sanchez et al. (Ramirez-Sanchez, Maya et al.
2010) who could find effects of (-)-epicatechin on eNOS activation and nitric oxide synthesis at
low micromolar concentrations.

To distinguish whether Nrf2 plays the key role of protecting endothelial cells from oxidative
stress Nrf2, Keapl and Hmox-1 knockdown was planned to be performed by siRNA techniques.
Since we were not yet able to establish successful knockdown for HUVECs (see chapter 4.2.3)
this would be subject to subsequent studies.

However, since evidence that (-)-epicatechin accounts for Nrf2 activation in endothelial cells
was missing so far this work gives an important new insight to the possible mechanisms of
cellular signaling and antioxidant activity of (-)-epicatechin in vitro which might provide

antioxidant and cytoprotective effects in the vasculature.

5.4 Influence of nitroxyl, S-nitrosothiols and NO on Nrf2 signaling in human
endothelial cells
In this study activation of Nrf2 by nitroxyl, S-nitrosothiol and NO were compared in human
primary endothelial cells. After treatment of HUVECs with chemicals releasing NO
(SPER/NO; DEA/NO), an S-nitrosothiol (SNAP) and a nitroxyl donor (Angeli’s salt)
quantitative analysis of ARE binding assays and reverse transcription real time PCR of phase II
enzyme Hmox1 were performed. Hereby, treatment with SPER/NO showed the strongest
increase in ARE binding (44% at 20 uM and 105% at 100 uM) and the most distinct increase in
Hmox1 expression (16.26 fold expression at 20 uM). Angeli’s salt and SNAP also augmented
Nrf2 activation in a concentration dependent fashion but in less potent way (24% at 20 uM
Angeli’s salt and 24% at 20 uM SNAP). Similar results were shown for Hmox1 expression (see
chapter 4.4.1)
These findings go in line with other publications where NO and other nitrogen derivates were
already shown to activate Nrf2 signaling in different cell lines (Buckley, Marshall et al. 2003).
Naughton et al. described interaction of heme with nitroxyl and nitric oxide leading to Nrf2

derived HO-1 augmentation in cardiac cells (Naughton, Hoque et al. 2002).
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Also, a significant increase in Hmox1 mRNA levels could be shown after treatment of BAEC
with SNAP, SNP and DETA/NO (Foresti, Hoque et al. 2003). SPER/NO was also found out to
affect Nrf2 activation as well as HO-1 and total GSH levels in BAEC (Buckley, Marshall et al.
2003). Similar findings could be made by peroxynitrite releasing treatments of BAEC (Buckley
and Whorton 2000) with SIN-1. In addition, NO" and peroxynitrite interaction with Nrf2 was
described for macrophages (Abbas, Breton et al. 2011) and rat aortic SMC (Liu, Peyton et al.
2007).

However, Nrf2 activation by NO in human endothelial cells and direct comparison of the effects
of NO’, NO" and NO" on Nrf2 signaling in the same cellular model was missing so far.

What seems rather surprising in this study is the weakly induced ARE binding and Hmox 1
expression by the s-nitrosothiol SNAP. Since S-nitrosylation of Cys151 in Keapl was reported
to be a major mechanism of Nrf2 signaling (McMahon, Lamont et al. 2010), SNAP was
expected to account for stronger effects.

There are limitations for comparability of the NO*, NO” and NO" donors used due to differences
in mechanisms and kinetics of release. Nevertheless, differences observed in this study were
distinct and significant enough to conclude that NO" is more potent in activating Nrf2 and
inducing Hmox 1 expression than its redox congeners NO™ and NO".

Taken together, this work showed Nrf2 activation and increase in cellular mRNA levels of phase
II enzyme Hmox1 in HUVECs by all three substances. By direct comparison of NO", NO™ and
NO' strongest effects were shown for SPER/NO indicating NO" to be the most potent Nrf2

activator of those three.

5.5 Influence of sulfide on Nrf2 signaling in human endothelial cells

This study could show weak activation of Nrf2 by sulfide in human primary endothelial cells.
By quantitative analysis of ARE binding assays and reverse transcription real time PCR this
study compared Nrf2 activation and Hmox1 gene expression by Na2S and the slow sulfide
releasing compound GY'Y 4137.

Both substances were found to be weak activators of Nrf2 signaling leading to increased ARE
binding and Hmox1 expression but only at concentrations of 100uM and above. Noticeably,
Na,S induced more Nrf2 signaling than the slow sulfide releasing agent GY'Y 4137, which

showed only weak increase in ARE binding.
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That seems rather surprising on first sight, since DeLeon and Olson reported limitations of direct
sulfide application in cell culture experiments by votalization and oxidation (Olson 2012)
leading to a halftime of sulfide of 5 min in 24-well plates (measured by H,S polarographic
electrode) (DeLeon, Stoy et al. 2012). Therefore we expected GYY 4137 to exert more
influence on sulfide mediated effects than Na,S. However, taking in account that application of
200 uM Naj,S leads to less than 40 uM of dissolved bioactive H,S under physiological
conditions as calculated according to Olson (Olson 2012), the high concentrations of Na,S
applied, which were necessary to have significant effects on Nrf2 signaling in the experimental
settings of this study seem to be realistic in its biological environment and therefore transferable
to in vivo models.

Findings of this study also go well in line with other publications. In hearts of mice treated with
Na,S Calvert et al. described increased levels of nuclear Nrf2 and increased protein expression
of thioredoxin and heme Hmox1 (Calvert, Jha et al. 2009). Since HS™ has been reported to S-
sulthydrate cysteine residues in proteins (Mustafa, Gadalla et al. 2009) and since covalent
modulation of cysteine residues in Keapl lead to Nrf2 activation (Dinkova-Kostova, Holtzclaw
et al. 2002) Nrf2 signaling makes a likely target of sulfide effects. Further studies could confirm
sulfide-Keap! interaction in mouse embryonic fibroblasts (MEF) (Hayes, Hourihan et al. 2012,
Hourihan, Kenna et al. 2012) and could show increased mRNA expression of the modifier
subunit of glutamate—cysteine ligase (GCLM), catalytic subunit of glutamate-cysteine ligase
(GCLC), and glutathione reductase (GR) as well as increased levels of cellular GSH after
treatment of MEF with Na2S.

Though, another approach of explaining Nrf2 activation by sulfide could be its capability of
increasing NO bioavailability via /) eNOS phosphorylation (Coletta, Papapetropoulos et al.
2012, Altaany, Yang et al. 2013) or 2) releasing NO™ from S-nitrosothiols (Teng, Scott Isbell et
al. 2008). Increased cellular NO levels after sulfide treatment might themselves account for
Keap1 S-nitrosation (McMahon, Lamont et al. 2010) and Nrf2 activation.

Taken together the results of this study showed increased Nrf2 activation and mRNA expression
of the phase Il enzyme Hmox1 in human primary endothelial cells when treated with high
concentrations of sulfide. Compared to the findings described in other studies we consider direct
sulfide-Keap! interaction via S-sulfhydration of cysteine residues in Keapl the most likely
mechanism of sulfide induced Nrf2 signaling in human endothelial cells. However, further
comparisons of sulfide and NO interaction with Keap1 have to be made to distinguish direct

sulfide-Keap1-interaction and indirect effects via increased cellular NO levels.
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5.6 Comparison and Crosstalk of sulfide with NO

As discussed above this work could show that treatment with NO*, NO~ and NO" as well as with
high concentrations of sulfide leads to Nrf2 activation and increased expression of cellular
Hmox1 mRNA levels in HUVECs.

However, coincubation of sulfide with different NO redox congeners showed diverging effects.
NO’ donors (SPER/NO or DEA/NO) plus sulfide showed equipotent ARE binding as upon
separate application, whereas effects of the S-nitrosothiol SNAP were attenuated by low sulfide
concentrations. These findings suggest that there may be direct chemical interactions of S-
nitrosothiols and sulfide leading to decreased reactivity towards cysteine residues of Keapl. In
contrast, NO" and sulfide either do not interact chemically or form products that are equipotent
to NO" in Keap1 inhibition.

Cortese-Krott et al. reported similar observation of the S-nitrosothiol/sulfide crosstalk. They
found that NO and sulfide would inhibit each other in sGC activation in RFL-6 cells whenever
concentrations of sulfide were lower than those of NO. In contrast, effects were increased if
sulfide exceeded NO concentrations (Cortese-Krott, Fernandez et al. 2014). In the same
publication they described formation of two compounds from NO sulfide reaction. They
reported that HSNO and its deprotonated form SNO™ were formed when concentrations of
sulfide were lower than those of NO. In case of sulfide exceeding concentrations of NO
nucleophilic attacks of sulfide became more dominant leading to formation of nitrosopersulfide
(SSNQO") as shown by UV—visible spectroscopy and mass spectrometry. They supposed that
HSNO was not able to deliver sufficient amounts of NO to activate sGC. Therefore low
concentrations of sulfide inhibit NO effects. On the other hand SSNO™ could be shown to
release significant amounts of NO™ and exert NO™ mediated effects (Cortese-Krott, Fernandez et
al. 2014).

Taken together this study could show that (7) especially at low concentrations NO" is a more
potent activator of Nrf2 than S-nitrosothiols, nitroxyl and sulfide and (2) Effects of S-
nitrosothiols on Nrf2 activation in endothelial cells are inhibited upon coincubation with low
sulfide concentrations. The later result goes well in line with the findings of Cortese-Krott et al.
who reported similar effects of a NO-sulfide crosstalk on sGC activation in RFL-6 cells.
Therefore, direct chemical interaction of sulfide and NO appears to be a likely explanation for
their interdependent effects and further studies on HSNO/SNO™ and SSNO™ formation should be

done.
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5.7 Formation of SSNO™ and influence on Nrf2 signaling

In this study SSNO™ was synthesized from sulfide and the S-nitrosothiol SNAP at physiological
conditions monitored by UV—visible spectroscopy following the protocol of Cortese-Krott et al.
(Cortese-Krott, Fernandez et al. 2014). HUVECs were incubated with the obtained SSNO™
mixtures to investigate on their biological effects.
Hereby this work showed (/) a concentration dependent activation of Nrf2 by SSNO™ mix in
ARE binding assays, western blots of nuclear extracts and Hmox1 gene expression; (2) SSNO~
induced Nrf2 binding activity significantly stronger than NO and/or sulfide whereas expression
of Hmox1 mRNA levels by SSNO™ was increased equipotent to NO™ (3) Effects on Nrf2
activation by crude SSNO™ showed no significant difference to the effects of the SSNO™ mixture
where sulfide in excess was removed by gassing with N, (4) Effects of SSNO™ on Nrf2 binding
activity and Hmox1 expression were strongly attenuated by coincubation with NO scavenger
cPTIO and in presence of 1 mM cysteine (L-Cys).
5.7.1 SSNO~ increases Nrf2 binding activity and Hmox1 gene expression in human
endothelial cells
While SSNO™ was recently characterized as a strong NO' releasing agent and therefore a potent
vasodilator in vivo and in vitro (Berenyiova, Grman et al. 2015, Cortese-Krott, Kuhnle et al.
2015) this study was the first one to investigate on its influence on redox signaling in endothelial
cells. Hereby Keap1-Nrf2-interaction could be identified as a very susceptible target of the
reaction product of sulfide and NO". This work showed that treatment of HUVECs with SSNO™
leads to a significant and concentration dependent translocation and activation of Nrf2, which
then leads to a significant and concentration dependent increase in Hmox1 gene expression.
These findings add a whole new spectrum of transcriptional signaling to the characteristics of
SSNO™ and it must be of great interest to elucidate the underlying molecular mechanism, since
also byproducts of SSNO™ formation and decomposition might contribute to its effects on Nrf2
due to their chemical characteristics.
As described by Seel and Wagner and by Cortese et al. SSNO™ formation from NO/S-
nitrosothiols and sulfide is accompanied by formation of dinitrososulfite ((ONN(O)-SO;]* or
“SULFI/NO”) at physiological pH (Seel and Wagner 1988, Cortese-Krott, Kuhnle et al. 2015).
Additionally SSNO™ decomposes to NO' and persulfides, of which the later lead to formation of
polysulfides (S,>), colloidal sulfur (Sg) and sulfide (Cortese-Krott, Kuhnle et al. 2015).
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Since all of those substances were described to effect Nrf2 activation (McMahon, Lamont et al.
2010, Kimura 2014) or are at least able to interact with cysteine residues of Keap1 it was
necessary to distinguish to what amount each of them contributes to the SSNO™ mediated

effects.

5.7.2 Sulfide in excess does not contribute to SSNO™ mediated effects on Nrf2

Amongst all substances analyzed in this work SSNO™ showed the strongest and most significant
increase in Nrf2 activation. Therefore it is of great interest how these effects are mediated.
Since this study amongst others (Calvert, Jha et al. 2009, Hayes, Hourihan et al. 2012, Yang,
Zhao et al. 2013) showed that sulfide at concentrations of >100 uM increases ARE binding it
was important to identify whether excess sulfide, which was necessary as an educt of SSNO~
formation, is accounting for Nrf2 activation.

By gassing the solution with N, for 10 minutes sulfide could be completely remove from the
SSNO™ mixture as described in Cortese-Krott et al. 2014 and in chapter 3.3. This gassed SSNO~
solution had the same impact on both Nrf2 activation and Hmox1 expression with no significant

differences to crude SSNO™. Thus, excess sulfide is not likely to mediate SSNO™ derived effects.

5.7.3 SULFI/NO is not likely to account for SSNO™ derived effects on Nrf2 signaling

In this study, nitroxyl exerted very weak effects on Nrf2 signaling in HUVECs as compared to
treatment with NO donors like SPER/NO and DEA/NO or the SSNO™ mixture (see chapter
4.8.1). Treatment of endothelial cells with the potent nitroxyl donor Angeli’s salt only lead to
weak increases in Nrf2 binding activity or in Hmox1 gene expression as compared to its redox
congeners.

SULFI/NO has been described as a weak nitroxyl and a very weak NO" donor in comparison to
DEA/NO and Angeli’s salt (Cortese-Krott, Kuhnle et al. 2015). Therefore, the small S/N hybrid
molecule was not able to exert NO™ mediated biological effects on cellular cGMP levels. These
effects could only be induced after nitroxyl was converted to NO" by addition of superoxide
dismutase (SOD).

In conclusion, SULFI/NO has already been shown to exert its effects mainly by nitroxyl release.
This work, however, could show that nitroxyl only exerts weak effects on Nrf2 binding activity
and on Hmox1 gene expression. Therefore, effects of the SSNO™ mixture on Nrf2 activation are
unlikely mediated by the weak nitroxyl donor SULFI/NO although subsequent experiments, in
which SULFI/NO is administered directly to the cells, should be made to confirm this.
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5.7.4 Nitric oxide plays a crucial role in SSNO™ signaling

This study showed that NO" is a distinct activator of Nrf2 in human endothelial cells as
compared to other NO redox congeners and sulfide (see chapter 4.4). Treatment of HUVECs
with SPER/NO increased Nrf2 binding activity and Hmox1 gene expression significantly.
Comparing the effects of SSNO™ and SPER/NO we find that SSNO™ is more potent in Nrf2
activation whereas SPER/NO was equipotent in increasing expression of Hmox1 mRNA.

A possible reason for this might be Hmox1 mRNA stabilization by NO, which was described for
human fibroblast cells (Bouton and Demple 2000).

Additionally, this work showed that SSNO™ mediated effects on ARE binding were strongly
attenuated upon coincubation with the NO" scavenger cPTIO and Hmox 1 expression was almost
completely abolished. These finding suggest that NO" accounts for large parts of SSNO™
bioactivity.

Cortese-Krott et al. characterized SSNO™ as a potent NO™ donor as assessed by
chemiluminescence. Besides, they could show NO™ (released by SSNO™) mediated effects on
sGC in RFL-6 cells and reported decreases in blood pressure after acute administration of
SSNO™ to rats (Cortese-Krott, Kuhnle et al. 2015). Effects of SSNO™ on cGMP levels were
abolished upon coincubation with the NO" scavenger cPTIO and the inhibitor of sGC ODT
indicating that these effects are mediated by NO".

Berenyiova et al. (Berenyiova, Grman et al. 2015) were also able to show biological effects of
the NO/HS crosstalk. Following the procedure of Cortese-Krott et al. (Cortese-Krott, Fernandez
et al. 2014) they prepared solutions from GSNO and Na2S. By measuring relaxation of
precontracted isolated rings of rat thoracic aorta they described a more than twofold higher
potency of the reaction products than the one of the educts GSNO and sulfide by themselves
(Berenyiova, Grman et al. 2015). They also described attenuation of these effects by sGC
inhibition via ODQ and by nitric oxide scavenging via cPTIO whereas prior acidification or co-
incubation with N-acetylcysteine (1 mM) or methemoglobin (20 pM heme) lead to almost
complete abolishment of the effects on vasodilation (Berenyiova, Grman et al. 2015). These
findings also suggest that the observed effects are in large parts dependent of NO released by
SSNO™.
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Taken together, this work and other publications showed that (1) SSNO™ is a potent NO" donor
upon decomposition (Seel and Wagner 1988, Cortese-Krott, Kuhnle et al. 2015), (2) NO
accounts for major parts of SSNO™ bioactivity on sGC activation (Berenyiova, Grman et al.
2015, Cortese-Krott, Kuhnle et al. 2015) and (3) this study showed that SSNO™ effects on Nrf2
activation and Hmox1 gene expression are significantly attenuated upon coincubation with NO”
scavengers. Therefore, NO' release emerges to play a key role in mediating effects of SSNO™ on

Nrf2 signaling.

5.7.5 Polysulfides contribute to SSNO™ derived effects on Nrf2 signaling

In recent studies polysulfides were described as potential signaling molecules able to modulate
proteins via S-sulthydration (Kimura 2014). Since Keap1 was also described to be a target of S-
sulthydration (Yang, Zhao et al. 2013) polysulfides might as well contribute to Nrf2 activation
by the SSNO™ mixture.

To investigate on the influence of polysulfides endothelial cells were coincubated with the
SSNO™ mix and 1 mM of cysteine. Millimolar amounts of reducing thiols were described to
mediate polysulfide decomposition without affecting SSNO™ decomposition (Cortese-Krott,
Kuhnle et al. 2015).

Hereby Nrf2 binding activity and Hmox1 gene expression by SSNO™ were significantly reduced.
These findings indicate that polysulfides also account for SSNO™ mediated Nrf2 activation.

5.7.6 'What does account for SSNO™ derived signaling?

Taken together these findings show activation of Nrf2 by SSNO™ the reaction products of nitric
oxide and sulfide. Interference by the presence of sulfide in excess could be excluded by
complete removal of sulfide from the solution. Since there are three main bioactive reaction
products of NO and sulfide (SSNO~, SULFI/NO and polysulfides) this work aimed to compare
effects of the obtained solution to effects of their educts and NO redox congeners. As displayed
here (1) SULFI/NO is unlikely to mediate the effects on Nrf2 signaling, since it is a weak NO™
donor and Angeli’s salt (a more potent NO™ releasing agent) was a very weak Nrf2 activator
compared to the SSNO™ mix. (2) NO accounts for large parts of Nrf2 activation by SSNO™,
which was characterized as a potent NO" donor. Effects on Hmox1 mRNA levels by SSNO™
were equipotent to those of the NO" donor SPER/NO and were significantly attenuated by
application of the NO™ scavenger cPTIO. Activation of Nrf2 and translocation to the nucleus
was also attenuated by cPTIO. (3) Polysulfides contribute to Nrf2 activation by the SSNO™ mix
since ARE binding and phase II gene expression are significantly decreased when polysulfides

are decomposed upon coincubation with millimolar concentrations of cysteine.
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5.8 Could SSNO™ be formed endogenously and exert effects on Nrf2 in vivo?

In this study Keap1-Nrf2-interaction was shown to be a susceptible target of SSNO™ and its
decomposition products in human endothelial cells. Since Nrf2 is considered as a key major
switch in redox and stress signaling, and since SSNO™ emerges to influence endothelial redox
homeostasis, there is great importance to the question whether SSNO™ is likely to be formed in
Vivo.

To answer this question Cortese-Krott et al. proposed that it is worth to have a look at the
reaction of superoxide (O, ") with NO". This radical-radical reaction occurs at a rate close to the
diffusion-controlled limit and leads to formation of peroxynitrite (C(OONO), which is the oxygen
analogon of SSNO™ and therefore shares many biochemical characteristics. They described that
discovery of enzymes generating O, "~ in proximity to endogenous sources of NO" provided the
biochemical premises that peroxynitrite acts as a signaling molecule although previously it was
considered too unstable and unlikely to be formed in tissues as described in more detail in

Cortese-Krott, Butler et al. (2016) and references therein.

“OONO (1)

1

0, +NO’

1

S, + NO SSNO™ ©)

In the same publication Cortese-Krott et al. speculated that in parallel to peroxynitrite, SSNO™
might be formed by a radical-radical reaction in vivo since it is in equilibrium with its products
of homolysis S, and NO' (see equation 2). This source of SSNO™ appears to be likely since
cysteine persulfides and glutathione persulfides serve as possible precursors and were found in
micromolar concentrations in tissues (Ida, Sawa et al. 2014). Assuming this formation close to
effects sides and increased local availability SSNO™ would be able to act as a signaling molecule
in vivo. Therefore, finding methods to detect SSNO™ or its precursors and decomposition

product S, ™ in vitro and in vivo poses the next challenge to be solved.
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5.9 Conclusion, significance and outlook

Nitric oxide has unique biochemical characteristics that enable it to be an eligible signaling
molecule and provide large scope to interact with other small molecules (Hill, Dranka et al.
2010). So does sulfide, which was also shown to be interacting and interdependent on NO.
These special characteristics and their involvements in each other explain the recently growing
interest in gasotransmitter signaling and imply a complex interplay that is currently under
expanded investigation. Crosstalk of sulfide and NO" or S-nitrosothiols is especially interesting
since very recently there are many reactive and biologically active reaction products described
such as SNO™, SSNO™, SULFI/NO or polysufides (Cortese-Krott, Fernandez et al. 2014,
Cortese-Krott, Kuhnle et al. 2015) that still need to be further studied.

Nrf2 is abundant in almost all tissues and cells of the human body (Chan, Han et al. 1993, Moi,
Chan et al. 1994, McMahon, Itoh et al. 2001) and considered to play a crucial role in mediating
antioxidant response (Kobayashi and Yamamoto 2006) and therefore maintaining redox
homeostasis. Since both nitric oxide (Naughton, Hoque et al. 2002) and sulfide (Calvert, Jha et
al. 2009) were described to activate Nrf2-Keap1-signaling, this pathway is established as a
converging node of gasotransmitter and electrophile sensing and signaling.

This study provided novel direct comparison of Nrf2 activation by electrophiles, nitric oxide,
hydrogen sulfide and its reaction product SSNO™ in endothelial cells.

Taken together we find proof that among all substances under investigation NO" and SSNO™
exert the most distinct effects on Nrf2 signaling whereas effects of SSNO™ are likely to be
mediated by its products of homolysis NO™ and S, . Therefore, these molecules emerge to play
a key role in NO and sulfide derived redox signaling. While NO" is already established as a
signaling molecule SSNO™ was only recently discovered and endogenous sources, metabolism
and concentrations in vivo must still be elucidated. However, as described by Cortese-Krott et al.
(see chapter 5.8) endogenous formation of SSNO™ might occur as radical-radical reactions in
parallel to "OONO since sources of S, ™ are available in vivo, even close to effect sides.
Therefore, SSNO™ might come out as an important endogenous mediator of NO" and sulfide
effects on Nrf2 signaling in the future. Thus, finding methods to detect SSNO™ or its precursors
or decomposition product S, poses the next challenge to be solved.

The molecular mechanisms of Keap1 modification by SSNO™ should also be subject to future
research. Since SSNO™ signaling was shown to involve NO" and polysulfides in this study, it is
of great interest whether cysteine residues are target of S-nitrosation or S-sulthydration. Both

mechanisms have been described previously and are should be eligible for SSNO™ signaling.
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