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Einleitung

1 EINLEITUNG

1.1 Die Inflammation bei kardiovaskuldaren Erkrankungen

Kardiovaskuldre Erkrankungen sind die fihrende Todesursache in weiten Teilen der Welt bei
Erwachsenen ab einem Alter von 50 Jahren, angefiihrt von der ischamischen Herzerkrankung und dem
Schlaganfall’. Die Atherosklerose und die essentielle (auch: primére) arterielle Hypertonie (hier Hyper-
tonie genannt) sind dabei zentrale, pravalente pathophysiologische ,, Wegbereiter” der kardiovaskula-
ren Morbiditdt und des kardiovaskuldren Tods? 3. Deren Progression - z.B. durch fehlende oder unzu-
reichende Behandlung trotz diverser therapeutischer Optionen - fihrt zu Endorganschaden, u.a. an
Gefallsystem, Herz und Nieren und schlieBlich fatalen kardiovaskularen Ereignissen. Wegweisende Er-
kenntnisse der letzten Jahrzehnte zur Pathophysiologie von Atherosklerose und Hypertonie haben sich
in vielerlei Hinsicht in den aktuell etablierten medikamentdsen Therapien niedergeschlagen. Medika-
mente aus dem kardiovaskuldren Spektrum (z.B. Antihypertensiva, Statine, Thrombozytenaggregati-
onshemmer) machen heute einen GroRteil der Pharmakotherapie erwachsener Patientinnen aus #°.
Dennoch verbleiben kardiovaskulare Erkrankungen auf den vorderen Platzen der weltweiten Morbidi-
tats- und Mortalitatsstatistiken. Folglich lasst sich aus diesen Statistiken ein Medical Need, die Not-
wendigkeit der Identifikation neuartiger therapeutischer Ziele und neuer therapeutischer Strategien,
ableiten. Die vorliegende Arbeit konzentriert sich im komplexen Themenfeld der kardiovaskuldren Er-
krankungen auf die Atherosklerose und die Hypertonie.

Ein wesentlicher Fortschritt im Verstandnis der Pathophysiologie kardiovaskularer Erkrankun-
gen ist die Erkenntnis, dass kardiovaskuldre Erkrankungen wie die Atherosklerose und die Hypertonie
durch eine chronische inflammatorische Reaktion gekennzeichnet sind®®, welche die Krankheitspro-
gression beférdert und die Prognose betroffener Patientinnen beeintrachtigt. Obwohl sich in beiden
Erkrankungen die Ausléser der Inflammation, die beteiligten Immunzellen und Signalwege durchaus
unterscheiden, ist die chronische Inflammation in beiden Erkrankungen bei betroffenen Patientlnnen
messbar. Biomarker der Entziindung wie das hochsensitive C-reaktive Protein (CrP) oder Zytokine wie
Interleukin-1pB (IL-1B) sind sowohl bei Hypertonie als auch im Rahmen der Atherosklerose erhéht und
kénnen hilfreich bei der Risikopradiktion sein®!3. Viele Patientinnen weisen trotz leitliniengerechter
Therapie eine Erhéhung der Entziindungsmarker auf, was die Notwendigkeit einer gezielten anti-in-

flammatorischen Behandlung verdeutlicht*

. Die derzeitig in Leitlinien festgelegten Therapiestandards
adressieren die Inflammation nicht direkt oder nur unzureichend.

Beide Erkrankungen sind durch eine chronische inflammatorische Aktivierung charakterisiert,
die nach derzeitigem Kenntnisstand nicht durch die Prasenz von oder die Infektion mit pathogenen

Mikroorganismen ausgel6st wird, sondern durch anhaltende Auslenkungen z.B. des Lipidstoffwechsels
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oder Renin-Angiotensin-Aldosteron-Systems (RAAS) oder anderer Umweltfaktoren angestofRen und
unterhalten wird und somit im weitesten Sinne als eine ,,sterile” Inflammationen bezeichnet werden
kann. Sowohl Immunzellen des angeborenen als auch des adaptiven Immunsystems sind beteiligt und
vermitteln als Mediatoren der Entziindung den resultierenden Endorganschaden, indem sie in GefaRe,
Herz und Nieren einwandern. Beiden Erkrankungen ist ebenfalls gemein, dass sie trotz vieler in genom-

15-17 in

weiten Assoziationsstudien (GWAS) identifizierter, beglinstigender genetischer Polymorphismen
einem hohen MaRe abhingig von Umwelteinfliissen'® *° wie zum Beispiel der Erndhrung sind. Uberge-
wicht, eine Erndhrung reich an gesattigten Fetten tierischer Herkunft bzw. eine salzreiche Erndhrung
sind Einfliisse, welche vielfach mit beiden Erkrankungen assoziiert worden sind?® %, Aus diesem wich-
tigen Einfluss diatetischer Risikofaktoren leitet sich ein Schwerpunkt der vorliegenden Arbeit ab. Diese
untersucht das Darmmikrobiom als Mediator zwischen Umwelt und Wirtsorganismus als einen Ein-
flussfaktor und therapeutisches Ziel.

Motivation der vorliegenden Arbeit ist die Erforschung neuartiger therapeutischer Angriffs-
punkte, um die Inflammation bei Atherosklerose und Hypertonie zu reduzieren. Dabei liegt der Fokus
der Studien zum einen auf dem Ubiquitin-Proteasom-System als einem zellularen, wirtsseitigem Sys-

tem und zum anderen auf dem Mikrobiom des Darms als eine Schnittstelle zwischen Umwelt und Im-

munsystem.

1.1.1 Atherosklerose und Inflammation

Die Atherosklerose tragt wesentlich zur globalen Morbiditdt und Mortalitdt von kardiovasku-
laren Erkrankungen bei. Unter den drei haufigsten Todesursachen kardiovaskuldrer Ursache in
Deutschland fiihrte das Statistische Bundesamt im Jahr 2022 mit der chronisch-ischdmischen Herzer-
krankung, dem akuten Myokardinfarkt und der Herzinsuffizienz drei ICD-10-Diagnosen auf, welche di-
rekt oder indirekt Folge einer atherosklerotischen Erkrankung sein kénnen?2. Damit spiegeln die deut-
schen Zahlen in vergleichbarer Weise den globalen Trend wider?.

Pathophysiologisch hat insbesondere die Erkenntnis, dass die Atherosklerose eine Lipid-getrie-
bene Erkrankung darstellt, zwar zur dulerst erfolgreichen Translation in die medizinische Grundver-
sorgung, jedoch nicht zur Verdrangung der kardiovaskularen Erkrankungen von den vorderen Platzen
der Statistiken gefiihrt. Statine zahlen heute zu den am meisten verschriebenen Medikamenten welt-
weit?*. Zudem werten wir die Atherosklerose seit mehr als zwei Dekaden als eine chronische Erkran-
kung mit ausgepragter inflammatorischer Komponente® 7. Dass eine anti-inflammatorische Behand-
lung z.B. mit einem Antikdrper gegen Interleukin-1 B nach stattgehabtem Myokardinfarkt das Uberle-
ben verbessert, konnte zwar in der groRen CANTOS-Studie gezeigt werden*, hat sich jedoch unter

anderem wegen eines erhdhten Infektionsrisikos noch nicht in der klinischen Routine durchgesetzt.
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Auch therapeutische Ansitze mit Methotrexat® und Colchizin?® haben zum Teil einen klinischen Vorteil
gezeigt, sich allerdings nicht durchgesetzt.

Neben diesen relativ breiten anti-inflammatorischen Therapien bietet jedoch die komplexe Pa-
thophysiologie der Atherosklerose mit den verschiedenen involvierten Zelltypen vielfaltige alternative
Ansatzpunkte, um zukiinftig die Entstehung und Progression der Atherosklerose zu verlangsamen oder
gar zu verhindern: Kurz zusammengefasst flihrt die Exposition gegeniber Risikofaktoren (Hypercho-
lesterindmie im Zusammenspiel mit Risikofaktoren wie Hypertension, Adipositas, Rauchen) zu einer
endothelialen Schadigung und Dysfunktion, zur Retention von Lipiden im subendothelialen Raum so-
wie zur Expression endothelialer Adhdsionsmolekiile und Sekretion chemotaktischer Substanzen, wel-
che die Rekrutierung, Adhasion und Transmigration von Leukozyten aus dem Blut in die GefaBwand
fordern. Die hier relevanten Immunzellen umfassen u.a. Monozyten/Makrophagen, neutrophile Gra-
nulozyten aber auch T-Zellen. Monozyten werden lber Integrine und Chemokin-Rezeptoren in die Ge-
faBwand aus dem Blut rekrutiert. Als subendotheliale Makrophagen internalisieren diese dann modi-
fizierte Lipoproteine, was zur Bildung der sogenannten Schaumzellen fihrt. Modifizierte Lipide aktivie-
ren das NLRP3-Inflammasom in Makrophagen, was zur Produktion von IL-1p fihrt. Die Interaktion von
Makrophagen, T-Zellen und anderen Leukozyten unterhalt die Inflammation, reaktive Sauerstoffspe-
zies (ROS), Wachstumsfaktoren und Zytokine werden freigesetzt. Vaskuldre glatte Muskelzellen
(VSMC) proliferieren und verdandern ihren Phanotyp von einem kontraktilen hin zu einem Makropha-
gen-dhnlichen Phanotyp und wandern in die Intima, wo sie extrazelluldre Matrixproteine sezernieren
und eine fibrése Kappe der Plaque bilden. SchlieRlich fiihrt die Apoptose der in der Plaque ansassigen
Zellen zur Entstehung eines nekrotischen Kerns. Hypoxie-induzierte Neovaskularisation und die Sekre-
tion von Matrixmetalloproteinasen (MMP) durch Makrophagen kdnnen die fibrése Plaque weiter de-
stabilisieren und zu einer Ruptur der Plaque mit Thrombusbildung fiihren.

Die vorliegende Arbeit beschreibt zum einen den experimentellen Ansatz, oxidativen Stress
durch den Einsatz niedrigdosierter Proteasominhibition zu reduzieren und somit auch inflammatori-
sche Prozesse einzudammen. Oxidativer Stress und Inflammation sind bekanntermal3en in der Athero-
sklerose gleichzeitig nachweisbar und kdonnen einander fordern. So kann oxidativer Stress pro-in-
flammatorische Genexpression Gber Transkriptionsfaktoren wie NF-kB und HIF-1a sowie das NLRP3-
Inflammasom aktivieren, wodurch pro-inflammatorische Zytokine, Chemokine und andere Mediato-
ren gebildet werden. Die von Immunzellen ausgeschitteten Zytokine und Chemokine férdern wiede-
rum die Rekrutierung weiterer Immunzellen und eine zusatzliche ROS-Produktion, womit sich dieser
Kreislauf verselbstandigen kann und die Progression der Atherosklerose weiter geférdert wird. Da in
der Atherosklerose vermehrt oxidativ geschadigte Proteine anfallen und tiber das Proteasom abgebaut
werden missen, untersucht die vorliegende Arbeit zudem das Immunoproteasom, dem eine wichtige

Rolle bei der Bewiltigung oxidativen Stresses zugeschrieben wurde.
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1.1.2 Hypertonie, T-Zellen und Endorganschaden

Die arterielle Hypertonie ist eine Systemerkrankung, welche sich nicht ausschlieRlich auf das
Gefallsystem beschrankt, sondern mehrere Organsysteme inklusive Immunsystem einschlief8t. Oft als
,stiller Killer” bezeichnet, werden die klinischen Folgen der Hypertonie oft erst langfristig apparent, als
Dysfunktionen von GefaRsystem, Nieren, Gehirn und Herz und fiihren so zu einer betrachtlichen Mor-
talitat und Morbiditat weltweit. Unter den weltweit pravalentesten Risikofaktoren fiir nicht tibertrag-
bare Erkrankungen belegt die Hypertonie den ersten Rang® 2°. Pathophysiologisch sind ebenfalls eine
Vielzahl von Organen und Regelkreisen an der Entstehung von Bluthochdruck beteiligt und interagie-
ren. Hierzu zahlen (Dys)regulationen der vaskularen, renalen und kardialen Struktur und Funktion, des
Natriumhaushalts und der Blutvolumenregulation, des Renin-Angiotensin-Aldosteron-Systems und
des vegetativen Nervensystems?’.

Die Hypothese, dass das Immunsystem im Rahmen des Bluthochdrucks eine wichtige Rolle
spielt, kam vergleichsweise friih, bereits in den 1960er Jahren, auf, als man Lymphozyten aus Ratten
mit unilateralem Niereninfarkt in Empfanger-Ratten transferierte, welche daraufhin Bluthochdruck
entwickelten®. Experimentelle Studien konnten bereits damals und vermehrt in etwas jiingeren Ar-
beiten zeigen, dass — zum Nachweis des Konzepts - eine immunsuppressive Behandlung den Bluthoch-
druck sowie den hypertensiven Endorganschaden eindammen kann® 233, Allerdings verhindern po-
tentiell schwere Nebenwirkungen (z.B. Infektionen) eine langfristige, breite Immunsuppression bei Pa-
tientinnen.

Experimentelle, hypertensive Stimuli wie Angiotensin Il (Angll) oder ein hoher Salzgehalt in der
Nahrung fiihren zu einer Aktivierung von angeborenen und adaptiven Immunzellen. Der Rolle der T-
Zellen wurde grolRe Aufmerksamkeit zuteil, obwohl die Mechanismen, die zur T-Zellen-Aktivierung fiih-
ren, nach wie vor nur unzureichend definiert sind. Es ist bekannt, dass T-Zellen bei experimenteller
Hypertonie eine wichtige Rolle spielen. RAG1-Knockout-Mause, denen B- und T-Zellen fehlen, haben
einen abgeschwachten Blutdruckanstieg in Reaktion auf Angll, die durch den adoptiven Transfer von
T-, aber nicht von B-Zellen wiederhergestellt werden kann34. T-Zellen exprimieren als Reaktion auf hy-
pertensive Stimuli Aktivierungsmarker (z. B. CD69). Es wurde gezeigt, dass sowohl CD8* zytotoxische
T-Zellen als auch CD4* T-Helferzellen hierbei eine entscheidende Rolle spielen. Aktivierte T-Zellen in-
filtrieren Zielorgane wie die Niere, wo sie pro-inflammatorische Zytokine wie Interleukin-17A (IL-17A)
und Interferon-y (IFN-y) freisetzen, die zu Zellschdden, oxidativem Stress und endothelialer Dysfunk-
tion, Fibrose und schlieBlich zum Verlust der Organfunktion fiihren3> 36, Sowohl IL-17A als auch IFN-y
sind nachweislich an der Entstehung von Hypertonie und Organschaden beteiligt. AuBerdem wurde
nachgewiesen, dass IL-17A den Blutdruck erhéht, indem es die Natriumriickresorption in der Niere

stimuliert®” 38, Hypertone Stimuli férdern die Differenzierung von T-Helferzellen in pro-inflammatori-
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sche T-Helfer-Subtypen wie z.B. Typ17- (Twl7) und Typ1-(Tul) Helferzellen, die durch eine erhéhte Pro-
duktion von IL-17A bzw. IFN-y gekennzeichnet sind*. T-Zellen mit einem Effektor-Gedichtnis-Phino-
typ (Tem; CD44* CD62L" CCR77) akkumulieren bei Bluthochdruck in der Niere und sind die vorherrschen-
den Quellen von IL-17A und IFN-y. Interessanterweise konnen wiederholte hypertensive Stimuli die
Ansammlung von Teu in der Niere verstirken®, was auf die Ausbildung eines immunologischen Ge-
dachtnisses im Rahmen der Hypertonie hindeutet. Entziindungshemmende Interleukin-10 (IL-10) pro-
duzierende regulatorische T-Helferzellen (Treg) kdnnen die pro-inflammatorische Funktion der Effek-
tor-T-Zellen ausbalancieren und schiitzen vor Hypertonie und Endorganschiaden®®*2, Daher ist das
Gleichgewicht zwischen pro- und anti-inflammatorischen T-Zell-Untergruppen bei Hypertonie ent-
scheidend. Therapeutische Strategien, die zur Wiederherstellung des Gleichgewichts von pro- und
anti-inflammatorischen T-Zellen fiihren, kdnnten eine Option zur Organprotektion bei Hypertonie dar-

stellen.
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1.2 Das Ubiquitin-Proteasom-System in der Atherosklerose

Das Ubiquitin-Proteasom-System (UPS) ist zentral fiir die Proteinhomdostase der Zelle. Das 26S
Proteasom ist eine ATP-abhangige Protease, bestehend aus dem katalytischen Kern, dem 20S Protea-
som, und zwei 19S Regulator-Komplexen, welche fir Substraterkennung und Transport der abzubau-
enden Proteinketten in das katalytische Zentrum verantwortlich sind*. Das 20S Proteasom besteht
aus vier ibereinander gelagerten Ringen, welche jeweils aus sieben Untereinheiten bestehen. Dabei
bestehen die beiden dulReren Ringe aus den a-Untereinheiten (al-a7), die beiden inneren Ringe aus
den B-Untereinheiten (B1-B7)*.

Das UPS ist bedeutsam fir den Abbau fehlgefalteter Proteine®, als auch fiir die Degradation
zentraler regulatorischer Proteine des Zellzyklus, der Transkriptionsmaschinerie und des Stoffwech-
sels®. Der selektive Abbau solcher Proteine wird lber die kovalente Bindung von Ketten multipler
Ubiquitin-Molekile vermittelt, die als Erkennungssignal fiir das 26S Proteasom dienen.

Eine wichtige Funktion des UPS besteht in der Antigenprozessierung und Immunabwehr. Die
nach proteasomaler Degradation entstandenen Peptide werden in den Major Histocompatibility Com-
plex | (MHC I) integriert und auf der Zelloberflache prasentiert. Vor allem in diesem Zusammenhang
wurde man erstmals auf eine alternative Form des Proteasoms, das Immunoproteasom, aufmerksam.
Unter Zytokin-Stimulation (z. B. durch IFN-y) erfolgt der Austausch der B-Untereinheiten des konstitu-
tiven Proteasoms (B1, B2, B5) gegen die immunoproteasomalen Untereinheiten low molecular mass
protein 2 und 7 (LMP2, LMP7) und multicatalytic endopeptidase complex subunit 1 (MECL-1). Neben
der Induktion durch Zytokin-Stimulation werden Immunoproteasomen gewebsspezifisch in immunre-
levanten Geweben konstitutiv exprimiert. Immunoproteasomen verfliigen Uber eine alternative
Schnittstellenpraferenz bei der Degradation von Proteinen und flihren zur effizienten Generierung von
Peptiden zur Prasentation Gber MHC I. Die transiente, Zytokin-vermittelte Hochregulation von Immu-
noproteasomen scheint ein wichtiges Element in der Immunantwort bei viralen Infektionen zu sein“.
Weitere Studien zeigten, dass die Bedeutung des Immunoproteasoms nicht auf die Antigenprasenta-
tion beschrankt ist. Beispielsweise fiihrt eine LMP2-Defizienz zu einer verminderten Proteasomaktivi-
tat und Akkumulation oxidierter Proteine®’. Weitere Regulatoren der immunoproteasomalen Expres-
sion, z. B. NO und Hitzeschock, wurden identifiziert und sind auch in der Atherogenese relevant®® %,
Eine NO-vermittelte Expressionszunahme von immunoproteasomalen Untereinheiten schiitzt En-
dothelzellen vor oxidativem Stress*®. Das Proteasom ist beteiligt an der Aktivierung des Transkriptions-
faktors nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-kB), der die Expression vie-
ler inflammatorischer Proteine induziert:zum einen an der Entstehung der p50-Untereinheit aus dem
p105 Vorldauferprotein und zum anderen an der Degradation der inhibitorischen Proteine nuclear fac-
tor of kappa light polypeptide gene enhancer in B-cells inhibitor (1kB) a und B, welche die Translokation

von NF-kB aus dem Zytoplasma in den Zellkern verhindern. Pro-inflammatorische Stimuli aktivieren
11
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Signalkaskaden, welche zur Phosphorylierung, Ubiquitinierung und anschlieRenden proteasomalen
Degradation der IkB-Proteine fiihren und damit die Translokation von NF-kB in den Zellkern ermogli-
chen®®. Es gibt Hinweise darauf, dass ein erhéhter Anteil von Immunoproteasomen in inflammatori-
schem Gewebe in direktem Zusammenhang mit einer erhdhten Aktivierung von NF-kB steht. Experi-
mentell konnte gezeigt werden, dass Immunoproteasomen IkB-Proteine schneller abbauen als konsti-
tutive Proteasomen®..

Experimentelle Daten lassen darauf schlieen, dass das UPS eine Rolle in der Entstehung und
Progression der Atherosklerose spielt. Ob das UPS dabei einen anti- oder proatherogenen Einfluss aus-
ibt, ist jedoch nicht eindeutig geklart und moglicherweise abhangig vom Stadium der Atherosklerose.
Einen inflammationsférdernden Einfluss des UPS mit gesteigerter Aktivitat legten Marfella et al. in
Plaques der Arteria carotis von symptomatischen Patienten nahe®2. Auch der entgegengesetzte Effekt
— eine Aktivitatsminderung des UPS in spaten Stadien der Atherosklerose — wurde von einer anderen
Arbeitsgruppe im Tiermodell beschrieben®. Ausgehend von diesen Beobachtungen wurde fiir das UPS
eine duale Rolle in der Atherosklerose postuliert: Einerseits konnte eine erhdhte Aktivitat des UPS fir
eine gesteigerte Aktivierung des pro-inflammatorischen Transkriptionsfaktors NF-kB verantwortlich
sein, andererseits konnte eine erhohte Proteasomaktivitat notwendig sein, um die durch oxidativen
Stress vermehrt anfallenden dysfunktionalen Proteine zu eliminieren und damit die Zelle vor toxischen
Effekten aggregierter dysfunktionaler Proteine und vor dem Zelltod zu bewahren*. Dem Immunopro-
teasom kénnte in beiden Prozessen eine besondere Bedeutung zukommen. Die im Rahmen der athero-
sklerotischen Inflammation vermehrt produzierten Zytokine kdnnten einen zuséatzlichen Stimulus fir
die Assemblierung von Immunoproteasomen darstellen.

Die in dieser Habilitationsschrift dargelegten Arbeiten untersuchen in Mausmodellen den Ein-
fluss des Immunoproteasoms auf die Entwicklung der Atherosklerose sowie den Effekt einer niedrig-

dosierten Proteasominhibition in der friihen Atherosklerose.
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1.3 Die Rolle des Mikrobioms und bakterieller Metabolite in der Hypertonie

Das intestinale Mikrobiom (hier fortan als Mikrobiom bezeichnet), d.h. die Gesamtheit der im
Darm vorhandenen Bakterien sowie deren Gene, ist ein auf Umwelteinfliisse héchst responsives Oko-
system mit profundem Einfluss auf das Immunsystem. Verschiedenen Umweltfaktoren, insbesondere
Bestandteile der Nahrung (z.B. Salz, Fasern oder sog. Ballaststoffe) kénnen Verdnderungen der Zusam-
mensetzung und der Funktion des Mikrobioms verursachen und somit inflammatorische Prozesse vor-
teilhaft oder aber zum Nachteil des Wirts beeinflussen. Essentiell in diesem Zusammenhang ist die
Tatsache, dass Bakterien aus Nahrungsbestandteilen Metabolite (z.B. Tryptophan (Trp)-Metabolite o-
der Fettsduren) generieren, die vom Wirt resorbiert werden und die Differenzierung und die Funktion
von Immunzellen beeinflussen kdnnen. Auf diese Weise beeinflussen die Mikrobiota auch Darm-ferne
Organe (z.B. Niere, Herz), wodurch sich verschiedene Kommunikationsachsen identifizieren lassen (z.B.
Darm-Niere, Darm-Herz). Leitlinien zur Behandlung der arteriellen Hypertonie betonen die gesunde

Erndhrung >>>7

, u.a. charakterisiert durch einen hohen Ballaststoff- und niedrigen Salzgehalt. Die vor-
liegende Arbeit demonstriert fiir diese Nahrungsbestandteile, dass das Mikrobiom in diesem Zusam-
menhang eine wichtige Vermittlerrolle zwischen Umwelt und Wirt einnimmt. Ein genaues Verstandnis
der Wechselwirkung von Erndhrung und Mikrobiom, Metaboliten mikrobieller Herkunft und Immun-
system sowie der Auswirkungen auf die Hypertonie konnte zukliinftig eine gezielte, personalisierte Be-
einflussung des Mikrobioms zur Organprotektion in der Hypertonie ermoglichen.

Die wohl prominenteste Klasse bakterieller Metabolite sind die kurzkettigen Fettsduren (Engl.
short-chain fatty acids, SCFA): Fettsduren mit einer kurzen Kettenldange von zwei bis sechs Kohlenstoff-
atomen, die durch bakterielle Fermentation im Darm aus unverdaulichen Kohlenhydraten der Nahrung
entstehen kdonnen. Die wichtigsten Vertreter sind Acetat (C2), Propionat (C3) und Butyrat (C4). SCFA
sind im Blut in zum Teil hohen Konzentrationen messbar>8. Mehrere Studien belegen, dass die Hyper-
tonie mit einer verminderten SCFA-Produktion assoziiert ist>* ¢, Umgekehrt kann eine Ballaststoff-rei-
che Erndhrung liber SCFA eine Blutdruck-senkende Wirkung erzielen. Die verschiedenen SCFA binden
an G-Protein-gekoppelte Rezeptoren (Engl. G protein-coupled receptors, GPR), beispielsweise (iber
GPR41 (auch: FFAR3), GPR43 (auch: FFAR2), GPR109A und OIfr78 (olfactory receptor 78)%%, mit jeweils
unterschiedlicher Affinitat® . Pluznick et al. zeigten, dass SCFA den Blutdruck (iber GPR41 und OIfr78
modulieren kénnen, da Propionat zu einem Blutdruckabfall im Mausmodell fiihrte, aulRer in GPR41-
defizienten M&usen®. GPR41 wird u.a. im vaskuldren Endothel exprimiert und vermittelt eine en-
dothelabhingige Vasodilatation®. GPR41 Knockout-M&use weisen einen erhéhten systolischen Blut-
druck und eine héhere GefiRsteifigkeit auf®. Propionat fiihrt tiber den OIfr78-Rezeptor am juxtaglo-
merularen Apparat zur Renin-Sekretion, moglicherweise als Gegenregulation zum Blutdruck-senken-
den Effekt von Propionat am vaskulidren Endothel®. Eine Ballaststoff-reiche Diit sowie die Behandlung

mit Acetat filhren im hypertensiven Rattenmodell zur Senkung des Blutdrucks®®.
13
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Weitere, im kardiovaskuldren Spektrum bedeutsame bakterielle Metabolite sind TMA/TMAO und
Indole. Trimethylamin-N-oxid (TMAOQ), das durch hepatische Sulfatierung aus dem bakteriellen Meta-
boliten Trimethylamin (TMA) entsteht, wird durch Bakterien aus Phosphatidylcholin oder L-Carnitin
der Nahrung gebildet und gilt (in erhdhten Konzentrationen) als ein proatherogener Mediator®”. Auch
bei Patientinnen mit chronischer Nierenschadigung (chronic kidney disease, CKD) ist TMAO im Blut
erhéht und mit einem erhéhten Mortalitatsrisiko assoziiert®. Im Rahmen der CKD kénnen weitere bak-
terielle Metabolite in erhdhten Konzentrationen im Blut detektiert werden — zum Teil wegen der re-
duzierten renalen Clearance, zum Teil jedoch auch wegen der erhéhten Produktion durch intestinale
Bakterien. Indole — bakterielle Trp-Metabolite - kénnen liber den Arylhydrocarbon-Rezeptor (AhR) im-
munmodulatorische Effekte ausiiben (insbesondere an der Darmbarriere)®, als auch toxische Effekte
bei CKD-Patientinnen auslésen. Indoxylsulfat ist hier sicherlich der bekannteste Metabolit bakterieller
Herkunft’®, der mit einer Reihe kardiovaskuldrer Pathologien in Verbindung gebracht wurde.

Die in diese Habilitationsschrift eingehenden Studien haben zum Ziel, die Rolle des Mikrobioms
bei Bluthochdruck ndher zu charakterisieren und den Beitrag des Mikrobioms ndher zu quantifizieren.
Dabei steht der Einfluss des Mikrobioms auf die Inflammation bei Bluthochdruck im besonderen Fokus.
Zum einen werden Einflussfaktoren der Umwelt (z. B. die salzreiche Erndhrung) in Bezug auf Zusam-
mensetzung und Funktion des Mikrobioms ndher charakterisiert und die Auswirkung auf die inflamm-
atorische Antwort untersucht. Zum anderen wird der Einfluss von bakteriellen Metaboliten (z. B. Trp-
Metabolite (Indole), SCFA) des Darmmikrobioms auf die Inflammation und den Endorganschaden bei
Bluthochdruck charakterisiert. Langfristiges Ziel ist, (iber die Beeinflussung des Mikrobioms eine vor-
teilhafte, anti-inflammatorische Immunmodulation und Organprotektion bei Bluthochdruck zu errei-

chen.
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2 EIGENE ARBEITEN

2.1 Attenuation of early atherogenesis in low-density lipoprotein receptor-deficient mice

by proteasome inhibition

Die Bedeutung der chronischen Inflammation®” und des oxidativen Stresses’ 72 fiir die Entwick-
lung von atherosklerotischen Lasionen ist anerkannt. Als chronische Erkrankung der GefaRwand ist die
Entwicklung der Atherosklerose durch eine endotheliale Dysfunktion” und Aktivierung’, die Migra-
tion zirkulierender Leukozyten in den subendothelialen Raum, die Akkumulation Cholesterol-belade-
ner Makrophagen in der GefaRwand®, die Freisetzung einer Reihe von Zytokinen und Chemokinen
durch Leukozyten’®, die phanotypische Transformation glatter GefiaRwandmuskelzellen’® und somit

7782 und in

Wachstum der atherosklerotischen Plague gekennzeichnet. Vorarbeiten haben in vitro
vivo® gezeigt, dass die Inhibition des Proteasoms in niedrigdosierter, nicht toxischer Konzentration die
Expression der endothelialen NO-Synthase erhéht und endothelabhingige Vasodilatation verbessert’®
81 die anti-oxidative Funktion starkt’® 8% 82 und dariiber hinaus anti-inflammatorische Effekte bei Hy-
pertonie-induzierter Inflammation® hat.

In Kenntnis der beschriebenen Effekte niedrigdosierter Proteasominhibition auf vaskulare Zellen
untersucht diese experimentelle Studie, ob eine niedrigdosierte Proteasominhibition in vivo tatsach-
lich die Entstehung von Atherosklerose glinstig beeinflussen kann. Als Modell wurde die Low-density
Lipoprotein Rezeptor—defiziente Maus (LDLR-/-) gewahlt. Um ein friihes Stadium der Atherosklerose
zu untersuchen, wurden 10 Wochen alte M&use mit einer Western Diat fir 6 Wochen gefittert. Als
klinisch relevanter Proteasominhibitor kam in diesen 6 Wochen Bortezomib zum Einsatz, allerdings in
weitaus niedrigerer Dosis (50ug/kg Korpergewicht zweimalig pro Woche i.p.) als bei der Behandlung
des Multiplen Myeloms. Die Arbeit beschreibt zunadchst die Dosisfindung einer effektiven, jedoch nicht
toxischen Dosis im Mausmodell und stellt die Reduktion friiher atherosklerotischer Lasionen anhand
von histologischen Schnitten durch die Aortenklappenebene dar. Die anti-inflammatorische Wirkung
lieR sich insbesondere durch eine signifikante Verminderung der Serumspiegel von IL-6 und MCP-1
nachweisen. Zudem reduzierte Bortezomib die Lipidperoxidation und die Expression der Nox4-Un-
tereinheit der NADPH-Oxidase. Die Untersuchung des aortalen Expressionsprofils mittels eines mRNA
Microarrays offenbarte eine Dysregulation von Adhasionsmolekiilen, inflammatorischen Mediatoren
und der oxidativen Stressantwort, welche durch die niedrigdosierte Bortezomib-Behandlung in Rich-
tung des Expressionsprofils der gesunden Kontrollen verdndert werden konnte. Interessanterweise
war die Reduktion der atherosklerotischen Lasionen durch Bortezomib unabhangig von den Mausmo-
dell-typisch hohen Cholesterol- und Triglyzerid-Spiegeln, was die Bedeutung der anti-inflammatori-

schen und anti-oxidativen Wirkungen niedrigdosierter Proteasominhibition unterstreicht.
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Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalveréffentlichung:

Objective: Low and nontoxic proteasome inhibition has anti- inflammatory, antiproliferative, and anti-
oxidative effects on vascular cells in vitro and in vivo. We hypothesized that low- dose inhibition of the
proteasome could provide antiatherogenic protection. The present study investigated the effect of
low- dose proteasome inhibition on early lesion formation in low- density lipoprotein receptor—defi-

cient mice fed a Western- type diet.

Methods and Results: Male low- density lipoprotein receptor—deficient mice, 10 weeks old, were fed a

Western- type diet for 6 weeks with intraperitoneal injections of bortezomib or solvent. Bortezomib
was injected at a dose of 50 mg/kg body weight. Cholesterol plasma levels were not affected by borte-
zomib treatment. En face Oil Red O staining of aortae and aortic root cryosections demonstrated sig-
nificant reduction of atherosclerotic lesion coverage in bortezomib- treated animals. Bortezomib sig-
nificantly reduced vascular cellular adhesion molecule-1 expression and macrophage infiltration as
shown by histological analysis. Bortezomib treatment resulted in a significant reduction of superoxide
content, lipid peroxidation and protein oxidation products, serum levels of monocyte chemoattractant
protein-1, and interleukin-6. Gene expression microarray analysis showed that expressional changes

induced by Western- type diet were attenuated by treatment with low- dose bortezomib.

Conclusion: Low- dose proteasome inhibition exerts antioxidative and anti- inflammatory effects and

attenuates development of atherosclerotic lesions in low- density lipoprotein receptor—deficient mice.
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2.2 Immunoproteasome subunit ss5i/LMP7-deficiency in atherosclerosis

In dieser Studie wurde die Fragestellung untersucht, inwiefern die genetische Defizienz der im-
munoproteasomalen Untereinheit B5i/LMP7 das Ubiqutin-Proteasom-System (UPS) in Makrophagen

sowie die frithe und spate Atherosklerose im LDLR-/- Mausmodell beeinflusst.

Der zugrundeliegenden Fragestellung gehen zwei wichtige Erkenntnisse zur Pathophysiologie
der Atherosklerose voraus: erstens die bereits diskutierten Beobachtungen, dass die Atherosklerose
durch eine chronisch-inflammatorische Reaktion der GefidRwand®’ sowie durch oxidativen Stress’* ge-
kennzeichnet ist. Oxidativer Stress fiihrt zur Modifikation von zellularen Proteinen mit verstarkter Not-
wendigkeit der proteasomalen Degradation dieser geschddigten und dysfunktionalen Proteine®.

Die zweite Grundlage ist das Wissen um den besonderen Aufbau des Proteasoms unter Bedingungen
der Inflammation und oxidativem Stress. Unter dem Einfluss von Zytokinen (z.B. Interferon-y, TNF-a)
werden anstelle der konstitutiven katalytischen Untereinheiten sogenannte immunoproteasomale
Untereinheiten (B5i/LMP7, B1i/LMP2 and B2i/MECL-1) exprimiert und in das 20S Proteasom einge-
baut®#, Von Bedeutung ist das Immunoproteasom insbesondere bei der Herstellung antigener Pep-
tide fiir die MHC Klasse l-abhdnge Antigenprisentation®> 8% %, Vorarbeiten anderer Arbeitsgruppen
haben zudem die Frage diskutiert, ob das Immunoproteasom von besonderer Bedeutung fiir die Pro-
teinhomoostase bei Zytokin-induziertem oxidativen Stress ist und das Immunoproteasom polyubiquiti-
nierte Proteine womeéglich schneller abbaut — mit gegenséatzlichen Ergebnissen® 92, Die pharmakolo-
gische Inhibition der B5i/LMP7 Untereinheit zeigte vorteilhafte Effekte in verschiedenen experimen-

tellen Modellen inflammatorischer Erkrankungen®*,

Fir diese Studie wurden B5i/LMP7-defiziente LDLR-/- M&use (,Doppelknockout”) geziichtet,
mit B5i/LMP7-exprimierenden LDLR-/- (,Einfachknockout”) verglichen und ausschlieBlich Wurfge-
schwister (Engl. Littermates) verwendet. Die Arbeit zeigt, dass die B5i/LMP7-Defizienz die Atheroskle-
rose in LDLR-/- M&usen weder zu einem frithen (d.h. nach 6 Wochen Western Diat) noch zu einem
spateren Zeitpunkt (d.h. nach 24 Wochen Western Diat) verstarkt. Auch die in vitro Polarisation von
Knochenmarksmakrophagen (Engl. bone marrow-derived macrophages) war nicht unterschiedlich zwi-
schen B5i/LMP7-defizienten und -exprimierenden Makrophagen. Interessanterweise konnten auch
keine wesentlichen, durch den B5i/LMP7-Knockout verursachten Anderungen der proteasomalen pro-
teolytischen Aktivitdten festgestellt werden. Insbesondere war ersichtlich, dass die B5i/LMP7-Defizi-
enz durch den Einbau der konstitutiven B5i-Isoform kompensiert wurde, was zum einen die Bedeutung
intermedidrer Proteasomformen und zum anderen enorme Plastizitdt des Proteasoms hinsichtlich sei-

ner Zusammensetzung unterstreicht.
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Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalveréffentlichung:

Management of protein homeostasis by the ubiquitin-proteasome system is critical for atherosclerosis
development. Recent studies showed controversial results on the role of immunoproteasome (IP) sub-
unit B5i/LMP7 in maintenance of protein homeostasis under cytokine induced oxidative stress. The
present study aimed to investigate the effect of B5i/LMP7-deficiency on the initiation and progression
of atherosclerosis as a chronic inflammatory, immune cell driven disease. LDLR-/-LMP7-/- and
LDLR-/- mice were fed a Western-type diet for either 6 or 24 weeks to induce early and advanced
stage atherosclerosis, respectively. Lesion burden was similar between genotypes in both stages. Mac-
rophage content and abundance of polyubiquitin conjugates in aortic root plaques were unaltered by
B5i/LMP7-deficiency. In vitro experiments using bone marrow-derived macrophages (BMDM) showed
that B5i/LMP7-deficiency did not influence macrophage polarization or accumulation of polyubiqui-
tinated proteins and cell survival upon hydrogen peroxide and interferon-y treatment. Analyses of pro-
teasome core particle composition by Western blot revealed incorporation of standard proteasome
subunits in B5i/LMP7-deficient BMDM and spleen. Chymotrypsin-, trypsin- and caspase-like activities
assessed by using short fluorogenic peptides in BMDM whole cell lysates were similar in both geno-
types. Taken together, deficiency of IP subunit B5i/LMP7 does not disturb protein homeostasis and

does not aggravate atherogenesis in LDLR-/- mice.
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Management of protein homeostasis by the ubiquitin-proteasome system is critical for atherosclerosis
development. Recent studies showed controversial results on the role of immunoproteasome (IP)
subunit 35i/LMP7 in maintenance of protein homeostasis under cytokine induced oxidative stress. The
present study aimed to investigate the effect of 35i/LMP7-deficiency on the initiation and progression
of atherosclerosis as a chronic inflammatory, immune cell driven disease. LDLR/"LMP7 '~ and
LDLR~/~ mice were fed a Western-type diet for either 6 or 24 weeks to induce early and advanced

stage atherosclerosis, respectively. Lesion burden was similar between genotypes in both stages.
Macrophage content and abundance of polyubiquitin conjugates in aortic root plaques were unaltered
by 35i/LMP7-deficiency. In vitro experiments using bone marrow-derived macrophages (BMDM)
showed that 35i/LMP7-deficiency did not influence macrophage polarization or accumulation of
polyubiquitinated proteins and cell survival upon hydrogen peroxide and interferon-~ treatment.
Analyses of proteasome core particle composition by Western blot revealed incorporation of standard
proteasome subunits in 35i/LMP7-deficient BMDM and spleen. Chymotrypsin-, trypsin- and caspase-like
activities assessed by using short fluorogenic peptides in BMDM whole cell lysates were similar in both
genotypes. Taken together, deficiency of IP subunit 35i/LMP7 does not disturb protein homeostasis and
does not aggravate atherogenesis in LDLR '~ mice.

Dysregulation of the ubiquitin-proteasome system (UPS) has been associated with atherosclerosis develop-
ment'~. The UPS is essential for the intracellular degradation of proteins in all eukaryotic cells. Proteolytic degra-
dation takes place in the 26 S core proteasome, a multicatalytic peptidase carrying standard chymotrypsin-like (35
subunit), trypsin-like (32 subunit) and caspase-like (31 subunit) activities. Under cytokine stress these standard
catalytic activities of the proteasome are replaced by distinct isoforms (35i/LMP7, 31i/LMP2 and (32i/MECL-1),
leading to the formation of the immunoproteasome (IP)%. Moreover, replacement of solely one or two standard 3
subunits results in the formation of intermediate-type proteasomes, which have been detected in various tissues”.
Whereas non-immune cells predominantly express standard proteasomes, IPs are the predominant proteasomes
in leukocytes. The IP is long known to mediate immune responses, as it efficiently generates peptides for MHC
class I restricted antigen presentation®.

An increasing number of reports indicate an important role of IP subunit 35i/LMP7 in inflammatory dis-

eases. Hereditary inflammatory disorders have been linked to mutations in the 35i/LMP7 gene’™'°. Selective

© pharmacological inhibition of 35//LMP7 showed anti-inflammatory effects in several experimental inflamma-

tory models!! 13, Besides its function in immune responses, a recent study highlighted an involvement of 35i/

LMP7 in the management of protein homeostasis under cytokine-induced oxidative stress'®. It was shown that
(351/LMP7-deficiency leads to the formation of intracellular protein aggregates and aggravates experimental auto-
immune encephalomyelitis. Interestingly, these finding were challenged by others using similar methods'”. Yet,
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Body weight, g 312415 294422 0.045 36.6+4.5 346455 0.36
Body weight gain, g 6.640.2 6.4+ 0.8 0.732 121424 10.0+3.9 0.323
TC, mg/dl 1318.7 +138.6 1281.2+181.0 0.591 1289.5+265.4 1398.4+417.1 0.47
HDL-C, mg/dl 127.7 1234 13561247 0.448 247.6 1746 24711783 0.989
Non-HDL-C, mg/dl 1191.0£135.6 11456 £168.3 0.494 1041.9£232.8 1151.3£376.4 0417
Triglycerides, mg/dl 539.74165.7 708.24+187.3 0.023 393.94155.6 482.4+195.8 0.26

Table 1. Body weight and lipid levels. n=11 per group, except LDLR*~"LMP7~/~ 24 weeks WD n = 12; data are
shown as mean + SD. Statistical analysis using unpaired ¢-test or Mann-Whitney U test. WD, Western-type diet;
TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol.

given its proposed significance for inflammation and cellular protein homeostasis, we questioned the impact
of 35i/LMP7 on atherosclerosis development, Atherosclerosis represents an inflammatory, immune cell driven
disease'® and defective removal of protein aggregates was proposed to aggravate atherosclerosis development'”.
However, studies investigating the impact of 35i/LMP7-deficiency on atherosclerosis are currently not available.

Therefore, the present study aims at elucidating the effect of 35i/LMP7-deficiency on the composition and
function of the UPS in macrophages and its consequences for atherosclerosis as a chronic inflammatory, immune
cell driven disease,

Results

B5i/LMP7-deficient atherosclerosis mouse model. In order to study the effect of 35{/LMP7-
deficiency on atherosclerosis, we generated low-density lipoprotein receptor-deficient and 35i/LMP7-deficient
mice (LDLR ¥ LMP7 * ); LDLR ' littermate mice served as controls. Upon control diet for 6 or 24 weeks,
respectively, serum levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and non-
HDL-C were similar between both genotypes (Supplement Table S1). Serum levels of triglycerides were lower in
LDLR * LMP7 / mice compared to LDLR ' littermates solely at 6 weeks of control diet and were found to be
equal at 24 weeks of control diet (Supplement Table S1). Serum glucose levels were similar between both geno-
types (Fig. S1). Body weight was similar after 6 weeks of diet, but lower in the group of LDLR~-LMP7 '~ mice
after 24 weeks compared to LDLR~~ littermates (Supplement Table $1). 35i/LMP7-deficiency did not influence
cardiac dimensions and function as assessed by echocardiography (Supplement Table $2).

Feeding of a high-fat Western-type diet (WD) for 6 or 24 weeks, respectively, resulted in hyperlipidemia
with similar serum levels of TC, HDL-C, non-HDL-C, and glucose between both genotypes (Table 1, Fig. S1).
LDLR™"LMP7 '~ mice exhibited a trend to higher levels of triglycerides compared to LDLR /" littermates,
which was statistically significant solely after 6 weeks of WD (Table 1). Body weight was lower in LDLR '~ mice
(statistically significant after 6 weeks of WD), while the actual body weight gain over the course of the WD did not
differ between both genotypes (Table 1). Serum levels of lipid peroxidation products measured as thiobarbituric
acid reactive substances (TBARS) were similar in both genotypes (Fig. $2).

B5i/LMP7-deficiency does not aggravate atherosclerotic lesion progression in LDLR /-
mice. LDLR~-LMP7~'~ and LDLR~'~ littermate mice developed early lesions in atherosclerosis-prone sites
such as the aortic root and arch after being fed a WD for 6 weeks. Mice fed a WD over 24 weeks exhibited
advanced lesions in the entire aorta, as shown by en face and histologic analyses of the aortic root and the truncus
brachiocephalicus (Figs 1A and $3). Lesion quantification did not reveal significant differences in atherosclerotic
plaque burden between both genotypes at either stage of atherosclerosis (Fig. 1A). Plaque macrophage (Mac-2)
and T cell (CD4) content in advanced aortic root plaques did not differ between both genotypes (Figs 1B and $4).
Cells associated with strong FK2 staining, a marker for accumulation of ubiquitinated proteins, were detectable
in macrophage-rich areas and were not significantly affected by 35i/LMP7-deficiency (Fig. 1B). Necrotic core size
was similar between both genotypes (Fig. 1B).

B5i/LMP7-deficiency does not influence macrophage polarization and stress response in BMDM
of LDLR™/~ mice. Macrophage activation states have been shown to differentially influence atherosclerosis'®.
Therefore, we assessed the influence of 35i/LMP7-deficiency on BMDM polarization towards M1 and M2 phe-
notypes induced by IFN-~ and IL-4, respectively. Figure 2A shows that IFN-~ induced mRNA levels of the M1
marker genes tumor necrosis factor-co (TNF-cv) and monocyte chemoattractant protein-1 (MCP-1) to a similar
extent in BMDM from LDLR /' LMP7 /~ and LDLR /" littermate mice. Likewise, superoxide anion production
of IFN-~ stimulated BMDM was not affected by 35i/LMP7-deficiency (Fig. 2B). IL-4 stimulation induced mRNA
expression of M2 marker arginase-1 similarly in BMDM of both genotypes (Fig. 2A).

Next, we determined the influence of cytokine-stimulation and oxidative stress on the content of polyubiqui-
tin conjugates in BMDM by Western blot. The amount of polyubiquitinated proteins was not changed after IFN-~
stimulation up to 24 hours in BMDM of both genotypes (Figs 2C and S5A). After hydrogen peroxide (H,0,)
challenge, we detected a similar increase in polyubiquitinated proteins in BMDM of both genotypes (Figs 2D and
$5B). BMDM survival following H,O, challenge was similar for both genotypes (Fig. 2E).

Impact of 35i/LMP7-deficiency on proteasome composition and proteolytic activity in
cells and tissues of LDLR™/~ mice. To determine the impact of B5i/LMP7-deficiency on proteasome
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Figure 1. 35i/LMP7-deficiency does not aggravate atherosclerotic lesion progression in LDLR '~ mice.
LDLR~/"LMP7~/~ and LDLR ™'~ littermate mice were fed a high-fat Western-type diet (WD) for either 6 or
24 weeks to induce early and advanced stage atherosclerosis, respectively. (A) Representative en face stainings
of aortic arch/whole aorta (upper rows) and Oil Red O stainings with hematoxylin counterstain of aortic root
cross-sections (bottom rows) for early (upper panels) and advanced (lower panels) stage atherosclerosis with
quantification of lesion sizes. (B) Representative stainings and quantifications of (upper row) macrophages
(MAC-2), (middle row) necrotic core (NC; Movat pentachrome staining), and (bottom row) ubiquitinated
proteins (FK2; magnification: 10x) of aortic root cross-sections of advanced stage atherosclerosis. Data in
graphs are presented as individual values with median and interquartile ranges indicated. n.s. = statistically
non-significant. Unpaired t-test (Welch test for unequal variances) or Mann-Whitney U test.

subunit composition, we performed Western blots in BMDM, spleen and liver lysates of LDLR /' LMP7 ' and
LDLR™'~ littermate mice. In BMDM lysates from LDLR '~ mice we detected expression of all standard and IP
(3 subunits (Fig. 3A). Standard proteasome subunits 35, 32, 31 and mature forms of IP subunit (31i were detect-
able in 35i/LMP7-deficient BMDM (under native and IFN-~ stimulated conditions) and in splenic lysates of
(35i/LMP7-deficient mice (Fig. 3A). Mature forms of IP subunit 32i were detectable in splenic lysates of 35i/
LMP7-deficient mice. In 35i/LMP7-deficient fibroblasts standard proteasome subunits 35, 32, 31 and induction
of IP subunit 31i after IFN-~ stimulation were detectable (Fig. $6). Enhanced bands for 35i/LMP7 were observa-
ble in spleens and livers of LDLR '~ mice fed a WD compared to tissues from CD fed mice (baseline) indicative
of a systemic inflammatory response under WD (Figs 3A and $6).

To examine the composition of 3 subunits incorporated into proteasomal core particles, we isolated 26 S pro-
teasomes from BMDM and splenic lysates using native gel electrophoresis and determined their subunit compo-
sition by Western blot (Fig. 3B). BMDM and spleens of LDLR '~ mice assembled IP subunits 35i/LMP7, 32i, 31i
and standard proteasome subunits 31 and 32, indicating the presence of immuno- and intermediate proteasomes.
In proteasomes of 35i/LMP7-deficient BMDM and spleen standard subunits 35, 32, 31 and IP subunit 31i (and
(32i in spleen) were detectable indicating the presence of standard and intermediate proteasomes. Incorporated
(32i was hardly detectable in 35//LMP7-deficient BMDM. Except for 35i/LMP7, mRNA expression levels of pro-
teasome subunits in BMDM did not differ between both genotypes (Fig. S7).

Next, we determined whether alterations in proteasomal composition ultimately lead to alterations in protea-
somal proteolytic activities. However, chymotrypsin-, trypsin- and caspase-like activities were similar in BMDM
of both genotypes, as measured by using short fluorogenic peptides in BMDM whole cell lysates (Fig. 3C).

Discussion

‘The major finding of the current study is that the deficiency of the IP subunit 35i/LMP7 does not aggravate initia-
tion and progression of atherosclerosis in LDLR '~ mice. This is of particular interest, since 35i/LMP7 expression
was suggested to be required for the efficient elimination of damaged proteins after cytokine induced oxidative
stress'’. However, this relationship was questioned by others'®, leading to a debate on the role of 35i/LMP?7 in the
pathogenesis of inflammatory disorders'. The present study contributes to this debate, as our observations do
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Figure 2. (35i/LMP7-deficiency does not influence macrophage polarization and stress response in BMDM of

LDLR /" mice. BMDM isolated from LDLR /' LMP7 /~ and LDLR /" littermate mice: (A) M1/M2 polarization

- mRNA expression of tumor necrosis factor-o (TNF-a), monocyte chemoattractant protein-1 (MCP-1) and
arginase-1 determined by quantitative real-time RT-PCR after treatment of BMDM with IFN-~ (100 U/ml) and
IL-4 (4 U/ml) over 6 hours for M1 and M2 macrophage phenotype polarization, respectively; C = untreated
cells; graphs show fold-change in mRNA expression levels relative to untreated BMDM of LDLR '~ mice;
n=5 experiments. Unpaired ¢-test (Welch test for unequal variances) or Mann-Whitney U test. (B)

Superoxide production of IFN-~-treated (100 U/ml) BMDM determined by electron paramagnetic resonance
(EPR) technique; n = 5-7 per group. Two-way ANOVA followed by Sidak’s multiple comparisons test. (C)
Representative Western blot with anti-ubiquitin antibody of lysates of IFN-~ (100 U/ml) treated BMDM;
Bortezomib (5 ng/ml) treated BMDM served as positive controls; n =4 experiments; LC indicates amidoblack
staining as loading control. (D) Representative Western blot with anti-ubiquitin antibody of lysates of BMDM
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after treatment with hydrogen peroxide (H,0,) over 1 hour; n =3 experiments. LC indicates GAPDH staining
as loading control. (E) Survival of BMDM treated with H,O, over 1 hour; n =4 experiments. Kruskal-Wallis test
with post hoc comparison by Dunn’s multiple comparison test. Data in graphs are presented as mean 4+ SEM.
n.s. = statistically non-significant.

not point to an impact of 35i/LMP7-deficiency on atherosclerosis, which is considered a chronic inflammatory
vascular disease®.

It has been hypothesized that the UPS is dysregulated in atherosclerosis*®*' and that the accumulation of dys-
functional proteins is associated with cell death within atherosclerotic lesions®. Given the proposed importance
of 35i/LMP?7 for the removal of damaged proteins'?, aggravation of atherosclerosis in 35i//LMP7-deficient mice
would have been conceivable. However, we did not detect augmented ubiquitin accumulation in plaques of 35i/
LMP7-deficient mice. In line with previous reports**", ubiquitin enrichment was associated with macrophages,
but was equally present in the plaques of both genotypes (considering the limited sample size). Furthermore, the
similar extent of necrotic cores in atherosclerotic lesions of both genotypes does not indicate increased cell death
in 35i/LMP7-deficient mice. Finally, atherosclerotic plaque size was not affected by 35i/LMP7-deficiency for early
or advanced stage atherosclerosis. Thus, these findings do not favor the perception that 35i/LMP7-containing
proteasomes have a higher capacity to degrade polyubiquitinated proteins compared to standard proteasomes.

Recently, beneficial effects of 35i/LMP7-deficiency on obesity and glucose homeostasis have been described
in the presence of mild hypercholesteremia®. 35i/LMP7-deficient mice fed a high fat diet showed an improved
glucose intolerance, lower triglyceride levels and a decreased weight gain when compared to C57BL/6 wild-
type mice”. Such metabolic alterations are potentially important to atherogenesis. However, in our study 35i/
LMP7-deficiency on a LDLR ™/~ background did not lead to significant alterations of glucose levels. Also, weight
gain during short and long term high-fat WD was not affected by 35i/LMP7-deficiency. We observed higher
triglyceride levels in 35i/LMP7-deficient mice fed a WD over 6 weeks; triglycerides are associated with risk of
cardiovascular disease in humans. However, atherosclerosis outcome was not affected by 35i//LMP7-deficiency in
our model. We cannot exclude the possibility that a potential impact of elevated triglycerides on atherogenesis has
been outweighed by other (yet unidentified) effects of 351/LMP7-deficiency. Thus, further in depth characteriza-
tion of lipoprotein forms in 35i/LMP7-deficient models should be performed in future studies.

Macrophages play a key role in atherosclerotic lesion formation, progression and plaque destabilization.
Depending on the cytokine milieu within atherosclerotic lesions macrophages are polarized towards distinct sub-
sets, which critically affect plaque development'®. It was recently reported that 351/LMP7-deficiency and selective
inhibition of 35i/LMP7 promotes M2 polarization of alveolar macrophages®. Our data derived from BMDM do
not suggest an impact of 35//LMP7 on M1 and M2 polarization as well as on macrophage survival under oxidative
stress.

In line with previous reports, we observed that 351/LMP7-deficiency leads to the formation of proteasome
subtypes with 35i/LMP7 being replaced by its corresponding standard subunit 35*%. Structure and function
of various proteasome subpopulations and -types have been investigated in different species and organs®*2°-2%.
Studies comparing the enzymatic activities of different isolated proteasome subtypes in vitro using fluorogenic
peptide substrates revealed varying activities and differential cleavage characteristics depending on the protea-
somal subunit composition®**?". However, despite differences in subunit composition we found similar proteo-
lytic activities when measured in BMDM whole cell lysates of both genotypes using short fluorogenic peptides.
In addition, the detection of similar amounts of accumulated polyubiquitinated proteins in hydrogen peroxide
stimulated BMDM of both genotypes further confirmed an equal capacity for the removal of damaged proteins
under oxidative stress; taken together, these observations are in accordance with the findings of Nathan et al.">.

In conclusion, deficiency of IP subunit 35i/LMP7 does not alter initiation and progression of atherosclerosis
in LDLR ' mice. Our data indicate that protein homeostasis in atherosclerosis is not disturbed by deficiency of
B5i/LMP7.

Methods
Materials. Unless otherwise specified, all reagents and media were purchased from Sigma Chemicals,
Germany. Bortezomib was kindly provided by Millenium Pharmaceuticals.

Animal experiments. Animal experiments were approved by the local authority (Landesamt fiir Gesundheit
und Soziales, Berlin, Germany) and were performed according to institutional guidelines.

Low-density lipoprotein receptor-deficient (LDLR™'~) mice (B6.129S7-Ldlr™!¥/]; JAX Mice, Boston) and
B5i/LMP7 ' mice (kindly provided by Antje Voigt, Department of Biochemistry, Charité-Universititsmedizin
Berlin, Germany) were crossed to generate double heterozygous mice. Both, LDLR~/~ and (35i/LMP7~/~ mice
were originally backcrossed at least 10 times to C57BL/6 mice. The resulting F1 generation was crossed and
the offsprings genotyped for LDLR and 35i/LMP7. Male mice homozygous for LDLR-deficiency (LDLR /) or
homozygous for LDLR-deficiency and (35i/LMP7-deficiency (LDLR '~ LMP7 /") were fed a high fat diet con-
taining 21% butterfat, 17% casein, and 0.21% cholesterol (Western-type diet, Ssniff, Soest, Germany) for 6 or 24
weeks ad libitum beginning from 10 weeks of age. Mice of both genotypes fed a low-fat control diet (CD) served
as additional controls. General condition and body weight were monitored regularly.

For harvesting, mice were fasted for two hours, anesthetized with isoflurane- and euthanized by blood with-
drawal. After perfusion with PBS, heart and aorta were dissected under a stereomicroscope (Leica), shock-frozen
in liquid nitrogen and stored at —80°C or fixed in formalin. Livers and spleens were collected, shock-frozen and
stored at —80°C.
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Figure 3. Impact of 35i/LMP7-deficiency on proteasome composition and proteolytic activity in cells

and tissues of LDLR '~ mice. (A) Western blot analysis of standard proteasome (31, 32, and 35) and
immunoproteasome (31i, 32i, and 35i) subunit expression in BMDM of LDLR /' LMP7 /* and LDLR "/~ at
baseline and after treatment with IFN-~ (100 U/ml) over 8 hours (left panel). Right panel shows Western blot
analyses of pooled spleen protein samples from LDLR~/~LMP7~'~ and LDLR~/~ mice at baseline and after
feeding a high-fat Western-type diet (WD) over 6 weeks (n = 11 mice per group). LC indicates actin staining
(for BMDM) or amidoblack staining (for spleen) as loading controls. (B) Representative Western blots of
standard proteasome and immunoproteasome subunits of isolated 26 S proteasome derived from murine
LDLR™"LMP7~/~ and LDLR ™/~ BMDM (left panel) and spleen (right panel) lysates. (C) Chymotrypsin-,
trypsin- and caspase-like proteasome activities (expressed as relative fluorescence units, RFU) of murine
LDLR " LMP7 / and LDLR /* BMDM; n=4 experiments. Unpaired t-test or Mann-Whitney U test. Data in
graphs are presented as mean = SEM.
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Echocardiography. Transthoracic Doppler echocardiography was performed in mice anesthetized with
isoflurane (2%) with the use of the high-resolution imaging system Vevo 770 (VisualSonics). M-mode trac-
ings were recorded from the short-axis view of the left ventricle (LV) at the level of the papillary muscles with
two-dimensional image guidance through the anterior and posterior walls. Left ventricular internal dimensions
were measured at the end of diastole (LVIDd) and systole (LVIDs). Ejection fraction (EF) and fractional shorten-
ing (FS) were calculated from linear measurements of LVIDd and LVIDs.

Measurement of serum glucose and lipids. Serum glucose levels were measured using a Fuji
DRI-CHEM NX500 system (Fujifilm). Serum total cholesterol and triglyceride concentrations were measured
by colorimetric enzymatic assay (CHOL-PAP, and TG GPO-PAP, Roche-Diagnostics). High-density lipoprotein
cholesterol concentration was separated by the phosphotungstate-magnesium precipitation technique. Briefly,
100 pl of serum were supplemented with 10 pl sodium phosphotungstate solution (40 g of phosphotungstic acid
per liter in 160 mM NaOH) and 5pl 1 M MgCI2. After mixing and incubation for 2 hours; samples were centri-
fuged (1500 g, 30 minutes, 4°C) and cholesterol was determined in the supernatant.

Measurement of thiobarbituric-acid reactive substances (TBARS). Lipid hydroperoxides were
determined in mouse serum by spectrophotometric measurement of formation of thiobarbituric-acid reactive

substances (TBARS), as described previously™.

Staining and analysis of atherosclerotic lesions. The dissected aorta was fixed in formalin overnight,
opened longitudinally under a stereomicroscope, and pinned flat on a silicon gel. For en face aortic lesion analysis,
pinned aortae were stained with Qil Red O (Sigma-Aldrich) and digitally photographed at standardized magnifi-
cation and illumination. Total aortic area and atherosclerotic lesion area were determined using Image] software.
Atherosclerotic lesion area was calculated as percentage of total en face aortic area.

Cross sections of formalin-fixed, paraffin-embedded brachiocephalic arteries (BCA, truncus brachiocephali-
cus) were stained with the original Movat pentachrome according to the manufacturers’ protocol (Morphisto).
Frozen acetone-fixed cross sections (5 pum) of aortic roots were stained with Oil Red O (counterstained with
hematoxylin) or with Movat pentachrome, Sections were digitally photographed under standardized conditions
using Zeiss AxioCam MrC and analyzed using Zeiss AxioVision software. Absolute plaque size (in pm?) was
determined as well as absolute cell free necrotic core area. Plaque macrophages and ubiquitinated proteins were
detected in cross sections by immunohistochemistry using anti-Mac-2 antibody (Cedarlane Laboratories), or
anti-FK2 ubiquitin monoclonal antibody (Enzo Life Sciences), respectively. Biotin-conjugated goat anti-mouse
IgG (Jackson Immunoresearch) was used as secondary antibody, followed by 10 minutes incubation with
streptavidin-peroxidase (Zymed) and visualization with diaminobenzidine (DAB, Zymed). For macrophage con-
tent Mac-2 positive plaque area was determined (in pm?). After ubiquitin staining, sections were stained with 4,
6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. Images of 3-4 regions of interest per plaque were
analyzed and the mean percentage of cells with strong ubiquitin signal was calculated. CD4 immunofluorescence
for analysis of plaque T cells was performed using rat anti-mouse anti-CD4 (BD Biosciences) and Cy3-conjugated
donkey anti-rat IgG (Jackson Immunoresearch) as secondary antibody. Nuclei were stained with DAPIL. Sections
were photographed with a Zeiss Axioplan-2 microscope and HrC AxioCam, plaque area was measured using
AxioVison software, CD4 cell numbers per plaque area were counted.

Cell Culture and treatments.  Primary bone marrow derived macrophages (BMDM) were recovered from
bone marrow suspensions of tibia and femur of LDLR*~"LMP7 '~ and LDLR '~ littermate mice as described
previously®'. For differentiation in macrophages, cells were incubated in RPMI-1640 (Gibco Life Technologies)
containing 10% fetal calf serum, 1% penicillin/streptomycin, and 10% of L929-conditioned RPMI (as a source
of Macrophage Colony Stimulating Factor, M-CSF) for 7 days. Macrophage differentiation was verified by flow
cytometry via staining for CD45 (APC, BioLegend), F4/80 (PE, Abcam) and C11b (V450, BD Horizon) on day 7.
Mouse ear fibroblasts have been isolated and cultivated as described previously®.

For individual experiments, BMDM or fibroblasts were treated with 100 U/ml IFN-~ (recombinant, Biomol)
for varying times or with medium containing varying concentrations of hydrogen peroxide (H,O,; Sigma) at
37°C for 60 minutes. For survival analyses, H,O,-treated BMDM were harvested by scraping, and counted in
a hemocytometer. Numbers of survived cells were expressed as percentage of cell count of the corresponding
untreated control. For polarization of macrophages into the M1 and M2 state, BMDMs were incubated with
100 U/ml IFN-~ or 5 U/ml IL-4 (Promokine) at 37 °C for 6 hours, respectively.

Quantitative real-time RT-PCR. RNA was isolated using RNeasy kit (Qiagen) according to the man-
ufacturer’s instructions. 500 ng of total RNA was reversed-transcribed with random hexamers (TIB Molbiol)
using Reverse Transcriptase Kit (Invitrogen). TagMan assays (Applied Biosystems) were used to quantify the
expression of tumor necrosis factor-ow (TNF-a; Mm00443260_gl), monocyte chemoattractant protein-1 (MCP-
1; Mm00441242_m1), arginase-1 (Mm00475988_m1), and proteasome subunits 31 (Mm01245590_gl1), 32
(Mm00650844_g1), 35 (Mm01615821_g1), B1i/LMP2 (Mm00479004_m1), 35i/LMP7 (Mm01278979_m1), 32i/
MECLI (Mm00479052_gl) using the 7300 Real Time PCR System (Applied Biosystems). RPL19 (Mm02601633_
g1) was used as housekeeping gene. Expression of the target gene relative to housekeeping gene expression was
calculated as the difference between the threshold values for the two genes.

Measurement of superoxide production. Superoxide production was measured using electron para-
magnetic resonance (EPR) technique as described previously’>**, Briefly, BMDM were washed twice in Krebs
HEPES buffer, pH 7.35 (99 mM NaCl, 4.69 mM KCl, 25 mM NaHCO;, 1.03 mM KH,PO,, 5.6 mM d-glucose,
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20 mM Na-HEPES, 2.5mM CaCl,, 1.2 mM MgSO,) and incubated in Krebs-HEPES buffer supplemented with
25uM desferoxamine, 5 uM diethyldithiocarbamate and 100 uM of the spintrap 1-hydroxy-3-methoxycarbonyl-2
,2,5,5-tetramethylpyrrolidine (CMH; Noxygen) for 20 minutes on ice followed by snap freezing in liquid nitrogen.
Superoxide generation was analyzed at 37°C for 10 minutes with 20 scannes in an Escan EPR spectrometer with
temperature control (Noxygen) with the following starting parameters: microwave power 23.89 mW; center field
3459-3466 G; steep width 10 G, frequency 9.7690 GHz and modulation amplitude 2.93 G. Superoxide generation
rate was calculated using linear regression and normalized to the protein content of cells.

Western blot analysis. BMDM and spleen specimen were lysed in extraction buffer containing (in
mmol/L): Tris/HCI 50 (pH 7.4), KCI 154, glucose 5, EDTA 0.5, Complete protease inhibitor, and 1% Triton X-100.
We isolated protein from livers and spleens separately for each animal, and used equal amounts of protein per ani-
mal to prepare one pooled sample per group. Total protein (10 pg per lane) was subjected to SDS-PAGE and mem-
branes were probed with the respective antibodies: anti-Ubiquitin (DAKO), anti-35 (Abcam), anti-31 (Abcam),
anti-32 (Abcam), anti-p1i/LMP2 (Abcam), anti-35i/LMP7 (Epitomics), anti-32i/MECL-1, anti-o4 (kindly pro-
vided by the Department of Biochemistry, Charité-Universitatsmedizin Berlin, Germany). After probing with the
respective secondary antibodies, bands were visualized using ECL detection system (Amersham) and chemilumi-
nescence system Fusion Solo (Vilber Lourmat). Amidoblack staining or probing with antibodies against GAPDH
(Santa Cruz) or 3-actin (MAB150, Millipore) served as controls for equal protein loading. Densitometry was
performed using Image] software.

Proteasomal activity assay and assessment of proteasome subunit composition. Proteasome
chymotrypsin-like (ChTL), trypsin-like (TL) and caspase-like (CaspL) activities of BMDM lysates were deter-
mined fluorometrically in a spectramax GEMINI-EM (Molecular Devices) by using synthetic peptides linked
to the fluorophor 7-amino-4-methylcoumarin (AMC). ChTL activity was measured by SLLVY-AMC, TL by
BzVGR-AMC and CaspL activity by ZLLE-AMC hydrolysis with 360-nm excitation and 460-nm emission wave-
lengths. BMDM were lysed under hypotonic conditions with three cycles of thawing and freezing in liquid nitro-
gen. Lysates were centrifuged and the protein content of the supernatant was estimated using the BCA Protein
Assay kit (Pierce).

For activity assays, 10 pg of protein were incubated at 37 °C for 30 minutes in incubation buffer containing
an ATP-regenerating system (225mM Tris-HCL, pH 8.2, 45 mM KCl, 7.5 mM Mg(CH,COO0),, 7.5mM MgCl,,
1.1 mM dithiothreitol, 6 mM ATP, 5mM phosphocreatine, 0.2 unit of phosphocreatinekinase) and 0.2 mM of the
appropriate fluorogenic substrate. Proteasomal activity was determined by calculating the difference of AMC
formation in the absence and presence of 10 pM MG262 and 20 pM epoxomicin and the results were expressed as
AMC formation (relative fluorescence units).

For assessment of proteasome subunit composition, lysates were separated on non-denaturing 3-8% Tris-acetate
polyacrylamide gels (Life Technologies) and 26 S proteasomes were localized after overlay with 100uM SLLVY-AMC
and 5mM ATP at 37°C for 30 minutes using an UV transilluminator. 26 S proteasome containing gel slices were
extracted by centrifugation through Amicon Ultra-2 Centrifugal Filter Devices (Millipore) in 120 mM Tris HCl pH
6.8,0.2M DTT, 4% SDS, 0.002% bromophenol blue and 20% glycine at 4°C. Protein extracts were separated under
denaturing conditions on 10% polyacrylamide gels and proteasome subunits were detected by Western blot with the
respective specific antibodies. At first, a Western blot with anti-o«4 antibody was performed and signal intensities
were used for the adjustment of equal proteasomal protein loading in subsequent Western blots.

Statistical analysis. Data were analyzed using GraphPad Prism software version 7. Data variability about the
mean is generally expressed as standard error of the mean (SEM), except where otherwise indicated. Continuous
variables were tested for normal distribution by Shapiro-Wilk test and skewness and for equality of variances by
F test. Unpaired Student’s t-test (Welch test for unequal variances) was used for normally distributed variables. A
two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used to analyze experi-
ments with multiple independent factors across genotypes. Mann-Whitney U test or Kruskal-Wallis test with post
hoc comparison by Dunn’s multiple comparison test was used for non-normally distributed variables. p < 0.05
was considered statistically significant.
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2.3 Quantifying the impact of gut microbiota on inflammation and hypertensive organ

damage

Hypertonie ist einer der wichtigsten kardiovaskuldren Risikofaktoren weltweit®® 7 und
in besonderem MaR eine von Umweltbedingungen abhéngige chronische Erkrankung®®. In die-
sem Zusammenhang ist die Erndhrung®® °° sehr relevant, da beispielsweise eine salzreiche®®
101 und ballaststoffarme’0? 193 Erndhrung Hypertonie beginstigt. Die dem Umwelteinfluss zu-
grundeliegenden Mechanismen sind komplex. Das Darmmikrobiom riickt - als Mediator zwi-
schen Umwelt und Organismus - zunehmend in den Fokus der Hypertonieforschung. Mehrere
experimentelle Studien belegen den Einfluss des Darmmikrobioms auf die Hypertonie>® 60 66,

Die vorliegende Studie nutzt ein experimentelles Mausmodell der Hypertonie (Infusion
von Angiotensin Il s.c. (iber eine osmotische Minipumpe Uber 14 Tage, zusatzlich Gabe von 1
%igem NaCl Gber das Trinkwasser) und vergleicht den resultierenden Organschaden an Herz
und Niere zwischen konventionell kolonisierten Mausen und keimfreien Mausen. Dazu wur-
den keimfreie C57BL/6J Wurfgeschwister nach dem Absetzen entweder mit Darmbakterien
einer gesunden C57BL/6J-Mauszucht kolonisiert oder keimfrei belassen. Keimfreie Mause
blieben auch nach Hypertonie-Induktion keimfrei. Ziel dieser Studie war die erstmalige Quan-
tifizierung des Ausmalies, mit dem das Darmmikrobiom den hypertensiven Endorganschaden
beeinflusst.

Die Studie zeigt, dass die renale als auch die kardiale hypertensiven Schadigung von der
Anwesenheit einer Darmmikrobiota abhangig und in keimfreien Mausen ausgepragter ist. Ur-
sachlich dafiir kdnnte die Abwesenheit protektiver bakterieller Metabolite in keimfreien Mau-
sen sein, wie z.B. short-chain fatty acids (SCFA). Die Tatsache, dass sich der Unterschied im
Nierenschaden beim Vergleich von keimfreien und kolonisierten Mausen ausgepragter als
beim kardialen Schaden darstellte, lasst eine besondere Suszeptibilitat der Niere flr darmmik-
robielle Einflisse vermuten. Im Umkehrschluss konnte dies auf ein therapeutisches Potential
des Darmmikrobioms fiir neuartige nephroprotektive Behandlungsstrategien bei Hypertonie

hinweisen.
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Originalpublikation 3

Avery EG, Bartolomaeus H, Rauch A, Chen CY, N'Diaye G, Lober U, Bartolomaeus TUP, Fritsche-
Guenther R, Rodrigues AF, Yarritu A, Zhong C, Fei L, Tsvetkov D, Todiras M, Park JK, Marko L,
Maifeld A, Patzak A, Bader M, Kempa S, Kirwan JA, Forslund SK, Muller DN and Wilck N. Quan-
tifying the impact of gut microbiota on inflammation and hypertensive organ damage. Car-
diovascular research. 2023; 119:1441-1452 DOI: 10.1093/cvr/cvacl2l.
https://doi.org/10.1093/cvr/cvacl21

Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalveroffentlichung:

Aims: Hypertension (HTN) can lead to heart and kidney damage. The gut microbiota has been
linked to HTN, although it is difficult to estimate its significance due to the variety of other
features known to influence HTN. In the present study, we used germ-free (GF) and colonized
(COL) littermate mice to quantify the impact of microbial colonization on organ damage in
HTN.

Methods and results: Four-week-old male GF C57BL/6J littermates were randomized to re-

main GF or receive microbial colonization. HTN was induced by subcutaneous infusion with
angiotensin (Ang) Il (1.44 mg/kg/d) and 1% NaCl in the drinking water; sham-treated mice
served as control. Renal damage was exacerbated in GF mice, whereas cardiac damage was
more comparable between COL and GF, suggesting that the kidney is more sensitive to micro-
bial influence. Multivariate analysis revealed a larger effect of HTN in GF mice. Serum metab-
olomics demonstrated that the colonization status influences circulating metabolites relevant
to HTN. Importantly, GF mice were deficient in anti-inflammatory fecal short-chain fatty acids
(SCFA). Flow cytometry showed that the microbiome has an impact on the induction of anti-
hypertensive myeloid-derived suppressor cells and pro-inflammatory Tul7 cells in HTN. In
vitro inducibility of Th17 cells was significantly higher for cells isolated from GF than conven-
tionally raised mice.

Conclusions: Microbial colonization status of mice had potent effects on their phenotypic re-
sponse to a hypertensive stimulus, and the kidney is a highly microbiota-susceptible target
organ in HTN. The magnitude of the pathogenic response in GF mice underscores the role of

the microbiome in mediating inflammation in HTN.
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Translation perspective: To assess the potential of microbiota-targeted interventions to pre-

vent organ damage in hypertension, an accurate quantification of microbial influence is nec-
essary. We provide evidence that the development of hypertensive organ damage is depend-
ent on colonization status and suggest that a healthy microbiota provides anti-hypertensive
immune and metabolic signals to the host. In the absence of normal symbiotic host-microbi-
ome interactions, hypertensive damage to the kidney in particular is exacerbated. We suggest
that hypertensive patients experiencing perturbations to the microbiota, which are common
in CVD, may be at a greater risk for target-organ damage than those with a healthy microbi-

ome.
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Aims Hypertension (HTN) can lead to heart and kidney damage. The gut microbiota has been linked to HTN, although it is difficult
to estimate its significance due to the variety of other features known to influence HTN. In the present study, we used germ-
free (GF) and colonized (COL) littermate mice to quantify the impact of microbial colonization on organ damage in HTN.

Methods 4-week-old male GF C57BL/6) littermates were randomized to remain GF or receive microbial colonization. HTN was

and results induced by subcutaneous infusion with angiotensin (Ang) Il (1.44 mg/kg/day) and 1% NaCl in the drinking water; sham-
treated mice served as control. Renal damage was exacerbated in GF mice, whereas cardiac damage was more compar-
able between COL and GF, suggesting that the kidney is more sensitive to microbial influence. Multivariate analysis re-
vealed a larger effect of HTN in GF mice. Serum metabolomics demonstrated that the colonization status influences
circulating metabolites relevant to HTN. Importantly, GF mice were deficient in anti-inflammatory faecal short-chain fatty
acids (SCFA). Flow cytometry showed that the microbiome has an impact on the induction of anti-hypertensive myeloid-
derived suppressor cells and pro-inflammatory Th17 cells in HTN. In vitro inducibility of Th17 cells was significantly higher
for cells isolated from GF than conventionally raised mice.

Conclusion The microbial colonization status of mice had potent effects on their phenotypic response to a hypertensive stimulus, and
the kidney is a highly microbiota-susceptible target organ in HTN. The magnitude of the pathogenic response in GF mice
underscores the role of the microbiome in mediating inflalmmation in HTN.
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1. Introduction

Hypertension (HTN) is the leading risk factor for non-communicable dis-
eases worldwide," and is known as a multifactorial disease, where com plex
mechanisms often co-occur to lead to a persistent increase in blood pres-
sure (BP). Several studies have indicated that alterations in the compos-
ition and function of the intestinal microbiota may contribute to the
burden of hypertensive disease. 2 However, it is difficult to estimate
the contribution of the microbiota, especially in human studies, where
the added complexities of other contributing factors easily obstruct our
understanding. The aim of our study is to understand the relative contri-
bution that the microbiota has to the burden of hypertensive disease.
Mounting evidence suggests that inflammation is not only character-
istic of hypertensive cardiovascular disease (CVD) but is causally linked
to disease progression and severity.’ Components of both the innate
and adaptive immune system have been implicated.’ T-helper 17
(Th17) cells and Type 1 helper T-cells (Th1) have been shown to be in-
tegrally interlinked with hypertensive disease, and have been demon-

strated to exacerbate cardiac and renal damage.”‘B

Moreover,
myeloid-derived suppressor cells (MDSCs) derived from hypertensive
mice were shown to have immunosuppressive properties, and upon
adoptive transfer were able to mitigate BP increase in response to angio-
tensin || (Ang 1) infusion.” MDSC, Th17, and Th1 cells have each been
shown in different settings to be influenced by the microbiota.®® "

We and others could recently demonstrate the role of several anti-
inflammatory microbial metabolites in HTN. Short-chain fatty acids
(SCFA) such as acetate, propionate, and butyrate, are produced by
gut microbiota through the fermentation of indigestible dietary fibre."
Acetate has been shown to ameliorate hypertensive damage to the kid-
ney and heartin mice."® Our recent work elucidated the protective role
of propionate in Ang ll-induced inflammation and cardiovascular dam-
age." Furthermore, low butyrate levels have been associated with wor-
sened CVD in several models.'® In addition to SCFA, we have recently
shown that a bacterially produced indole metabolite derived from tryp-
tophan suppresses Th17-driven inflammation in salt-sensitive HTN.® In
contrast, metabolites of microbial origin can also exacerbate disease in
some contexts. For example, pro-inflammatory metabolites like tri-
methylamine N-oxide (TMAQ) and indoxyl sulfate (IS) have been shown
to aggravate CVD."®"’

To address our central aim, we utilized germ-free (GF) mice. C57BL/
6] GF littermates were randomized at 4 weeks of age to either receive a
microbiota transfer from our in-house C57BL/6] colony, or to remain
GF for the duration of the experiment. Here, we have uncovered several
differences between GF and colonized (COL) mice in response to Ang I
and 1% NaCl in the drinking water, which underscores the importance
of the microbiota in the pathogenesis of HTN-induced organ damage.
Of note, we show an exacerbation of damage in GF mice compared
with COL mice, which is more distinct in the kidney than in the heart.

2. Materials and Methods

Detailed description of all analytical methods and data analysis used are
available in the Supplementary material online.

2.1 Animal ethics

All experiments performed complied with the German/European law
for animal protection and were approved by the local ethics committee
(G0280/13, G0028/27).

2.2 Animal protocol
Wild-type C57BL/6) mice were bred under axenic conditions in an iso-
lator (Metall + Plastic, Radolfzell-Stahringen, Germany). Mice were main-
tained on a 12:12 h day: night cycle with constant access to food and
water, Until Week 4, mice in both experimental groups grew under
GF conditions. At 4 weeks of age, male mice were randomized to either
remain GF in the isolator or receive passive bacterial colonization
(COL). For colonization, mice were introduced in the regular SPF animal
facility and placed in cages from healthy wild-type male C57BL/6] mice.
Until 12 weeks of age mice received sterilized tap water as drinking
water. At 12 weeks of age, COL and GF mice received Angiotensin Il
(Ang I, 1.44 mg/kg/day) by subcutaneous infusion via an osmotic mini-
pump (Alzet) and 1% NaCl (Carl Roth) in the drinking water or sham
treatment. Sham-treated animals received the same operation proced-
ure without minipump implantation. Minipumps were implanted under
sterile conditions, GF mice were kept sterile throughout the experi-
ment. Sterile drinking water was delivered via the Hydropac system
(Plexx B.V., Elst, the Netherlands). Throughout the experiment mice
were fed autoclaved standard breeding chow (V1124, Ssniff, Soest,
Germany). After 2 weeks of Ang II+1% NaCl or sham treatment
mice were euthanized by isoflurane anaesthesia and blocd, spot urine
(where possible), faeces, and organs were collected, The Ang Il infusion
model was performed in 40 mice (GF n=5, COLn=5, GF+HTN n=
16, COL+HTN n=14). Over the course of the experiments, five ani-
mals were taken out of the experiment (GF+HTN n=3, COL+
HTN n=12), due to pre-specified ethical termination criteria in order
to counteract severe distress in this experiment. These five mice were
not included in the analysis. Additionally, invasive BP measurements
were performed in 10 animals (GF n=5, COL n=25), these animals
were not included in any other analysis. As a control group for in vitro
experiments, cells, and tissues from age-matched conventionally raised
SPF C57BL/6) mice (referred to as CONV) were used.

Mice were euthanized by isoflurane anaesthesia (5% isoflurane—air
mixture), Furthermore, echocardiography, BP, and Ang Il pressor re-
sponse measurements were performed in isoflurane inhalation anaes-
(2-25% Details

Supplementary material online.

thesia isoflurane—air - mixture). are given in

3. Results

3.1 Absence of microbiota exacerbates
cardiorenal damage

To exclude confounding effects relating to the genetic background of mice
used in our study, GF littermates were randomized at 4 weeks of age for
colonization with SPF microbiota (COL) or further kept under GF condi-
tions. At 12 weeks of age, we induced HTN by subcutaneous Ang Il infu-
sion and 1% NaCl-supplemented drinking water. After 14 days, we
analysed hypertensive target organ damage (Figure 1A). Of note, we did
not include surgical uninephrectomy to avoid bacterial contamination.
The standard model in our lab includes uninephrectomy to induce a
more severe form of renal damage,®'® thus we expected a lower degree
of renal damage when compared with the published literature.'® To val-
idate the integrity of our experiment, we first checked the colonization
status of the mice, Gross morphological changes were assessed, and the
characteristics typical of the gastrointestinal (Gl) tract in GF mice (eg.
megacecum) did not persist in the mice which had been colonized
(COL) (see Supplementary material online, Figure S1A). To confirm the
microbial status of the respective group, we examined faecal pellets
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Figure 1 Renal damage is exacerbated under GF conditions. (A) Description of experimental protocol (unless otherwise stated, GF Sham n=5, GF +
HTN n=12, COL Sham n=5, COL +HTN n =12 for further analyses). (B) Urinary albumin-to-creatinine ratio from spot urine collected upon sacrifice
from a subset of mice (COL n=5, COL+HTN n=5, GF n=4, GF+HTN n=6). (C) Lcn2 gene expression was measured from kidney tissue by gqPCR.
(D) Histological kidney sections were stained for nephrin. Representative glomeruli are shown (left). Nephrin immunofluorescence was quantified as mean
fluorescence intensity (MFI) in the glomerular space averaged per mouse. The scale bar represents 20 pm. (E) Macrophages (F4/80+), (F) CD8+, and
(G) CD4+ T-cells from kidney sections were counted from five representative high-power fields within the cortex. For (B-G), the left graph was tested
using a two-way ANOVA and post hoc Sidak multiple comparison’s test and depicts the raw values for each variable. For (B—F), HTN was identified as the
source of variation using two-way ANOVA, and post hoc multiple comparison between sham and HTN within each group revealed that the GF comparison
was the source of variation. In (G), HTN was identified as the source of variation using two-way ANOVA, and post hoc multiple comparison between sham
and HTN within each group revealed that both the GF and COL comparison were significant. For B through G, the right plot depicts the relative change
induced by Ang I+ 1% NaCl in comparison with the respective sham group, tested using an unpaired two-tailed t-test. No change (100%) depicted as

dotted line. For all plots, P-values are as follows; *P < 0.05, #*P <0.01, ¥*¥P < 0.001, ****P <0.0001.

produced on the final day of experimentation. First, pellets were incu-
bated in a thioglycolate medium for 96 h, and GF mice were found to
show no bacterial growth (see Supplementary material online,
Figure S1B). Second, 16S rDNA copies per gram stool measured by
qPCR were found to be similar in COL (Sham and HTN) and conventional
SPF mice (CONV), whereas GF mice did not have more 165 rDNA copies
than blank samples (see Supplementary material online, Figure S1C). Finally,
unimputed serum metabolomics confirmed the presence of bacterially-
derived metabolites in COL mice only (see Supplementary material
online, Figure S1D). Shotgun metagenomics revealed that the grafted bac-
teria in COL mice showed the largest overlap with mouse gut metagen-
omes published in the global microbial gene catalogue (GMGC) (see
Supplementary material online, Figure $2). We therefore concluded that
the GF and COL groups were maintained as intended to confidently pro-
ceed with further analyses. Of note, it has been previously reported for
the Ang Il infusion model that HTN induction leads to changes in the mi-
crobiome composition.”® Likewise, we found Ang Il infusion influenced
the abundance of various taxa in COL mice (see Supplementary
material online, Figure STE) as shown by shotgun sequencing. Indeed,
both the caecal and faecal compartments displayed differences between
the COL sham and HTN groups on phylum and genus levels (see
Supplementary material online, Figure STF and G, and File $1—4).

One of the hallmarks of hypertensive target organ damage is renal
damage, which is characterized by abnormally high excretion of albumin
with the urine (albuminuria), fibrosis, and inflammation. In line with the
literature,'” our HTN induction without uninephrectomy lead to a mod-
erate increase in albuminuria in COL mice (Figure 1B). GF mice devel-
oped a greater degree of albuminuria upon HTN induction, which is
abundantly clear when comparing the relative increase of GF and
COL mice compared with their respective sham groups (Figure 1B).
HTN also lead to a significant increase in renal damage marker
lipocalin-2 in GF mice (Lcn2), which was not evident in COL mice
(Figure 1C). Next, we analysed nephrin, a protein in the podocytes’ slit
membrane, by immunofluorescence. We observed a significant de-
crease of nephrin immunofluorescence in GF mice, where COL mice ex-
hibited a similar but insignificant trend (Figure 1D). HTN led to a
significant increase of macrophages (F4/80+ cells, Figure 1E) and cyto-
toxic T-cells (CD8+ cells, Figure 1F) in the kidney of GF mice, not reach-
ing significance in COL mice. Likewise, we found that mRNA expression
of CC-chemokine ligand 2 (Ccl2, see Supplementary material online,
Figure S3A) and infiltrating T-cells (CD3+, see Supplementary material
online, Figure S3B) were selectively increased in the GF group upon
HTN. While T-helper cells (CD4+ cells) were shown to increase in
both GF and COL mice, GF mice displayed a stronger increase
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(Figure 1G). The number of leukocytes (CD45+ cells) within the kidney
confirms the stronger effect of HTN on renal inflammation in GF (see
Supplementary material online, Figure S3C). For all immune populations
in the kidney, the change in HTN relative to sham was consistently ex-
acerbated in GF compared with COL (Figure 1E-G, and see
Supplementary material online, Figure $3B and C). Finally, we investigated
kidney fibrosis. Expression of Col3a7 was significantly increased only in
GF+HTN mice (see Supplementary material online, Figure 53D).
Perivascular fibrosis analysed by Masson's trichrome staining was accen-
tuated in GF mice but not statistically different between the groups using
two-way analysis of variance (ANOVA); although when comparing the
relative increase from sham to HTN, there was a significant difference
between GF and COL (see Supplementary material online,
Figure S3E). Similar to what was previously shown,”’ GF mice tended
to have lower baseline values for several damage markers when compar-
ing sham-treated GF and COL mice. Overall, renal pathology upon HTN
induction was greater in GF mice when compared with their COL
littermates.

Next, we examined the cardiac phenotype. HTN induction led to
greater hypertrophy in GF compared with COL mice, as measured by
heart weight-to-tibia length ratio (Figure 2A). Left ventricular weight taken
from echocardiography relative to the tibia length (Figure 2B) as well as
cardiac Nppb expression (Figure 2C) confirmed this finding. Neither the
GF+HTN nor COL+HTN mice had a reduced ejection fraction
(Figure 2D), indicating none of these mice were experiencing systolic heart
failure. Using two-way ANOVA, both perivascular (Figure 2E) and intersti-
tial (Figure 2F) fibrosis were significantly increased in GF + HTN and not in
COL+HTN mice compared with their respective sham group.
Interestingly, when assessing the relative increase in HTN compared
with sham for markers of cardiac fibrosis, there was no difference in GF
compared with COL mice (Figure 2E and F). Next, we examined cardiac
inflammation. Despite an increase in Cd2 expression in GF and not
COL (see Supplementary material online, Figure $4A), macrophages (F4/
80+) were increased in both GF and COL hearts upon HTN; and GF +
HTN showed significantly less macrophages than COL+HTN mice
(Figure 2G). The change in overall leukocytes (CD45+) within the heart mi-
mics the changes seen for macrophages (see Supplementary material
online, Figure $4B). Furthermore, no significance was reached when com-
paring CD4+ T-helper cell infiltration (Figure 2H), whereas CD8+ cyto-
toxic T-cells in the hearts increased in both GF+HTN and COL+HTN
mice compared with sham (Figure 2[). We also observed an increase in
the cardiac expression of pro-inflammatory cytckine Tnfa selectively in
the GF+ HTN group compared with sham (see Supplementary material
online, Figure 54C). Altogether, cardiac hypertrophy and inflammation fol-
lowing HTN were affected to a greater extent in GF, but when assessing
the relative change for GF and COL mice in HTN compared with sham we
saw many similarities in the development of the cardiac fibrosis. Whereas
in the kidney, there was a clear difference in the development of HTN
damage between GF and COL mice, these distinctions were less evident
in the heart.

3.2 Hypertensive kidney damage is more
sensitive to microbial status than cardiac
damage

The aforementioned findings indicate that GF mice respond more sen-
sitively to HTN. Within the context of our initial statistical approach
(two-way ANOVA) we often saw a loss of significance for the HTN ef-
fect in COL mice under equal statistical power; and the differences

between GF and COL response where much clearer when assessing
the relative increase for a given marker in HTN (unpaired t-test). To ex-
pand on this idea to increase our understanding of the differences be-
tween GF and COL, we assessed the size of the HTN-induced effect
by calculating an effect size (Cliff's delta) and fold change for each mark-
er. Using a comprehensive univariate testing strategy, we assessed the
significance in the different tissue spaces using a robust false discovery
rate (FDR) correction within GF and COL groups to root out any spuri-
ous findings. From the majority of kidney parameters assessed, across
the subcategorizations of damage, fibrosis, and inflammatory markers,
a very consistent pattern emerged in that the GF mice experienced wor-
sened kidney outcomes compared with COL mice (Figure 3A, see
Supplementary material online, Table S7). In contrast to the renal dam-
age, both GF and COL mice experienced a more similar cardiac damage
pattern, particularly regarding markers of cardiac fibrosis (Figure 38, and
see Supplementary material online, Table 52). Albeit several cardiac para-
meters reached significance in GF and COL mice, the fold changes ob-
served in GF mice were often larger (e.g. Nppb, perivascular fibrosis,
Cen2, Len2, FA/80, CD8; see Supplementary material online, Table $2).
GF+HTN mice develop a significant increase in lung weight-to-tibia
length ratio (Figure 3B), indicating the development of lung congestion”
due to aggravated cardiac dysfunction. Taken together, there was more
overlap in the cardiac response to HTN in GF and COL groups than was
seen for the kidney parameters.

To further quantify the HTN effect across the renal (Figure 3C) and
cardiac (Figure 3D) tissue space, we performed a multivariate principal co-
ordinate analysis (PCoA) summarizing the overall (dis)similarities
amongst the groups. To assess pairwise comparisons of interest, the
overall dataset was divided and tested using PERMANOVA (Figure 3C).
The pairwise comparisons of the kidney phenotypic data show a signifi-
cant distance in the COL group from sham to HTN (P-value =0.012,
F-value =4.8). However, the effect of HTN, as measured by the
F-value, was greater in the GF mice (P-value=0.001, F-value=82). In
line with our initial univariate targeted analysis (Figure 1), this indicates
that the overall phenotypic change in the kidney in response to HTN
was larger in GF mice than in COL mice. Furthermore, the pairwise
PERMANOVA between GF+HTN and COL+HTN groups (P-value =
0.044, F-value = 3.2) indicates that HTN induction resulted in a different
outcome on a multivariate level. Despite some slight differences within
some univariate kidney data in the sham groups (e.g albuminuria, F4/80
+ cells), pairwise comparison of GF and COL sham samples was insignifi-
cant (P-value =0.262, F-value =1.4).

For the multivariate analysis of our cardiac data, pairwise comparisons
were also used to assess the trajectory of each group (Figure 3D).
Consistent with our conclusions from the univariate assessment of
the overall cardiac phenotype (Figure 3B), we saw that the comparison
between GF+HTN and COL+HTN group showed significant overlap
in the PCoA plot, and the pairwise comparison between these samples
was not significant (P-value =0.391, F-value = 1.1). Conversely, the dif-
ference between sham GF and COL samples was significant, suggesting
that perhaps the basal cardiac phenotype is sensitive to the host's
microbiome status (P-value=0.01, F-value=5.6). As expected, the
comparison of HTN with sham samples within the GF (P-value =0.01,
F-value =4.8) and COL (P-value =0.046, F-value =3.2) samples were
both significant. The cardiac data again indicate larger phenotypic shifts
in GF mice most likely driven by significantly different sham groups.

Taken together, our univariate and multivariate approaches indicate a
larger effect of HTN in GF mice. In the case of the kidney, this increased
effect is indeed driven by a stronger adverse response of GF mice to
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Figure 2 Cardiac inflammation and hypertrophy are aggravated in GF mice. Unless otherwise stated, GF Shamn=5, GF+ HTN n=12, COL Shamn=5,
COL +HTN n=12. (A) Heart weight-to-tibia length (g/m) from mice taken at sacrifice. (B) Left ventricular (LV) mass was estimated using echocardiography
and normalized to tibia length (g/m). (C) Cardiac ventricular natriuretic peptide gene expression (Nppb) measured by qPCR. COL+HTN n =11, otherwise
as stated above. (D) Echocardiography prior to sacrifice revealed no change in the ejection fraction upon HTN induction in GF or COL mice.
(E) Perivascular fibrosis from cardiac vessels, evaluated by measuring the fibrotic area relative to the medial area of vessels from Collagen 1-stained histology
slides. GF Sham n = 4, otherwise as stated above. (F) Cardiac interstitial fibrosis was evaluated as fibronectin positive area proportionate to total area from
five representative 40X magnification pictures from histological slides. In scale bar represents 40 pm. (G) Macrophages (F4/80+) were counted from five
representative high-power fields, and (H) CD4+, and (/) CD8+ T-cells were counted from whole heart sections. Two-way ANOVA and post hoc Sidak
multiple comparison’s test for (A-/) was used to test significance in the left plot. In (A—C) and (E and F), HTN was identified as the source of variation using
two-way ANOVA, and post hoc multiple comparison between sham and HTN within each group revealed that the GF comparison was the source of vari-
ation. In (G) HTN and the microbiome were both identified as sources of variation using two-way ANOVA, and significant post hoc comparisons are shown.
In (I), HTN was identified as the source of variation using two-way ANOVA, and post hoc multiple comparison between sham and HTN within each group
revealed that both the GF and COL comparison were significant. To the right in (A-/), the relative change induced by Ang Il + 1% NaCl in comparison with
the respective sham group was tested using an unpaired two-tailed t-test. No change (100%) depicted as dotted line. For all plots, P-values are as follows; *P
<0.05, *¥P <0.01, ¥*P <0.001.

HTN, whereas in the case of the heart, this effect is driven by phenotypic
differences in the healthy groups (sham-treated mice).

moving mice. Interestingly, we found that GF mice had a significantly
higher MAP (Figure 4A) than their colonized counterparts, although
the mean of each group (GF mean value = 118.4 mmHg, COL mean va-
lue = 107.8 mmHg) was still in a range considered normal for untreated
C57BL/6) mice.?® Acute intravenous infusion of Ang Il induced an in-
crease in BP (Figure 4B) which was nearly identical for GF and COL

3.3 Vascular response to Angiotensin Il is
similar in GF and COL mice

There is some evidence from the literature that vascular reactivity may
be dependent on microbial colonization.”*”* We opted not to implant
telemetry devices for the measurement of BP in our primary experimen-
tal animals, as microscopic vascular surgery was not possible under ster-
ile conditions. Although we decided to forgo this gold-standard for BP
measurement, we still questioned whether the axenic status of our
GF mice would impact the basal mean arterial pressure (MAP), or BP
reactivity to Ang Il. We therefore colonized additional mice using the
same colonization procedure as previously outlined, and we performed
in vivo BP measurements using an implanted arterial catheter in freely

mice, suggesting that Ang Il-dependent reactivity of the vasculature is
similar in these mice. Similarly, we investigated ex vivo vascular contract-
ility of mesenteric arteries isolated from conventionally colonized mice
(CONYV) or GF mice (GF). CONV mice were used for this in vitro ex-
periment due to ease of availability because colonization of GF mice is
a lengthy procedure. GF mice showed similar contractile response com-
pared with CONV mice in response to Ang Il (see Supplementary
material online, Figure S5A). Additionally, mesenteric arterial rings
from GF mice showed similar contraction force in response to KCl to
CONV mice (see Supplementary material online, Figure S5B). Similarly,
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Figure 3 Unbiased assessment of kidney and heart damage in HTN-treated GF vs. COL mice. Unless otherwise stated, GF Shamn=5, GF+ HTNn=12,
COL Shamn =5, COL+HTN n=12. For cardiac RNA expression COL + HTN n = 11, otherwise as stated before. (A) Effect sizes [Cliff's delta (D)] and fold
changes are shown to assess the effect of HTN treatment relative to the respective sham group in GF and COL on the kidney phenotype. Colour and
triangle direction indicates effect size. Size indicates log2-transformed fold change (Log2FC) of HTN compared with the respective sham group.
Significance was calculated using the Mann-Whitney U-test and was FDR-corrected with the Benjamini-Hochberg procedure to account for multiple test-
ing. Markers for significant Q-values are superimposed, and transparency indicates non-significant effects. °q < 0.1, ¥q < 0.05, **q < 0.01. Variables are or-
ganized by subcategory (damage, fibrosis, inflammation). (B) Same univariate analysis as in (A) was performed on cardiac phenotypic data. Variables are
organized by subcategory (function, hypertrophy, fibrosis, inflammation). (C) PCoA was performed based on Euclidean distance scaling of kidney pheno-
typic data to demonstrate the dissimilarities between study groups in a quantitative phenotypic state space (GF + HTN = 11, otherwise as stated). Pairwise
comparisons between groups were preformed using PERMANOVA and reported in the inset table. (D) PCoA as in (C) was performed on the cardiac
phenotypic data.

€20z feniga4 g1 uo 1sanb Aq G/91.599/1Z L OBAD/IAD/SE0 L 0 /I0P/2|01HE-80UBAPE/S8IOSEAOIPIED/W0D dNo diUSpedE.//:SARY Wol) papeojumoq

46



Eigene Arbeiten

Microbiota and hypertension

1301 = 501
A ** 2 |mcoL
s0]oGF

N

204 ) =

1204

110-%

COL GF

=B

Ong/kg  50ng/kg 500ng/kg
Angiotensin Il dose

mean arterial pressure [mmHg]

blood pressure increase [mml

Figure 4 BP and Angiotensin |l reactivity in GF and COL mice. N=5
animals per group. (A) GF and COL mice were implanted an arterial
catheter for BP measurement. MAP was measured in resting and awake
animals, and the difference was tested using an unpaired two-tailed
t-test (¥*P <0.01). (B) The increase in BP after acute intravenous infu-
sion of Angiotensin |l as a bolus was measured. No statistical difference
between GF and COL mice was found using a two-way repeated meas-
urement ANOVA (P=0.14), whereas Ang Il dose had a significant in-
fluence (P <0.0001, not shown).

endothelial-dependent (see Supplementary material online, Figure S5C)
and —independent (see Supplementary material online, Figure S5D) re-
laxation was not influenced by colonization status.

3.4 Microbiota and microbial metabolites

shape serum metabolome changes in HTN
Although the vascular reactivity of GF mice was similar to those housing
micrabes, we were interested to understand the different phenotypic
and inflammatory response to HTN. We therefore decided to investi-
gate the microbiome itself and associated metabolite production, as
our group and others have previously shown that some metabolites
of microbial origin can be anti-inflammatory in HTN.>'3'*

Consistent with the \iterature,zo the metabolome of GF and COL an-
imals was affected by HTN induction. We found a multitude of differ-
ences when analyzing the serum metabolome (MxP Quant 500,
Biocrates) from GF and COL mice in HTN compared with the respective
sham, which we grouped together by class to show the composite shift of
over 300 individually measured metabolites (Figure 5A, and see
Supplementary material online, Table §3). Of the 15 classes of metabolites
where HTN induction had an effect, four of those classes (phosphatidyl-
cholines, hexosylceramides, alkaloids, fatty acids) showed similar trajector-
ies, suggesting these classes changed in a microbiome-independent
manner upon HTN (Figure 5A, individual metabolites shown in see
Supplementary material online, Figure S6A-D). For individual metabolites,
we compared the impact of HTN induction on metabolite trajectories.
When comparing sham with HTN, there was little overlap between the
metabolites that decreased (Figure 5B) or increased (Figure 5C) within
GF or COL. Overall, in GF mice more metabolites were regulated by
HTN than in COL mice (see Supplementary material online, Table ST7)
(Figure 5D). Of note, a subset of metabolites which were upregulated in
GF mice were downregulated in COL mice in response to HTN and
vice versa (Figure 5D, shown in black). Taken together, the alterations of
the metabolome in response to HTN show little overlap in GF and
COL mice (Figure 5D, referred to as ‘both’). Unsurprisingly, the serum me-
tabolome was significantly impacted by the microbiome, and we saw a

wide range of correlations between individual metabolites and microbial
species, as well as functional modules derived from shotgun sequencing
data (see Supplementary material online, Figure 57). Although the serum
metabolite measurements used here were very comprehensive, they
did not cover SCFA metabolites, which we and others have shown to
have high importance in the progression of HTN. It has been demon-
strated elsewhere that GF mice are devoid of some important SCFA%®
We confirmed this for our mouse colonies (GF and CONV, which
were the source populations for our experiments) by performing mass
spectrometry measurements of faecal acetate, propionate, and butyrate
(Figure 5E). We expect that the lack of the potent anti-hypertensive me-
tabolites propionate and butyrate influences the phenotype seen in GF
mice.

3.5 Inflammation contributes to the
differing phenotypic response to HTN in
GF and COL mice

It has been shown that the immune system and the gut microbiome are
strongly interconnected, and several studies have shown the importance
of immune cells in HTN.2? We and others have also shown that meta-
bolites of microbial origin can influence inflammation in HTN.>"*'* We
examined the splenic immune cell composition a surrogate for systemic
inflammation in GF and COL mice by flow cytometry (gating strategies
are shown in see Supplementary material online, Figure $8). Of the 23
immune cell subsets we investigated, 12 were differentially influenced
by HTN when compared with the respective sham group (Figure 6A,
and see Supplementary material online, Table $4). We then examined
all immune parameters multivariately to assess how changes in immune
cells would be reflected in the distance between each group using PCoA
(Figure 6B). It is known that the immune system of GF mice differs from
their colonized counterparts.”” Our data confirms this observation as
the pairwise comparison of sham-treated GF and COL mice (P-value
=0.011, F-value = 6.6) was significant. Interestingly, this difference be-
tween COL and GF was still evident after HTN induction (P-value =
0.026, F-value =2.8). Pairwise comparisons of individual groups using
PERMANOVA indicated that the HTN to sham comparison was signifi-
cant in the GF group (P-value = 0.006, F-value =4.8), but not within the
COL group (P-value =0.177, F-value =1.6) (Figure 6B). It can be con-
cluded that overall, the inflammatory status of GF mice was disturbed
to a greater degree by HTN induction.

Previous studies have shown that splenic MDSC increase in HTN and
have anti-hypertensive properties.” In line with the literature, there was
an increase in monocytic MDSC (mMDSC) upon HTN induction, and
this increase was only significant in COL+HTN mice (Figure 6C).
Furthermore, for both mMDSC and granulocytic MDSC (gMDSC)
(Figure 6D) subtypes, COL+HTN mice showed a significantly higher fre-
quency of these anti-hypertensive immune cells than GF+HTN mice.
The relative increase in HTN compared with sham for mMDSC was less-
er in GF mice but greater for gMDSC than in COL (Figure 6C and D)
The dynamics of whether the relative increase, or absolute number of
MDSCs is relevant in HTN is currently unknown. Additionally, we saw
an increase in Th17 cells in both GF and COL mice, though this effect
only reached significance in GF mice (Figure 6E). This increase was driven
by pathological Th1-like Th17 cells, defined by their co-expression of
RORgt and Thet (Figure 6F).”® Recent evidence suggest that pre-existing
conditions can influence naive T-cell responses towards effector differ-
entiation.” " We hypothesized that the absence of microbes and their
metabolites in GF mice would render naive T-cells more vulnerable to
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Figure 5 Microbiome heavily influences the metabolome in response to HTN. (A) Using the Biocrates MxP500 Quant kit, serum metabolites were ana-
lysed from GF and COL mice. Metabolites were grouped by class to demonstrate the overall effect on the serum metabolome (Sham GFn =5, Sham COLn
=5 GF+HTNn=10,COL+HTN n = 11), Effect size [Cliff's delta (D)] is shown to demonstrate the effect of HTN relative to the respective sham group in
GF and COL. Colour and triangle direction indicates effect size. Size indicates log2-transformed fold change (Log2FC) of HTN mice compared with the
respective sham group. Significance was calculated using the Mann—Whitney U-test and was FDR-corrected using the Benjamini-Hochberg procedure to
account for multiple testing. Markers for significant Q-values are superimposed, and transparency indicates non-significant effects. °q < 0.1, ¥q < 0.05, ¥¥q <
0.01. For (B) and (C), individual metabolites rather than metabolite classes within the GF and COL group were compared using the effect size calculation
listed in (A, see Supplementary material online, Table §71). Those metabolites which were significantly altered in the sham to HTN comparison, as tested
using the Mann-Whitney U-test with Benjamini-Hochberg FDR correction were selected and separated based on the directionality of their shift.
Metabolites which decreased (B) or increased (C) in HTN relative to sham are compared between the COL and GF conditions using a Venn diagram.
The number of metabolites and the percentage within each subcategory are overlayed. In (D) significant changes to individual metabolites (points) are
shown in GF (y-axis) and COL (x-axis) as log2-fold changes in response to HTN. Metabolites exclusively significantly regulated in GF or in COL are shown
inred and blue, respectively. Purple points indicate metabolites significantly regulated similarly in GF and COL (significant in both and same trajectory), while
black points indicate metabolites regulated significant in both groups but with opposite trajectories. Grey points are metabolites which were reliably mea-
sured but not significantly altered in either group. (E) Faecal SCFA from GF or CONV mice demonstrates the absence of potent anti-hypertensive me-
tabolites butyrate and propionate in the GF setting (GF n=6, CONV n=4). Significance was tested using unpaired two-tailed Student's t-test (***P <
0.001, #+4P < 0.0001). LC-MS, liquid chromatography-mass spectrometry; FIA-MS, flow injection analysis-mass spectrometry.

cytokines. Therefore, we performed an in vitro Th17 polarization of na- prevented the enhanced Th17 induction of naive T-cells from GF

ive T-cells from GF and CONV mice (which were used in place of COL
due to ease of accessibility) in the presence or absence of Ang II. Naive
T-cells from GF mice more readily polarized towards Th17 cells than
cells from CONV mice, particularly in the presence of Ang Il
(Figure 6G). To demonstrate that the conditions for the polarization
of Th17 cells indeed exist in vivo, we quantified the expression of each
of the Th17-polarizing cytokines (lI-6, Il-1b, and TGFb) by gPCR from
kidney (see Supplementary material online, Figure S9A, and Figure 3A)
and heart (see Supplementary material online, Figure S59B, and
Figure 3C) tissue. These key cytokines were increased upon HTN. The
comparison of effect sizes (Figure 3A and C) often indicated larger effects
of HTN in GF mice. We suspected that the reason naive CD4+ T-cells
isolated from CONVY mice were less inducible toward Th17 in the pres-
ence of Ang Il may be due to the priming of immune cells by SCFA in the
in viva microenvironment. To test this hypothesis, prior to Th17 induc-
tion in the presence of Ang Il, naive CD4+ cells were pre-treated for
24 h with the SCFA butyrate and propionate. While the pre-treatment
did not affect the induction of Th17 in CONY, SCFA pre-treatment

mice (Figure 6H).

In summary, our in vitro findings suggest that the different pre-
conditioning of naive T-cells within GF and COL mice may impact polar-
ization into pro-inflammatory effector T-cells and thus severity of target
organ damage. We anticipate that this effect contributes to our in vivo
findings, where the absence of microbes and microbiota-derived meta-
bolites like SCFA had a potent impact on immune cells relevant in HTN
and cardiorenal damage.

4, Discussion

32 and in ro-

Gut microbial dysbiosis associates with HTN in humans
dent models,”*** Faecal microbiota transplantation from hypertensive
patients into mice has also been shown to induce an increase in BP.32
However, few studies have focused on the overall contribution of the
microbiome to the pathogenesis of HTN, such that it may be contextua-

lized relative to other known contributors to hypertensive disease
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Figure 6 Colonization status influences the inflammatory reaction to HTN. Unless otherwise stated, GF Sham n =5, GF+ HTN n =12, COL Sham n=35,
COL+HTN n=12. (A) Several unique immune cell subsets were measured from the spleen, as a proxy measure of systemic inflammation. Effect size (Cliff's
delta [D]) is shown to demonstrate the effect of HTN relative to the respective sham group in GF and COL. Colour and triangle direction indicates effect
size. Size indicates log2-transformed fold change (Log2FC) of HTN induction compared with the respective sham group. Significance was calculated using
the Mann—Whitney U-test and was FDR-corrected using the Benjamini-Hochberg procedure to account for multiple testing. Markers for significant
Q-values are superimposed, and transparency indicates non-significant effects. °q < 0.1, ¥q < 0.05, *¥q < 0.01. Immune cell subsets are organized by sub-
category (Innate immunity and T-cell overview, differentiation, and subtypes) and subsets, and cell types where no significant effect in either GF or COL was
found are not shown. (B) PCoA was performed based on Euclidean distance scaling of immune cell abundances to demonstrate the dissimilarities between
study groups. Pairwise comparisons between groups were performed using PERMANOVA and reported in the inset table. Monocytic MDSCs (mMDSC,
C) and granulocytic MDSCs (gMDSC, D), as well as Th17 (E) and Th1-like Th17 cells (F) from the spleen are shown as boxplots on the left. (G) naive CD4+
T-cells from mesenteric lymph nodes of either GF of CONVY mice, polarized in vitro towards a Th17 using a cocktail of IL-1B, TGFp, and IL-6 with or without
Ang Il (GF n=4, CONV n=5). In (H) naive CD4+ T-cells were pre-treated with 1 mM SCFA mix (0.5 mM of each butyrate and propionate) or 1 mM NaCl.
Subsequently, the pre-treatment was removed, and cells were polarized toward Th17 in the presence of Ang Il as described in G (GF n=6, CONY n=6).
To the left in (C-G), two-way ANOVA and post hoc Sidak multiple comparison’s test was used to test significance. To the right in (C-F), the relative change
induced by Ang I+ 1% NaCl in comparison with the respective sham group was tested using an unpaired two-tailed t-test. No change (100%) depicted as
dotted line. In (H) for the Th17 + Ang Il and Th17 + Ang |1+ SCFA mix a one-tailed t-test was performed per group, as a pre-specified hypothesis from
Figure 6G was tested. For all plots in (C—G), P-values are as follows; ¥P < 0.05, *#p <0.01.

burden. Here we show in a presence/absence scenario, that the micro-
biota has a potent effect on HTN-induced cardiac and renal damage in
mice. GF mice showed a stronger adverse response to HTN than their
COL littermates. Interestingly, the kidney seems to be more sensitive to
changes in microbial status than the heart. Finally, we propose that the
altered inflammatory response in GF mice contributes to their aggra-
vated phenotype in HTN.

We have shown robustly that the kidney damage within GF mice
upon HTN is comparatively more severe than the damage experienced
by their COL littermates. Some of the larger effects in our univariate
analysis may be related to the slightly lower baseline level of putative
markers for kidney damage within sham GF mice compared with

sham COL, though these groups do not significantly differ. Ve surmise
that the baseline differences between GF and COL mice are likely due to
the immunological uniqueness of GF mice, which has been documented
in the literature.”” Indeed, across renal damage, fibrosis and inflamma-
tion markers, we consistently saw a significant effect of HTN selectively
in the GF group (Figure 3A). Furthermore, we show on a multivariate le-
vel that the difference between sham GF and GF+HTN mice for the
composite of kidney parameters is significant, while the equivalent com-
parison within the COL mice is insignificant (Figure 3C). Consistent with
other inflammatory markers, we show an increase of infiltrating macro-
phages (F4/80+ cells, Figure TE) in GF+HTN kidneys, as well as the in-
creased expression of Ccl2 (see Supplementary material online,
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Figure S3A), which has been implicated as a major player in worsening
kidney damage in mice®® and humans.* Infiltrating macrophages during
renal injury are known to contribute to the secretion of cytokines like
IL-1B, which enhances the activation and differentiation of Th17 cells.?”
A previous study additionally showed that SCFA-treatment
ischaemia-reperfusion injury (IRI) radically reduced kidney Ccl2, II-1b,
and associated kidney damage.38 SCFA have been shown to have anti-
inflammatory properties in several cell types,”‘42 which could contrib-

n

ute to the lessened damage in COL mice, since only mice harbouring
microbiota have significant SCFA production within the Gl tract
(Figure 5C). Our results are highly compatible with previous studies
showing that GF status exacerbates kidney damage in the context of
IRI** and adenine-induced chronic kidney disease.”"**

Intriguingly, we found that the cardiac phenotype was less influenced
by the microbial status of the host. Here we have shown that particularly
for markers of fibrosis (Figure 3B), regardless of the microbiome status,
the mice developed significant injury. For CD8+ T-cells, F4/80+ macro-
phages and overall CD45+ leukocytes, we observed significant changes
in GF and COL mice, although GF mice tended to show a higher fold
change in response to HTN (see Supplementary material online,
Table S2). Despite these similarities, both cardiac hypertrophy
(Figure 2A) and left ventricular mass-to-tibia length (Figure 2B) were sig-
nificantly altered upon HTN induction in the GF but not COL mice.
Nonetheless, our data suggest that the kidney, more so than the heart,
represents a subspace of hypertensive target organ damage, which is
more susceptible to microbial colonization. It is conceivable that cardiac
damage could be further exacerbated as renal function declines. Thus,
the gut microbiota could be added as an important modulator of the
well-known cardiorenal axis. Further research to follow up this idea is
required, perhaps using several iterations of variations to a defined com-
munity of microbes, to test the universality of this hypothesis.

Metabolites of microbial origin, some of which are known tc be asso-

16,17 were

ciated with CVD and accumulate in chronic kidney disease,
measurable within the serum metabolome of our COL but not our
GF mice, such as IS and TMAQ (see Supplementary material online,
figure S1D). Our results very clearly indicate that GF mice experience
robust kidney damage to a greater extent than COL mice, despite GF
mice being devoid of these harmful metabolites. However, we suggest
that the reason COL mice experience less overall damage is likely due
to the presence of SCFA. We and others have shown the potent effect
of SCFA in mouse models.""* Here we have shown again, for a repre-
sentative set of animals, that SCFA are depleted in GF mice (Figure 5C).
We hypothesize that the potency of SCFA in COL mice counterba-
lances the presence of IS and TMAQ. Further research on this topic is
required to definitively conclude the effects of the co-occurrence of
these various metabolites of microbial origin.

Furthermore, we show that systemic inflammatory response to HTN
is altered by colonization status. MSDC, which represent an important
subset of innate anti-inflammatory cells in HTN,” reacted differently
GF mice compared with COL (Figure 6C and D). Additionally, we found
that Th17 cells were increased during HTN in GF mice (Figure 6E).
Th1-like Th17 cells, which are known to be pathogenic, trended towards
enrichment in GF + HTN mice (Figure 6F). We wanted to explore in vitro
that naive T-cells from GF mice were more sensitive to polarizing cyto-
kines and Ang Il. We found that upon polarization, naive T-cells from GF
mice skewed more towards Th17, particularly when Ang Il was added
(Figure 6G). As it has been recently demonstrated that the SCFA propi-
onate can decrease the rate of Th17 cell dh‘ferentiatiom,‘"'42 we sus-
pected that this could be part of the reason naive cells from COL

mice were less inducible toward Th17. Indeed, when we pre-treated na-
ive CD4+ T-cells with butyrate and propiocnate, we observed a decline in
Th17 inducibility in the presence of Ang Il in GF; an effect that was not
seen in cells isolated from CONV mice (Figure 6H). Recently, Krebs and
colleagues showed that the development of Th17 cells in the kidney is
dependent on the cytokine micromilieu and can be blocked with specific
antibodies against IL-1b and IL-6.% We also could show that the polar-
ization conditions used in our Th17 in vitro assay were practically avail-
able in vivo, and the expression of each polarizing cytokine was
increased within heart and kidney tissue of hypertensive mice.

To our knowledge, one study similar to ours exists within the litera-
ture, published by Karbach et al.* It is clear from the extensive pheno-
typing performed in our study that our findings were not congruent with
their data, where they showed that GF mice were protected from de-
veloping HTN and related vascular damage. Though this was initially a
surprise, upon further examination, there are two likely scenarios that
may explain this. First, the protocol of our experiments did differ
from one another. The study from Karbach and colleagues compared
GF mice with conventionally raised mice, whereas we compared GF
mice with littermates that had been colonized early in life. Therefore,
our study was able to account for known genetic drifts in gnotobiotic
colonies. Additionally, Ang Il infusion was only performed for seven
days, while we studied a more chronic phenotype. Furthermore, our
mice ate different diets, and as Kaye and colleagues recently demon-
strated, the composition of the diet can have a profound impact on
the resultant hypertensive phenotype.*” Second, it is highly likely that
the microbiome used in our study and in the study by Karbach and col-
leagues may be distinct from one another, Incongruencies like ours have
also been found in other contexts. The comparison of microbiome-rich
and GF mice in one study showed the amelioration of an IR of the kid-
ney by the microbiome,** where another study demonstrated the op-
posite effect.*®

To investigate the second scenario further, we hypothesized that the
microbiome background used in any given study might have drastic im-
plications for the study outcome. Our group and others have shown
that microbially-produced metabolites have a potent effect on the
pathogenesis of HTN.>"*** |n reference to that, if the microbiota it-
self were to change, we expect the circulating metabolites to be likewise
altered within the host. Unfortunately, the study from Karbach et al.*®
did not include any information regarding the microbiome and metabo-
lome of their microbiota-rich mice. Although, we did find a recent study
120

from Cheema and Pluznick”™ where these data were made available, but

their phenotypic data is not repor'ted.20

Nevertheless, to test our hy-
pothesis regarding the putative comparability of the colonizing micro-
biome between studies, and the impact this may have on resultant
study outcome, we decided to compare our microbiome and metabo-
lome with the published data frem Cheema and Pluznick. To compare
the microbiomes from these two studies, we re-annotated our shotgun
microbiome sequencing data such that it would be comparable to the
16s rDNA sequencing data from Cheema and Pluznick. The microbiome
of CONV between the two studies were starkly contrasting in sham and
HTN mice (shown as a multivariate PCoA plot derived from genus level
information from each of the studies, see Supplementary material
online, Figure ST0A). We surmised that because of the lack of overlapping
microbiome signatures within our study and the Pluznick dataset, that
the metabolome signal would likewise be dichotomous, We compared
the serum metabolome dataset from the two studies by using metabo-
lites which could be measured in both studies from all COL and GF mice.
We found that interestingly, there was significantly less distance

£z0z fuenigad g1 uo1sanb Aq 6791699/ 2 L9BAIMAIICE0L 0 L/I0P/B|0ILE-80UBAPE/SBIOSEACIPIED /WO dNo olwapede/:sdiy Woly papeojumoq

50



Eigene Arbeiten

Microbiota and hypertension

11

between the effect of HTN on individual metabolites within the serum
metabolome of GF mice from these two studies than in the equivalent
COL mice comparison (see Supplementary material online, Figure S10B
and C). This result suggests that the congruence of the serum metabo-
lome in GF groups within these two datasets is higher than the COL
groups. These exploratory data support the idea that the structure of
the implanted microbiome has a measurable impact on serum metabo-
lome alterations in response to HTN. Because of our and others’ find-
ings regarding the importance of microbial metabolites in HTN, we
believe that this could be a driving factor behind the contradictory
phenotypic results of our study compared with the data from
Karbach et al.* It is nonetheless critical in future studies for the micro-
biome to be well documented and openly accessible to avoid questions
regarding the reproducibility of existing studies.

5. Conclusion

We have shown that the microbiota has a profound effect on hyperten-
sive disease pathogenesis. Furthermore, we have shown that GF mice,
when compared with their colonized littermates, experienced an aggra-
vation of target organ damage, which was more distinct in the kidney
than in the heart. Additionally, we demonstrated that the metabolome
is influenced significantly by the microbiome used for experimentation,
which underscores the need for standardization of experimentation and
reporting within the field. The immunophenotype of HTN mice, and in
particular, the alteration of MDSC and Th17 cells, which have been pre-
viously implicated in HTN, give us some indication of how GF mice may
have developed an exacerbated hypertensive phenotype in our study. In
vitro, SCFA rescued the pro-inflammatory phenotype of T-cells isolated
from GF mice. We propose that the COL mice were protected from
damage in comparison with their GF counterparts due to the absence
of the potent anti-inflammatory SCFA metabolites under GF conditions.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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2.4 Salt-responsive gut commensal modulates Ty17 axis and disease

Der Salzkonsum (ibersteigt in vielen Teilen der Welt die von Fachgesellschaften empfoh-
lenen Grenzwerte!® 195 Eine salzreiche Diat gilt als Risikofaktor fiir die Mortalitit von nicht-
Ubertragbaren Erkrankungen und wird flr das Auftreten von Hypertonie malRgeblich verant-
wortlich gemacht?? 97,101,106, 107 pje zugrundeliegenden Mechanismen sind unvollstandig ver-
standen; die Bedeutung des Immunsystems und insbesondere der T-Helferzellen wird vermu-
tet. Dabei ist bekannt, dass CD4* Interleukin-17A-produzierende Typ17-T-Helferzellen (Tn17)
Hypertonie und Endorganschiden férdern3> 38 und moglicherweise eine Rolle bei der Entste-
hung von Autoimmunerkrankungen spielen'®®, So férdert ein salzreiches Milieu die Bildung
pathogener Tyl7-Zellen in vitro. Eine Hochsalzdiat (HSD) aggraviert den Krankheitsverlauf ei-
ner experimentellen autoimmunen Encephalomyelitis (EAE)%°.

Die Studie untersucht den Einfluss einer HSD auf das Darmmikrobiom und Ty17-Zellen
in Maus und Mensch. Mittels 16S Sequenzierung von aus murinen Stuhlproben isolierter DNA
wird gezeigt, dass eine HSD die Zusammensetzung des Mikrobioms andert. Lactobacillus muri-
nus wird als die am starksten durch HSD regulierte Spezies identifiziert. Das Vorkommen
nimmt unter der HSD signifikant ab. Gleichsam nimmt die Konzentration des von L. murinus
produzierten Tryptophan-Metaboliten Indol-3-Laktat (ILA) unter HSD ab. Im EAE-Mausmodell
verhindert die probiotische Gabe von L. murinus den HSD-induzierten Anstieg von Ty17-Zellen
und mildert den Krankheitsverlauf ab. Im Mausmodell der Salz-sensitiven Hypertonie verhin-
dert die Behandlung mit L. murinus sowohl die HSD-induzierte Zunahme der Ty17-Zellen und
mildert den Anstieg des systolischen und diastolischen Blutdrucks ab. Mechanistisch kdnnten
diese Effekte ILA-abhangig sein, da ILA die Tu17-Polarisation von murinen naiven T-Zellen in-
hibiert. Um den Einfluss einer HSD auf das Mikrobiom, Ty17-Zellen und Blutdruck im Men-
schen zu untersuchen, werden Ergebnisse einer Pilotstudie mit gesunden mannlichen Proban-
den dargestellt, in der Probanden 6 g NaCl pro Tag zuséatzlich zur normalen Erndhrung tber
einen Zeitraum von 14 Tagen erhielten. Die HSD fihrt dabei zu signifikant h6heren nachtlichen
Blutdriicken sowie erhéhten Ty17-Zellen im Blut. Die Untersuchung der Stuhlproben mittels
Shotgun-Sequenzierung zeigt, dass das Uberleben von verschiedenen Lactobacillus-Stimmen
im Vergleich zu Kontrollkohorten signifikant vermindert war.

Die Ergebnisse zeigen erstmals einen Zusammenhang zwischen erhéhter Salzaufnahme,
Mikrobiom und Immunsystem auf. Zudem unterstreicht die Studie die mégliche Bedeutung

des Darmmikrobioms bei der Behandlung Salz-sensitiver Erkrankungen.
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Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus H, Haase S, Mahler A,
Balogh A, Marko L, Vvedenskaya O, Kleiner FH, Tsvetkov D, Klug L, Costea PI, Sunagawa S,
Maier L, Rakova N, Schatz V, Neubert P, Fratzer C, Krannich A, Gollasch M, Grohme DA, Corte-
Real BF, Gerlach RG, Basic M, Typas A, Wu C, Titze JM, Jantsch J, Boschmann M, Dechend R,
Kleinewietfeld M, Kempa S, Bork P, Linker RA, Alm EJ and Muller DN. Salt-responsive gut com-
mensal modulates T(H)17 axis and disease. Nature. 2017; 551:585-589.
https://doi.org/10.1038/nature24628

Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalveroffentlichung:

A Western lifestyle with high salt consumption can lead to hypertension and cardiovascular
disease. High salt may additionally drive autoimmunity by inducing T helper 17 (Tu17) cells,
which can also contribute to hypertension. Induction of Tu17 cells depends on gut microbiota;
however, the effect of salt on the gut microbiome is unknown. Here we show that high salt
intake affects the gut microbiome in mice, particularly by depleting Lactobacillus murinus.
Consequently, treatment of mice with L. murinus prevented salt-induced aggravation of ac-
tively induced experimental autoimmune encephalomyelitis and salt-sensitive hypertension
by modulating Ty17 cells. In line with these findings, a moderate high-salt challenge in a pilot
study in humans reduced intestinal survival of Lactobacillus spp., increased Tu17 cells and in-
creased blood pressure. Our results connect high salt intake to the gut-immune axis and high-
light the gut microbiome as a potential therapeutic target to counteract salt-sensitive condi-

tions.
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2.5 Short-Chain Fatty Acid Propionate Protects From Hypertensive Cardiovascular Dam-

age

Die Studie untersucht die Wirkung kurzkettiger Fettsduren auf die inflammatorische
Antwort bei Hypertonie und den resultierenden hypertensiven Endorganschaden. Kurzkettige
Fettsduren (short-chain fatty acids, SCFA) haben eine Kettenldnge von zwei bis sechs Kohlen-
stoffatomen und sind wichtige Vertreter immunmodulatorisch wirksamer bakterieller Meta-
bolite!!?, Sie entstehen aus fur Sduger unverdaubaren, langkettigen Kohlenhydraten der Nah-
rung (sogenannten Ballaststoffen) durch bakterielle Fermentation. Fiir verschiedene Modelle
inflammatorischer Erkrankungen konnten bereits vorteilhafte Effekte einer Behandlung mit
SCFA dargestellt werden. Unsere friiheren Untersuchungen und Daten anderer Arbeitsgrup-
pen belegen die protektive Wirkung kurzkettiger Fettsduren (z.B. von Propionat) in Mausmo-
dellen der Multiplen Sklerose sowie der experimentellen Colitis*'¥ 112 (iber die Verbesserung
der Funktion von regulatorischen T-Zellen (Tgeg).

Fiir das Mausmodell der Angiotensin Il (Angll)-induzierten Hypertonie zeigt diese Studie,
dass die perorale Behandlung mit der SCFA Propionat den kardialen und vaskularen hyperten-
siven Endorganschadden signifikant abschwacht. Die Propionat-Behandlung fiihrt neben einer
verzogert eintretenden, moderaten Blutdrucksenkung zu einer signifikant abgeschwachten in-
flammatorischen T-Zell-Antwort auf Angll, die sowohl in der Milz als auch im Herz nachweisbar
ist. Das kardiale Remodeling als auch die Suszeptibilitat fir ventrikulare Arrhythmien ist durch
die Propionat-Behandlung deutlich vermindert. Zudem wird in einem weiteren Mausmodell
der Angll-indizierten Hypertonie und akzelerierten Atherosklerose in der Apolipoprotein E
Knockout-Maus gezeigt, dass die Behandlung mit Propionat die Inflammation und die Athero-
skleroselast vermindert. Dabei ist ein GroRteil der organoprotektiven Wirkung von Propionat
durch Tree vermittelt, da die experimentelle Depletion von Treg im Mausmodell die Protektion
durch Propionat deutlich vermindert. Diese experimentelle Studie skizziert einen translatier-
baren therapeutischen Ansatz der anti-inflammatorischen Behandlung von kardiovaskularen

Erkrankungen durch SCFA.
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Fielitz J, Kempa S, Gollasch M, Zhumadilov Z, Kozhakhmetov S, Kushugulova A, Eckardt KU,
Dechend R, Rump LC, Forslund SK, Muller DN*, Stegbauer J* and Wilck N*. Short-Chain Fatty
Acid Propionate Protects From Hypertensive Cardiovascular Damage. Circulation.

2019;139:1407-1421. https://doi.org/10.1161/CIRCULATIONAHA.118.036652

*Drs Miiller, Stegbauer, and Wilck jointly supervised this work.

Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalveroffentlichung:

Background: Arterial hypertension and its organ sequelae show characteristics of T cell-medi-
ated inflammatory diseases. Experimental anti-inflammatory therapies have been shown to
ameliorate hypertensive end-organ damage. Recently, the CANTOS study (Canakinumab Anti-
inflammatory Thrombosis Outcome Study) targeting interleukin-1f demonstrated that anti-
inflammatory therapy reduces cardiovascular risk. The gut microbiome plays a pivotal role in
immune homeostasis and cardiovascular health. Short-chain fatty acids (SCFAs) are produced
from dietary fiber by gut bacteria and affect host immune homeostasis. Here, we investigated
effects of the SCFA propionate in 2 different mouse models of hypertensive cardiovascular
damage.

Methods: To investigate the effect of SCFAs on hypertensive cardiac damage and atheroscle-
rosis, wild-type NMRI or apolipoprotein E knockout-deficient mice received propionate (200
mmol/L) or control in the drinking water. To induce hypertension, wild-type NMRI mice were
infused with angiotensin Il (1.44 mg-kg-1-d-1 subcutaneous) for 14 days. To accelerate the
development of atherosclerosis, apolipoprotein E knockout mice were infused with angioten-
sin 11 (0.72 mg-kg-1-d-1 subcutaneous) for 28 days. Cardiac damage and atherosclerosis were
assessed using histology, echocardiography, in vivo electrophysiology, immunofluorescence,
and flow cytometry. Blood pressure was measured by radiotelemetry. Regulatory T cell deple-
tion using PC61 antibody was used to examine the mode of action of propionate.

Results: Propionate significantly attenuated cardiac hypertrophy, fibrosis, vascular dysfunc-
tion, and hypertension in both models. Susceptibility to cardiac ventricular arrhythmias was
significantly reduced in propionate-treated angiotensin ll-infused wild-type NMRI mice. Aortic

atherosclerotic lesion area was significantly decreased in propionate-treated apolipoprotein
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E knockout-deficient mice. Systemic inflammation was mitigated by propionate treatment,
guantified as a reduction in splenic effector memory T cell frequencies and splenic T helper 17
cells in both models, and a decrease in local cardiac immune cell infiltration in wild-type NMRI
mice. Cardioprotective effects of propionate were abrogated in regulatory T cell-depleted an-
giotensin ll-infused mice, suggesting the effect is regulatory T cell-dependent.

Conclusions: Our data emphasize an immune-modulatory role of SCFAs and their importance
for cardiovascular health. The data suggest that lifestyle modifications leading to augmented
SCFA production could be a beneficial nonpharmacological preventive strategy for patients

with hypertensive cardiovascular disease.
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Short-Chain Fatty Acid Propionate Protects
From Hypertensive Cardiovascular Damage

BACKGROUND: Arterial hypertension and its organ sequelae show
characteristics of T cell-mediated inflammatory diseases. Experimental anti-
inflammatory therapies have been shown to ameliorate hypertensive end-
organ damage. Recently, the CANTOS study (Canakinumab Antiinflammatory
Thrombosis Qutcome Study) targeting interleukin-1f demonstrated that anti-
inflammatory therapy reduces cardiovascular risk. The gut microbiome plays a
pivotal role in immune homeostasis and cardiovascular health. Short-chain fatty
acids (SCFAs) are produced from dietary fiber by gut bacteria and affect host
immune homeostasis. Here, we investigated effects of the SCFA propionate in 2
different mouse models of hypertensive cardiovascular damage.

METHODS: To investigate the effect of SCFAs on hypertensive cardiac damage
and atherosclerosis, wild-type NMRI or apolipoprotein E knockout—deficient
mice received propionate (200 mmol/L) or control in the drinking water. To
induce hypertension, wild-type NMRI mice were infused with angiotensin Il
(1.44 mg-kg™-d"" subcutaneous) for 14 days. To accelerate the development
of atherosclerosis, apolipoprotein E knockout mice were infused with
angiotensin Il (0.72 mg-kg™'-d-' subcutaneous) for 28 days. Cardiac damage
and atherosclerosis were assessed using histology, echocardiography, in vivo
electrophysiology, immunofluorescence, and flow cytometry. Blood pressure
was measured by radiotelemetry. Regulatory T cell depletion using PC61
antibody was used to examine the mode of action of propionate.

RESULTS: Propionate significantly attenuated cardiac hypertrophy, fibrosis,
vascular dysfunction, and hypertension in both models. Susceptibility to

cardiac ventricular arrhythmias was significantly reduced in propionate-treated
angiotensin ll-infused wild-type NMRI mice. Aortic atherosclerotic lesion area was
significantly decreased in propionate-treated apolipoprotein E knockout-deficient
mice. Systemic inflammation was mitigated by propionate treatment, quantified
as a reduction in splenic effector memory T cell frequencies and splenic T helper
17 cells in both models, and a decrease in local cardiac immune cell infiltration

in wild-type NMRI mice. Cardioprotective effects of propionate were abrogated
in regulatory T cell-depleted angiotensin ll-infused mice, suggesting the effect is
regulatory T cell-dependent.

CONCLUSIONS: Our data emphasize an immune-modulatory role of SCFAs
and their importance for cardiovascular health. The data suggest that lifestyle
modifications leading to augmented SCFA production could be a beneficial
nonpharmacological preventive strategy for patients with hypertensive
cardiovascular disease.

Circulation. 2019;139:1407-1421. DOI: 10.1161/CIRCULATIONAHA.118.036652
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Bartolomaeus et al

Clinical Perspective
What Is New?

* The present study shows that propionate, a short-
chain fatty acid produced by intestinal bacteria, has
profound beneficial anti-inflammatory properties
limiting cardiovascular disease progression in 2 in-
dependent mouse models.

Oral propionate administration beneficially influ-
enced T helper cell homeostasis, thereby reducing
cardiac hypertrophy and fibrosis, susceptibility to car-
diac arrhythmias, and atherosclerotic lesion burden.
Propionate exhibited antihypertensive effects in
both models.

Cardioprotective effects of propionate effects are
mainly dependent on regulatory T cells.

What Are the Clinical Implications?

The data suggest increased attention to propionate
in hypertensive patients with a high cardiovascular
risk and evidence of ongoing chronic inflammation.
Oral propionate supplementation is simple, inex-
pensive, and regarded safe in humans.

Further studies are needed to characterize the
effect of propionate supplementation or interven-
tions increasing propionate production by the gut
microbiota in humans.

ing an array of pathological organ sequelae. Hy-

pertensive tissue damage is largely mediated by
different immune cells, which are activated in hyperten-
sion.! Hypertensive stimuli like angiotensin Il (Angll) pro-
mote the activation of T cells and macrophages,? which
subsequently may infiltrate target organs like the heart
and the vasculature to cause tissue damage. Increased
generation of effector memory T cells (T, ) is indicative
of a chronic inflammatory response in hypertension.? In
particular, T helper cell subtypes Th17 and Th1 may pro-
mote hypertension and target organ injury by releasing
proinflammatory cytokines like interleukin (IL-17A and
interferon-y, respectively.*> In contrast, regulatory T cells
(Treg) counterbalance tissue inflammation by secreting
anti-inflammatory IL-10.¢ Thus, the extent of hyperten-
sive target organ damage is not solely dependent on the
hemodynamic load, but, in addition, depends on the
balance of pro- and anti-inflammatory immune cells. In
clinical practice, hypertension usually coexists with ath-
erasclerosis and accelerates atherosclerosis progression.”
Atherosclerosis is similarly a chronic inflammatory di-
sease of the vasculature, although the precise nature of
the inflammatory response differs from hypertension.®
Inflammation and vascular damage are intensified when
both hypertension and atherosclerosis are present.®
Furthermore, experimental and clinical anti-inflamma-

H ypertension drives cardiovascular disease by caus-
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tory approaches, as recently shown in the CANTOS trial
(Canakinumab Antiinflammatory Thrombosis Qutcome
Study),'® ameliorate hypertensive inflammatory tissue
damage'" and atherosclerosis.'? In particular, enhance-
ment of Treg by adoptive transfer has been shown to
reduce effector T cells and ameliorate cardiac damage,'?
hypertension, vascular injury,' and atherosclerosis.'®

The gut microbiota is considered important for cardi-
ovascular health,'® and abnormal bacterial communities
have been associated with hypertension'”'® and ather-
osclerosis.' Bacterial metabolites mediate interactions
with the host. Through resorption and distribution, they
can affect intestinal health, and distant functions of the
immune system, the vasculature, and the heart, as well.
Short-chain fatty acids (SCFAs) are a major class of bac-
terial metabolites and are mainly produced in the co-
lon by bacterial fermentation of otherwise indigestible
polysaccharides (fibers).2® Beyond their importance for
intestinal integrity, SCFAs have potent anti-inflamma-
tory effects on immune cell functions. The SCFA propio-
nate (C3) has been shown to induce the differentiation
and suppressive capacity of CD25* Foxp3+ Treg.?'? Pro-
pionate treatment of murine Treg donors significantly
enhanced the protective effect of a Treg adoptive trans-
fer in experimental autoimmune encephalomyelitis.? In
vitro, propionate was shown to enhance the differenti-
ation of different murine T cells dependent on the cy-
tokine milieu.?* It is interesting to note that propionate
promoted a regulatory phenotype among T cells under
Th17 polarization conditions.?* Beneficial effects of SC-
FAs have been demonstrated in several other disease
models, such as colitis, airway disease, metabolic syn-
drome, or ischemia-reperfusion injury of the kidney.?®
Although their mode of action has yet to be elucidated,
SCFAs may exert their effects via inhibition of histone
deacetylases (HDACs) or via G-protein—coupled recep-
tors (Gpr) 41 and 43 and olfactory receptor 78.2%%% In
addition, a direct effect of SCFAs on renin release and
vasomotor function leading to bload pressure reduction
was recently suggested.?5-2#

Considering the prominent role of inflammation in
both hypertension and atherosclerosis and recent in-
sights about anti-inflammatory and Treg-promoting ef-
fects of SCFAs, we hypothesized that the SCFA propio-
nate protects from Angll-induced cardiac and vascular
damage. To test our hypothesis, we treated Angll-in-
fused wild-type NMRI (WT) and Angll-infused apolipo-
protein E knockout (ApoE~") mice with C3 and analyzed
inflammatory response, cardiac remodeling, and ather-
osclerotic lesion burden. Our data underscore the im-
portance of propionate for cardiovascular health.

METHODS

The authors declare that all supporting data and analytical
methods are available within the article and its online-only
Data Supplement. The data, analytical methods, and study
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materials that support the findings of this study are available
from the corresponding author on reasonable request.

Animal Ethics

All experiments were in accordance with the German/
European law for animal protection and were approved by the
local ethic committees (G0280/13, G250/12, and G301/18).
Mice were maintained on a 12:12 hour day:night cycle with
constant access to food and water.

Angll-Induced Hypertension in WT Mice
Twelve-week-old male NMRI mice (purchased from Janvier
Labs, outbred strain, not genetically altered, referred to as
wild-type [WT] in the article), received Angll infusion (1.44
mg-kg~"-d”', Calbiochem) for 14 days via subcutaneous os-
motic minipumps (Alzet). Implantation was performed under
isoflurane anesthesia. Mice were fed a purified diet low in fiber
(Ssniff, SO087-E050). To study the effects of propionate, mice
received sodium propionate (200 mmol/L, Sigma-Aldrich) or
sodium chloride as control (200 mmol/L, Sigma-Aldrich) in the
drinking water ad libitum. On day 13, echocardiography was
performed under isoflurane anesthesia. After 14 days of Angll
infusion, the mice were euthanized; blood and organs were
collected for further analysis. In a subset of mice, blood pres-
sure was measured using an implantable subcutaneous radio-
telemetry transmitter (Data Science International), implanted
on day -10 before Angll infusion.

Treg depletion in WT mice was achieved by intraperitoneal
injections of anti-CD25 antibody (clone PC61, kindly provided
by T. Hinig, University of Wirzburg, Germany; 250 pg on
days -1, 2, and 5 of Angll infusion). Control mice received the
IgG1 isotype (Bio X Cell). Control and Treg-depleted mice re-
ceived a low-fiber diet, sodium propionate in drinking water,
Angll infusion subcutaneously, and implantable radiotelem-
etry blood pressure transmitters.

All mice were held in 1 room of the animal facility. Animals
were age-matched, stratified for their body weight, and ran-
domly assigned to the different treatment groups (n=18
WT Sham, n=36 WT Angll, n=33 WT Angll+C3, n=4 WT
Angll+C3+19G, n=4 WT Angll+C3+PC6&1). Two mice from
the WT Angll+C3 group were excluded because of suture
insufficiency at the implantation site of the minipump. Mice
assigned to the same treatment group were held in the same
cage. Cages were inhabited by 2 to 3 mice. All researchers
were blinded during the experiment and analysis. Measured
values were excluded if a technical failure of the analysis
occurred or by statistical testing described below. Animal
numbers for the WT experiment were a priori calculated with
G*power software (Heinrich-Heine-Universitat Dusseldorf)
and an estimated effect size from the literature. For Treg
depletion experiments, sample sizes were calculated using
G*power and the estimated effect size from the WT experi-
ments. Exact numbers are shown in the respective figures.

Angll-Induced Atherosclerosis

in ApoE~~ Mice

To verify the effects of propionate in another Angll-dependent
cardiovascular mouse model, we used ApoE” mice. In line
with the NC3Rs recommendation, we reduced sample sizes
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by working without a sham group. ApoE*mice (Taconic)
were backcrossed on a C57BL/6 background at least 10
times. Eight-week-old mice received sodium propionate (200
mmol/L, Sigma-Aldrich) or sodium chloride as control (200
mmol/L, VWR) in the drinking water ad libitum during the
whole experimental period, starting 5 days before the implan-
tation of the osmotic minipumps. Angll osmotic minipumps
(0.72 mg-kg™"-d™', Sigma-Aldrich) were implanted subcutane-
ously as described previously.?® In the fourth week of Angll
infusion, systolic blood pressure was measured in conscious
mice by tail-cuff plethysmography (BP-98A; Softron). During
week 4, 10 measurements per mouse were recorded daily.
For habituation during week 3 of Angll minipump implan-
tation, mice were trained daily for 5 consecutive days as fol-
lows. Mice were set daily for at least 15 minutes in the mice
restrainer; each day at least 20 blood pressure measurements
were performed. Systolic blood pressure mean was calculated
from all measured days per mouse. After 4 weeks of Angll
infusion, mice were euthanized, and blood and organs were
collected and used for further analyses.

For ApoE™ experiments, housing, randomization, blind-
ing, and exclusion were performed as described for the WT
experiments. Thirty mice were randomly assigned per group.
None of the mice were excluded during the experiment.
Sample sizes were calculated using G*power and the esti-
mated effect size from the WT experiments. Exact numbers
are shown in the respective figures.

Statistical Analysis

Outliers identified by Grubbs test were excluded, and nor-
mality was assessed by Kolmogorov-Smirnov test. In groups
with n < 5, normality could not be assessed and nonpara-
metric distribution was assumed. To compare 2 groups, a
1-tailed unpaired t test or 1-tailed Mann-Whitney test was
used, as appropriate. To compare >2 groups, a 1-way ANOVA
followed by post hoc Tukey test or a Kruskal-Wallis test with
post hoc Dunn test was used, as appropriate. Survival of the
mice was visualized by Kaplan-Meier curves and statistically
compared by using a 1-tailed log-rank test. Statistical analyses
were performed using GraphPad Prism 6. Blood pressure time
courses measured by telemetry were compared using linear
mixed model calculations in R (Version 3.1.1, R Foundation).
We calculated a model for each time point by including all
time points before. Thereby, we received a specific time point
for each longitudinal analysis where the P value fell short of
0.05. To compare the blood pressure area under the curve per
week of Angll infusion, we used a 2-way repeated-measures
ANOVA followed by a post hoc Sidak test (GraphPad Prism 6).
A Pvalue <0.05 was considered statistically significant.

RESULTS

Propionate Prevents Angll-Induced
Systemic Inflammatory Response

To investigate the effect of propionate (C3) on immune
homeostasis in an established model for hyperten-
sive cardiac damage, WT mice were infused with An-
gll (1.44 mg-kg™'-d™") for 2 weeks and concomitantly
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Figure 1. Propionate provides beneficial modulation of effector T cells in Angll-infused wild-type NMRI (WT) mice.

A, Angll-infused WT mice were treated with sodium propionate (C3) or sodium chloride as a control, starting 2 weeks before Angll infusion. Saline-infused mice
served as nonhypertensive control group (sham). B, Survival curves of Angll-infused WT mice treated with C3 or control. WT Angll n=36, WT Angll+C3 n=31, *P<0.05
by log-rank test. C, After 14 days of Angll, splenocytes were analyzed for CD4* effector memory (CD44*CD62L7) and naive (CD44- CDB2L*) subsets. Left, Representa-
tive flow cytometry plots. Right, Quantification in percentage of CD4~ cells. WT Sham n=8, WT Angll n=8, WT Angll+C3 n=9. D, Restimulated splenocytes were ana-
lyzed for IL-10 and IL-17A by flow cytometry. Left, Representative flow cytometry plots. Right, Quantification in percentage of CD4*. WT Sham n=10, WT Angll n=5
to 6, WT Angll+C3 n=5 to 6. E, Quantification of FoxP3'CD25' and RORyt' in CD4" splenocytes. Left, Representative flow cytometry plots. Right, Quantification in
percentage of CD4*. WT Sham n=7 to 8, WT Angll n=10, WT Angll+C3 n=9. *P<0.05, **P<0.01, 1-way ANOVA and Tukey post hoc for C through E. Angll indicates
angiotensin II; APC, Allophycocyanin; FITC, fluorescein isothiocyanate; IL, interleukin; PB, Pacific Blue; and PerCP-Cy5.5, Peridinin-chlorophyll protein cyanine 5.5,

treated with C3 (sodium propionate, 200 mmol/L) or
control (sedium chloride, 200 mmol/L) in the drinking
water (Figure 1A). Saline-infused WT controls served as
nonhypertensive shams. To specifically investigate the
effect of exogenous C3, mice were fed a fiber-depleted
purified diet to reduce intestinal SCFA production. C3
administration significantly increased C3 serum levels in
Angll-infused WT mice as measured by gas chromatog-
raphy—mass spectrometry (Figure IA in the online-only
Data Supplement). C3 was well tolerated, as indicated
by similar body weights in mice treated with C3 or con-
trol (Figure IB in the online-only Data Supplement). C3
significantly improved the survival in comparison with
control-treated Angll-infused WT mice (Figure 1B). To
investigate the role of C3 on systemic inflammation,
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spleens were harvested after 14 days and analyzed by
flow cytometry. In comparison with sham-treated mice,
Angll increased splenic CD4* T, (CD44+CD62L") and
conversely decreased CD4* naive T cells (T; CD44~
CD62L*), indicating a significant inflammatory re-
sponse. The increase in T,,, and the decrease in T, were
prevented by C3 treatment (Figure 1C). CD4* central
memory T cells (C44*CD62L*) remained unaffected
(Figure IC in the online-only Data Supplement). Fur-
ther analysis of splenic Th17 cells revealed an increase
in CD4*IL-17A%L-10" and CD4*RORyt*Foxp3- frequen-
cies after Angll infusion, which was normalized by C3
treatment (Figure 1D and 1E). Splenic Th1 frequencies,
as measured by CD4*Tbet* (Figure ID in the online-only
Data Supplement) and CD4*interferon-y* cells (Figure

Circulation. 2019;139:1407-1421. DOI: 10.1161/CIRCULATIONAHA.118.036652
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Figure 2. Propionate provides beneficial modulation of effector T cells in Angll-infused ApoE~ mice.

A, Angll-infused ApoE~ mice were treated with C3 or sodium chloride, starting 5 days before minipump implantation. B, Survival curves of Angll-infused ApoE+
mice treated with C3 or control. n=30 per group, ***P<0.001 by log-rank test. C, After 28 days of Angll infusion, splenocytes were analyzed for CD4* effector
memory (CD44*CD62L7) and naive (CD44-CD62L*) subsets. Left, Representative flow cytometry plots, Right, Quantification in percentage of CD4*, ApoE™ Angll
n=15, ApoE* Angll+C3 n=19. D, Quantification of FoxP3*CD25* and RORyt* in CD4* splenocytes. Left, Representative flow cytometry plots. Right, Quantification
in percentage of CD4*. ApoE* Angll n=12, ApoE” Angll+C3 n=15. *P<0.05, **P<0.01, by 1-tailed ¢ test. Angll indicates angiotensin Il; APC, Allophycocyanin;
ApoE~, apolipoprotein E knockout-deficient; C3, propionate; FITC, fluorescein isothiocyanate; and PerCP-Cy5.5, Peridinin-chlorophyll protein cyanine 5.5

IE in the online-only Data Supplement), were not af-
fected. It is interesting to note that Treg frequencies
(CD4*CD25*Foxp3* and CD4*IL-10*L-17A") increased
after Angll, signaling a compensatory Treg response to
the hypertensive stimulus, which was not observed on
C3 treatment (Figure 1C and 1D).

We next tested whether C3 also affects immune
homeostasis in hypertensive mice prone to develop
atherosclerosis. Therefore, we infused atherosclerosis-
prone ApoE~ mice fed a normal chow with Angll (0.72
mag-kg"-d-") for 4 weeks and administered C3 or control
(200 mmol/L) via the drinking water (Figure 2A). Similar
to WT mice, C3 had no nutritive effect (Figure IF in the
online-only Data Supplement). C3 treatment protect-
ed Angll-infused ApoE~~ mice from aortic rupture and
thereby reduced mortality during the 4 weeks of Angll
infusion (Figure 2B). In congruence with our findings in
hypertensive mice without atherosclerosis, C3 reduced
splenic T,,, and increased splenic T, populations in An-
gll-infused ApoE™ (Figure 2C), whereas splenic central
memory T cells were not significantly requlated (Figure
|G in the online-only Data Supplement). In addition,
C3 treatment significantly reduced CD4*Foxp3-RORyt*

Circulation. 2019;139:1407-1421. DOI: 10.1161/CIRCULATIONAHA.118.036652

Th17 cells, whereas CD4+*CD25FoxP3+ Treg were not
affected (Figure 2D). Concordant with WT, no signif-
icant regulation of Th1 cells was observed (Figure H
in the online-only Data Supplement). Our data suggest
that C3 treatment ameliorates systemic inflammation
in hypertensive mice with and without atherosclerosis.

Propionate Attenuates Vascular
Inflammation and Atherosclerosis

Inflammation of the vascular wall is a hallmark of ath-
erosclerosis and is amplified in the presence of ele-
vated Angll levels.® To investigate if C3 modulates the
atherosclerctic inflammatory response, we analyzed
aortic immune cells from Angll-infused ApoE” by
flow cytometry. Aortic CD4+, CD8* T cell, and F4/80*
macrophage numbers were reduced after C3 treat-
ment (Figure 3A, Figure IIA in the online-only Data
Supplement). Similar to splenic immune cells, the fre-
quencies of aortic CD4* T, decreased and CD4* T,
increased after C3 treatment, whereas CD4* central
memory T cells remained unaltered (Figure 3B, Fig-
ure 1B and IIC in the online-only Data Supplement).
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Figure 3. Propionate reduces aortic inflammation and atherosclerotic lesion burden in Angll-infused ApoE~"~.

A, Single-cell suspensions from whole aortas of were analyzed for T helper (CD3*CD4*), cytotoxic T cells (CD3*CD8), and macrophages (F4/80*) by flow cytometry.
B, Aortic CD4" T cells were analyzed for CD4* effector memory (CD44'CD62L") and naive (CD44-CD62L") subsets by flow cytometry. € and D, Quantification of
CD3 and F4/80 positive cells in sections of the brachiocephalic artery, respectively. E, En face Oil Red O staining of whole aortas for the quantification of athero-
sclerotic lesion burden. Left, Representative aortas. Right, Quantification. F, The degree of stenosis in the brachiocephalic artery was determined in Movat-stained
cross-sections. Left, Representative sections (scale bar=100 pm). Right, Quantification. A through F, ApoE™ Angll n=6, ApoE~~ Angll+C3 n=8. G, Cardiac hyper-
trophy index (heart weight [mg)/body weight [g]) of Angll-infused ApoE~~ mice treated with C3 or control, ApoE” Angll n=16, ApoE™ Angll+C3 n=21. H, Left
ventricular cardiac fibrosis as analyzed by Sirius red staining. Left, Representative photomicrographs (scale bar=100 pm). Right, Quantification. ApoE* Angll n=9,
ApoE~ Angll+C3 n=10. *P<0.05, **P<0.01 by 1-tailed t test or Mann-Whitney test. Angll indicates angiotensin Il; ApoE~, apolipoprotein E knockout-deficient;

€207 ‘61 A1eniqaj uo £q S1o°sjewinofeye;/:dny woiy papeoumoq

and C3, propionate.

Further verification by immunohistochemical staining
was obtained in atherosclerotic plaques of the bra-
chiocephalic artery. Fewer CD3* T cells and F4/80*
macrophages were detected in brachiocephalic ar-
tery sections from C3-treated Angll-infused ApoE”
mice (Figure 3C and 3D). To determine whether these
potentially beneficial effects would translate into a
reduction in atherosclerotic lesion burden, we per-
formed en face Oil Red O staining of whole aortas.
Aortic atherosclerotic lesion burden was significantly
reduced in C3-treated mice (Figure 3E). Likewise,

1412 March 12,2019

considerably less stenosis of the brachiocephalic ar-
tery was detected in C3-treated mice (Figure 3F). Be-
cause Angll infusion may induce cardiac remodeling
in addition to atherosclerosis, we measured heart
weight and analyzed cardiac fibrosis in Angll-infused
ApoE~- by Sirius red staining. Hypertrophy index and
interstitial fibrosis were significantly attenuated in C3-
treated Angll-infused ApoE~ (Figure 3G through 3H).
C3 did not affect serum levels of total cholesterol,
triglycerides, high-density lipoprotein, or low-density
lipoprotein cholesterol (Table | in the online-only Data
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Supplement). Taken together, C3 treatment reduced
vascular inflammation, atherosclerotic lesion burden,
and cardiac remodeling in Angll-infused ApoE~inde-
pendent of blood lipid levels.

Propionate Ameliorates Cardiac Immune
Cell Infiltration and Remodeling

Alongside vascular injury, hypertension generates an
inflammatory response in the heart, which promotes
cardiac remodeling.* Flow cytometric analysis of heart-
infiltrating lymphocytes on day 14 of Angll infusion in
WT mice revealed a significant increase in the num-
ber of cardiac CD4* T cells, CD8* T cells, and F4/80*
macrophages, which was significantly decreased by
C3 treatment (Figure 4A through 4E). These results
could be confirmed by analysis of CD4 and CD8 im-
munoflucrescence of cardiac cryosections (Figure IlIA
and 1B in the online-only Data Supplement). We fur-
ther analyzed the proportion of Th17, Treg, and Th1
subsets among infiltrating cardiac T cells. The Angll-
induced increase in cardiac CD4* RORyt*Foxp3~ fre-
quencies was prevented by C3 treatment, whereas the
fraction of CD4*FoxP3*RORyt™ T cells and CD4*T-bet* T
cells was similar between groups (Figure 4F, Figure I11C
in the online-only Data Supplement). IL-10 mRNA lev-
els in cardiac tissue were analyzed by quantitative pol-
ymerase chain reaction. In line with IL-10 expression
in CD4* splenocytes, C3 prevented the Angll-induced
increase in /I-10 expression (Figure IlID in the online-
only Data Supplement).

As expected, Angll increased the cardiac hypertro-
phy index after 14 days of infusion, an effect that was
prevented by C3 treatment (Figure 4G). We confirmed
this finding using echocardiography, which revealed
an increased left ventricular wall thickness after Angll
infusion and a significant reduction on C3 treatment
(Figure 4H). Accordingly, the Angll-induced increase in
cardiac brain natriuretic peptide (Mppb) and B-myosin
heavy chain (Mhy7) mRNA expression was prevented
by C3 treatment as measured by quantitative poly-
merase chain reaction (Figure 4l and 4J). C3 treatment
also prevented the Angll-induced increase in intersti-
tial and perivascular cardiac fibrosis as measured by fi-
bronectin and collagen | immunofluorescence, respec-
tively (Figure 4K and 4L). Consistently, the number of
cardiac fibroblasts analyzed using fibrablast-specific
protein 1 immunofluorescence was similarly requlated
(Figure 4M). Cardiac mRNA expression of connective
tissue growth factor (Ctgf) and neutrophil gelatinase—
associated lipocalin (Ngal) also confirmed the antifi-
brotic effect (Figure IIIE and IIIF in the online-only Data
Supplement).

HDAC inhibitory properties have been attributed
to SCFAs,*" and HDAC inhibition is known to inhibit
Angll-induced cardiac hypertrophy and fibrosis.* To
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address this potential mechanism of action, we cul-
tured rat neonatal cardiomyocytes in vitro in the pres-
ence or absence of Angll and tested the effect of C3
on atrial natriuretic peptide (Nppa) mRNA expression
as a sensitive hypertrophy marker in comparison with
the known class | and Il HDAC inhibitor trichostatin
A. In contrast to trichostatin A, C3 did not reduce
Nppa mRNA expression (Figure IV in the online-anly
Data Supplement), suggesting that the effect of C3
on Angll-induced cardiac hypertrophy is HDAC-inde-
pendent.

Effect of Propionate Depends on Treg

C3 has been shown to promote Treg generation and
function.? We hypothesized that the observed bene-
ficial effects of C3 in Angll-infused hypertensive WT
mice are Treg-dependent. To test this hypothesis, we
depleted Tregs in C3-treated Angll-infused WT mice
by injecting anti-CD25 antibody (intraperitoneal in-
jections of antibody clone PC61 on days -1, 2, and
5 of Angll infusion). We assessed inflammation and
cardiac fibrosis in comparison with nondepleted C3-
treated Angll-infused WT mice receiving 1gG control
antibodies intraperitoneally; Treg depletion was well
tolerated and had no effect on body weight (Figure
VA in the online-only Data Supplement). On day 14 of
Angll infusion, splenic Tregs were still significantly de-
pleted in comparison with the IgG control group (Fig-
ure 5A). Treg-depleted Angll-infused WT mice treated
with C3 displayed a significant increase in splenic
CD4L-17A* cell frequencies in comparison with non-
depleted mice (Figure 5B), reinforced by a similar trend
in splenic CD4*RORyt* Foxp3~ frequencies (Figure VB
in the online-only Data Supplement). Splenic Th1 cells,
as measured by interferon-y and T-bet expression in
CD4* cells, were not regulated (Figure VC and VD in
the online-only Data Supplement). The inhibitory ef-
fect of C3 on splenic CD4* T,,, frequencies was ab-
rogated in Treg-depleted mice (Figure 5C), without
altering central memory T cells or T, populations (Fig-
ure VE and VF in the online-only Data Supplement).
Significantly more CD4* and CD8* lymphocytes could
be detected in heart sections of Treg-depleted Angll-
infused mice treated with C3 (Figure 5D and 5E). Car-
diac hypertrophy measured by echocardiography and
hypertrophy index was only nonsignificantly increased
in Treg-depleted C3-treated Angll-infused mice in
comparison with mice injected with IgG (Figure 5F,
Figure VG in the online-only Data Supplement). How-
ever, hearts from Treg-depleted mice displayed a sig-
nificantly increased interstitial and perivascular fibro-
sis, as well as increased numbers of fibroblast-specific
protein 1* cells (Figure 5G through 5I). These findings
suggest that Treg may partially mediate the cardiopro-
tective effects of C3.
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Figure 4. Propionate attenuates hypertensive cardiac damage in Angll-infused wild-type NMRI (WT) mice.

A through E, Single cells were isolated from hearts of sham-infused or Angll-infused WT mice treated with C3 or control and analyzed by flow cytometry for T
helper cells (CD3-CD4-), cytotoxic T cells (CD3+*CD8&*), and macrophages (F4/80%), as well. A and B, Representative ratings. C through E, The respective quantifica-
tions. WT Sham n=8, WT Angll n=10, WT Angll+C3 n=9. F, Analysis of CD4*FoxP3* and CD4*RORyt" cells in heart single-cell suspensions. Left, Representative
flow cytometry plots. Right, Quantifications. WT Sham n=6, WT Angll n=6 to 7, WT Angll+C3 n=8. G, Cardiac hypertrophy index (heart weight [g)/tibia length
[m]), (WT Sham n=9, WT Angll n=10, WT Angll+C3 n=10). H, Left ventricular wall thickness (sum of IVSd and LVPWd) as measured by (Continued)
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Moderate Blood Pressure-Lowering
Effect of Propionate

Recent studies have shown that C3 may directly influ-
ence vasomotor function.?* To achieve C3-induced va-
sorelaxation in isolated perfused kidneys, very high, su-
praphysiological concentrations (3—100 mmol/L) were
needed (data not shown). In addition, atomic force
microscopy—based nanoindentation measurements in
ApoE~ mice revealed that C3 treatment softens en-
dothelial cells in comparison with control treatment
(data not shown). Next, we examined whether chronic
oral C3 treatment influences blood pressure in Angll-
infused WT mice and performed continuous radiotele-
metric blood pressure measurements. Systolic and dias-
tolic blood pressures in C3-treated WT mice were not
affected in the initial phase, but were lowered toward
the second week of Angll infusion, reaching statisti-
cal significance from day 11 and day 12 on (Figure 6A
and 6C). Calculating the area under the curve for both
weeks of Angll infusion separately, a significant differ-
ence in systolic and diastalic blood pressure was seen
only for the second week (Figure 6B and 6D). This pat-
tern was confirmed in the ApoE*~ madel, because tail-
cuff measurements of the systolic blood pressure were
significantly lower in C3-treated mice during the last
week of Angll infusion (Figure VIA in the online-only
Data Supplement). In parallel with the reduced blood
pressure, endothelial dysfunction in both mouse mod-
els was significantly ameliorated by C3 treatment as
shown by ex vivo analysis of endothelium-dependent
relaxation (Figure VIB and VIC in the online-only Data
Supplement). To analyze whether C3 affects endothe-
lial dysfunction in an immune cell-free setting, we incu-
bated isolated mesenteric rings from untreated healthy
mice with IL-17A and Angll for 24 hours in vitro (Figure
VID in the online-only Data Supplement). Coincubation
with C3 under cell culture conditions did not prevent
endothelial dysfunction, making a direct endothelium-
mediated effect of C3 less likely (Figure VID in the on-
line-only Data Supplement).

To elucidate if the blood pressure—lowering effect of
C3 is influenced directly by Treg, we measured blood
pressure by radiotelemetry in C3-treated Angll-infused
WT mice receiving the Treg-depleting anti-CD25 an-
tibody or IgG control. However, systolic and diastolic
blood pressures were similar in the initial and late phas-
es of Angll infusion. (Figure VIE and VIF in the online-
only Data Supplement). Therefore, the blood pressure—

Short-Chain Fatty Acid Propionate and Hypertension

lowering effect of chronic C3 treatment cannot be
ascribed to a single mechanism.

Propionate Reduces Susceptibility to
Ventricular Arrhythmias

To further explore if the beneficial effects of C3 treat-
ment on Angll-induced cardiac remodeling led to an
improved functional outcome, we assessed the sus-
ceptibility of Angll-infused WT mice treated with C3
or control to ventricular arrhythmias by in vivo cardiac
electrophysiological studies. Ventricular tachyarrhyth-
mias are prognostically relevant in hypertensive heart
disease.” Susceptibility to ventricular tachyarrhythmias
was significantly lower in C3-treated animals (5 of 7
C3-treated mice could not be triggered at all), whereas
sustained tachyarrhythmias could be triggered in 85%
of control-treated mice (Figure 7A and 7B). Connexin
43, a major gap junction protein required for electric
integrity, was relocated from the intercalated disk to
the lateral border of the cardiomyocytes on Angll in-
fusion as shown by immunofluorescence (Figure 7C).
Consequently, the degree of connexin 43 colocalization
with N-cadherin (localized at the intercalated disc) was
reduced on Angll infusion in comparison with sham-
infused mice and maintained by concomitant C3 treat-
ment (Figure 7C). These data show that C3 improves
cardiac electric remodeling.

DISCUSSION

Metabolites released by the gut microbiota exert an im-
portant influence on the cardiovascular health of their
host. SCFAs, end products of bacterial metabolism in
the intestine, which are primarily derived from dietary fi-
bers, have been attributed health-promoting properties
in several diseases, in particular because of their potent
action on immune cells.?® Epidemiological studies sug-
gest that sufficient fiber intake may be beneficial in hy-
pertension, but we lack a comprehensive understand-
ing of the underlying mechanisms. The current study
demonstrates that the SCFA propionate prevents target
organ damage in hypertensive mice with and without
atherosclerosis by maintaining immune homeostasis.
Hypertension stands out among health risk factors
because it promotes several cardiovascular diseases, in-
cluding hypertensive heart disease and atherosclerosis.
Beyond blood pressure control, the need to address the
inflammatory response to hypertensive stimuli has been

Figure 4 Continued. echocardiography (WT Sham n=9, WT Angll n=8, WT Angl+C3 n=9). Cardiac Mppb (1) and Mhy7 (J} expression as measured by gPCR at
the end of the treatment (WT Sham n=10, WT Angll n=6, WT Angll+C3 n=6). K through M, Immunofluorescence analysis of cardiac left ventricular fibrosis using
fibronectin (K), callagen | (L), and FSP-1 (M) antibodies (WT Sham n=5, WT Angll n=6, WT Angll+C3 n=7). Left, Representative photomicrographs (scale bar=100
nm). Right, Quantifications. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by 1-way ANOVA and Tukey post hoc. Angll indicates angiotensin Il; APC, Allophy-
cocyanin; AU, arbitrary unit; C3, propionate; FITC, fluorescein isothiocyanate; FSC-W, forward scatter width; FSP-1, fibroblast-specific protein 1; HPF, high-power
field; IVSd, interventricular septal thickness at diastole; LYPWd, left ventricular posterior wall end diastole; PB, Pacific Blue; PerCP-Cy5.5, Peridinin-chlorophyll pro-

tein cyanine 5.5; and qPCR, quantitative polymerase chain reaction.

Circulation. 2019;139:1407-1421. DOI: 10.1161/CIRCULATIONAHA.118.036652

March 12,2019 1415

(=)
=
]
=
>
5E
S
Sm
rnE
=
=]
==

75



Eigene Arbeiten

Bartolomaeus et al Short-Chain Fatty Acid Propionate and Hypertension
= A B Cc
2 o
3 52
B = 8 40 — 06 . .45 o PRO06T
2 e . T — & 00
= T 2% + 3 e
gﬁ B8 Py < 504 S g 35
2 3] g»zm o o 45 | miwes 1530
o & S-a0] 2 X 2 5]
g .2 O
3 ©-60 0.0 204
= WT Angll  WT Angll WT Angll  WT Angll WT Angll ~ WT Angll
° +C3+lgG  +C3+PC61 +C3+IgG  +C3+PC61 +C3+IgG  +C3+PC61
D E F
< 801 % c SOW ® € 244
S o S 0o E
25 60, 27401 T 22 o
8 8 8 @30/ . 2
+ 4 + 2.04
33 ° §20{ —w— > *
O T 204 O 10 o* +18
[} ©
) S0 D16
WT Angll  WT Angll WT Angll  WT Angll = WT Angll  WT Angll
+C3+lgG  +C3+PC61 +C3+lgG  +C3+PC61 +C3+IlgG +C3+PC61
WT Angll+C3+IgG WT Angll+C3+PC61 .
' 20 le)

fibronection positive
area [%

WT Angll WT Angll
+C3+lgG  +C3+PC61

Fibronectin

//:dny woly papeorumo(]
Coa‘en I Fi
fibrosis width [um] /
vessel width [um]
28 Fe g

g WT Angll  WT Angl
A +C3+lgG  +C3+PC61
o w
o o *
; 1 1 5
= g
- @10
< + 5
S 5
w O

WT Angll WT Angll
+C3+lgG  +C3+PC61

Figure 5. Depletion of regulatory T cells abrogates the effect of propionate in Angll-infused wild-type NMRI (WT) mice.

Angll-infused WT mice received propionate treatment with intraperitoneal injections of anti-CD25 (PC61) or IgG control. A, Relative reduction in splenic
CD4'CD25'Foxp3* regulatory T cells at day 14 of Angll infusion in comparison with IgG control. B, IL-17A production in CD4* restimulated splenocytes measured
by flow cytometry. C, Splenic effector memory T cell (CD4*CD44+*CD62L") frequencies. D and E, Analysis of CD4- (D) and CD8- (E) lymphocytes in heart sections
using immunofluorescence. F, Left ventricular wall thickness (sum of IVSd and LVPWd) as measured by echocardiography. G through I, Immunofluorescence anal-
ysis of left ventricular fibrosis using fibronectin (G), collagen | (H), and FSP-1 (1) antibodies. Left, Representative photomicrographs (scale bars=100 pm). Right,
quantification. A, D through I, WT Angll+C3+IgG n=4, WT Angll+C3+PC61 n=4; B and C, WT Angll+C3+IgG n=3, WT Angll+C3+PC61 n=4, *P<0.05 by 1-tailed
Mann-Whitney test. Angll indicates angiotensin II; C3, propionate; FSP-1, fibroblast-specific protein 1; IgG, immunoglobulin G; IL, interleukin; IVSd, interventricular
septal thickness at diastole; and LVPWd, left ventricular posterior wall end diastole.
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Figure 6. Propionate treatment shows a blood pressure-lowering ef-
fect confined to the second week of Angll infusion.

A through D, Systolic and diastolic blood pressure were measured continu-
ously by radiotelemetry in Angll-infused WT mice treated with C3 or control.
A and €, Shown are smoothened curves over time for systolic and diastolic
blood pressure, respectively. Pvalues by linear mixed model. B and D, Shown
are systolic and diastolic pressures calculated as AUC in week 1 and week 2

of Angll infusion, respectively. n=4 per group. *P<0.05 by 2-way repeated-
measurement ANOVA and Sidak post hoc. Angll indicates angiotensin II; AUC,
area under the curve; C3, propionate; and WT, wild-type NMRI.

recognized.’” In particular, effector T cells and mac-
rophages are activated in hypertension and mediate
damage to the heart and the vasculature. Experimental
evidence suggests that immunosuppression'' or adop-
tive transfer of Treg'®'* limits hypertensive target organ
damage, although potential side effects prevent further
translation of these interventions.

Propionate improved the survival in both WT and
ApoE~- mice and attenuated the systemic T cell response
to Angll as indicated by reduced splenic T, frequen-
cies together with less proinflammatory Th17 cells. It is
more important that this anti-inflammatory effect was
also detectable in the respective target organs, because
fewer T cells and macrophages infiltrated the heart and

Circulation. 2019;139:1407-1421. DOI: 10.1161/CIRCULATIONAHA.118.036652
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the aorta, respectively. Angll-induced cardiac hypertro-
phy and fibrosis were attenuated by propionate in both
mouse models. In ApoE*~ mice, propionate treatment
led to a reduced atherosclerotic lesion burden despite
unaltered blood lipid levels.

Our data expand on recent observations demon-
strating the cardioprotective and renoprotective effects
of a high-fiber diet in uninephrectomized decxycorti-
costerone acetate-treated hypertensive mice.?® The
authors ascribe the observed cardiorenal protection to
acetate, another SCFA, and demonstrate a beneficial
gene regulation in hearts and kidneys from uninephrec-
tomized deoxycorticosterone acetate mice fed a high-
fiber diet or supplemented with acetate. The authors
also describe decreased blood pressures at the end of
the treatment.”® Our current study expands on the car-
diovascular protective effects of SCFAs, pointing to an
important contribution of immune homeostasis in the
SCFA-mediated effect.

Activation of T cells can be observed in response to
hypertensive stimuli, indicated by increased T, % The
balance of Treg and effector T cells is critically impor-
tant in hypertension and hypertensive end-organ dam-
age. Tregs are known to limit target organ damage in
hypertension, because adoptive transfer of Treg has
been shown to dampen Angll-induced cardiac'® and
vascular'* damage. Moreover, depletion of Treg accel-
erates atherosclerosis in hypercholesterolemic mice.'
Increased proportions of T,,, are associated with the de-
velopment of atherosclerosis in humans and mice.?*2#
In addition to the significant effect on T,,,, our data
suggest that the propionate effect is also Treg-depen-
dent, because Treg depletion abrogated the propionate
effect on systemic and cardiac inflammation, and on
cardiac fibrosis, as well. It is interesting to note that we
observed an increase in splenic Treg frequencies in re-
sponse to Angll along with an increase in Th17 cells,
suggesting that Tregs counterbalance the Angll-elicited
effector Th17 response. This observation is supported
by a study showing increased plasma levels of the an-
ti-inflammatory cytokine IL-10 in Angll-infused mice.™
Likewise, serum IL-10 is increased in hypercholesteral-
emic mice,®® and human atherosclerotic lesions show
substantial IL-10 expression.”® Enrichment of Treg in
nonlymphoid tissues in response to inflammatory stim-
uli or injury can be cbserved in various contexts,*' likely
as a compensatary response. It is most important that
propionate treatment in our study preserved the bal-
ance of Th17 and Treg in Angll-infused mice. Further-
more, Treg depletion abrogated the anti-inflammatory
effect of propionate, indicated by increased Th17 and
T, frequencies.

The current picture of SCFA signaling to host cells
is complex, because both the interaction with Gpr and
olfactory receptor 78,%° and HDAC inhibitory proper-
ties, as well, have been described. Propionate is known
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Figure 7. Propionate reduces susceptibility to ventricular arrhythmias in Angll-infused wild-type NMRI (WT) mice.

In vivo programmed electric ventricular stimulations were performed in Angll-infused WT mice treated with C3 or control. A, Representative original tracings
showing the induction of ventricular tachyarrhythmia. Surface ECG, right ventricular (RV), and right atrial (RA) recordings are shown. B, Quantification of ventric-
ular arrhythmias susceptibility. n=7 per group, *P<0.05 by Mann-Whitney test. C, Immunofluorescent costaining of connexin 43 (green) and N-cadherin (red) in
cardiac cryosections from sham-infused or Angli-infused WT mice treated with C3 or control. WT Sham n=7, WT Angll n=5, WT Angll+C3 n=7. Representative
photoricrographs (scale bar=100 pm) and quantification of colocalization. P values by 1-way ANOVA and Tukey post hoc. Angll indicates angiotensin II; and C3,

propionate

to bind to Gpr41 and Gpr43, and independent studies
have shown that either Gprd414? or Gpr43,2" but also
HDAC inhibition,?? may account for the propionate ef-
fect on immune cells. Direct propionate signaling to
nonimmune cells such as cardiomyocytes may also play
arole, because the inhibition of HDAC activity is known
to inhibit cardiomyocyte hypertrophy.* To distinguish
effects mediated by immune cells from direct effects on
cardiomyocytes, we tested the ability of propionate to
inhibit Angll-induced hypertrophy of rat primary neona-
tal cardiomyocytes in comparison with the established
HDAC inhibitor trichostatin A. However, propionate
failed to inhibit cardiomyocyte hypertrophy. These data,
together with the abrogation of the propionate effects
by Treg depletion, suggest that T cells substantially con-
tribute to the protective effect of propionate. Further
studies are warranted to dissect other potentially pro-
tective pleiotropic effects of propionate.

Our data demonstrate that, in addition to beneficial
immunomodulatory effects, propicnate moderately
reduced blood pressure in both models. Endothelial
dysfunction is associated with the development of es-
sential hypertension.*® In isolated mesenteric arteries
of Angll-infused WT mice and in isolated perfused
kidneys of Angll-infused ApcoE” mice, we could show
that chronic C3 treatment improved endothelium-de-

1418 March 12, 2019

pendent vasodilation. Earlier reports described acute
vasodilation in response to propionate and other SC-
FAs.? Similarly, we observed a C3-induced vasodilation
in isolated perfused kidneys, albeit only at supraphysi-
ological concentrations. Propionate was previously
shown to activate Gprd1 located in the vascular en-
dothelium, mediating the vasodilating effect of propi-
onate, although the downstream signaling cascades
are less clear.?’ In isolated mesenteric rings, C3 failed
to improve endothelial function in a short-term exper-
iment. Nevertheless, we cannot exclude that chronic
Gprd1-mediated antihypertensive effects of propio-
nate on the endothelium may have contributed to tar-
get organ protection. However, blood pressure reduc-
tion was observed only toward the late phase of Angll
infusion, suggesting rather a chronic effect of propio-
nate on hypertension, thereby arguing against a direct
endothelium-dependent effect.

It is important to note that an increased occurrence
of ventricular tachycardia can be observed in hyperten-
sive patients with left ventricular hypertrophy, which is
prognostically relevant.® Spatial redistribution of gap
junction proteins is characteristic of pathological elec-
tric remodeling and has been described in the human
hypertrophic myocardium.* We show that propionate
improves electric remodeling with a reduced suscep-
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tibility to programmed ventricular tachycardia in vivo.
Our observation is confirmed by attenuated cardiac
gap junction remodeling in propionate-treated mice,
as indicated by a reduced lateralization of connexin
43 in cardiomyocytes. Similarly, beneficial effects were
observed earlier in Angll-infused mice after adoptive
Treg transfer.

In conclusion, propionate treatment protects from
cardiac damage and reduces atherosclerosis in experi-
mental hypertension. Target organ protection by propi-
onate is at least partially dependent on Treg, although
other pleiotropic effects likely contribute to this result.
Our data provide further experimental evidence for the
importance of microbiota-derived SCFAs in promoting
host cardiovascular health. Hypertension and athero-
sclerosis account for a substantial proportion of world-
wide cardiovascular morbidity and maortality. Propionate
could be important in improving cardiovascular health,
because both atherosclerosis and hypertensive cardiac
remodeling were significantly reduced on propionate
treatment in our study. It is interesting to note that sev-
eral subsets of gut bacteria are capable of producing
propionate,” some of which were shown to be less a-
bundant in experimental hypertension®® and hyperten-
sive patients.'” Consequently, oral supplementation with
propionate or its precursors may be beneficial in hyper-
tensive individuals to prevent damage to target organs.
Current hypertension guidelines recommend lifestyle
modifications before the initiation of any pharmacolog-
ical antihypertensive treatment.*” Dietary augmentation
of propionate is an affordable intervention, and our ob-
servations suggest that this could be a novel approach
to prevent hypertensive damage to target organs.
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3 DISKUSSION

3.1 Das UPS in der Atherosklerose — ein therapeutisches Angriffsziel?

Fir die Hypothese, nach der das Ubiquitin-Proteasom-System (UPS) ein Angriffsziel fir neuartige
Therapiestrategien in der Atherosklerose sein kénnte, sprechen verschiedene Beobachtungen. Zu-
nachst die Feststellung, dass verschiedene fiir die Pathophysiologie der Atherosklerose wichtige Pro-
zesse wie die Inflammation, die Proliferation vaskularer glatter Muskelzellen, der oxidative Stress und
die gestorte Proteinhomoostase durch das Ubiquitin-Proteasom-System (UPS) beeinflusst oder gar
entscheidend reguliert werden®3, So ist das UPS essentiell fir die Aktivierung des pro-inflammatori-
schen Transkriptionsfaktors NF-kB, insbesondere durch die proteasomale Degradation des inhibitori-
schen Proteins IkBa, welches die nukledre Translokation von NF-kB und damit NF-kB-abhangige pro-
inflammatorische Genexpression verhindert. Studien, welche Anzeichen fiir eine erhohte proteaso-
male Aktivitdt, mehr NF-kB und weniger IkBa in atherosklerotischen Plaques der Arteria carotis nach-
weisen konnten, sprechen fir einen relevanten Zusammenhang von NF-kB und UPS in der Atheroskle-
rose®> 114117 Allerdings ist die Frage, ob das UPS in der Atherosklerose (iberaktiv oder aber insuffizient
ist, durchaus umstritten®* 113118119 q5 andere Autoren in histologischen Analysen vermehrt Ubiquitin
als Anzeichen fir ein méglicherweise lberlastetes UPS darstellen konnten?°, Die in diesem Zusam-
menhang relevante Aktivierung der unfolded protein response als Zeichen der gestdrten Proteinhomo-
ostase wurde bereits in Tiermodellen der Atherosklerose beschrieben®. Letztendlich ist es durchaus
denkbar, dass das UPS in der Atherosklerose phasenspezifisch reguliert ist: In friihen Phasen kénnte
ein aktivierter Zustand des UPS eine vermehrte NF-kB-Aktivierung und Inflammationsférderung bewir-
ken, wahrend ein moglicherweise insuffizient agierendes UPS in spdten Phasen durch vermehrt anfal-
lende oxidativ geschadigte Proteine apparent wird, was wiederum zur Bildung von Protein-Aggregaten,
Zelltod und Plaque-Instabilisierung fiihren kénnte'!®. Beide Szenarien — Uberaktivitit in friihen und
Insuffizienz in spaten Stadien — kdnnten unterschiedliche (phasenspezifische) Konsequenzen fiir den
Effekt niedrigdosierter Proteasominhibition auf die Atherosklerose haben®* 122, Unabhingig davon be-
weisen die anti-proliferativen Effekte hoherdosierter Proteasominhibition auf die Intimaproliferation
(relevant im Kontext der lokalen Behandlung der Neointima-Bildung nach Stentimplantation), dass das
UPS auch fir weitere klinische Indikationen im Rahmen der Atherosklerose ein relevantes Angriffsziel
sein kann'%,

In der Zusammenschau ist das UPS als zentrales proteolytisches System in vielerlei Hinsicht ein
potentiell vielversprechendes Angriffsziel flir neuartige therapeutische Strategien zur Progressions-
hemmung der Atherosklerose. Gleichzeitig sind die zentrale Bedeutung des UPS fiir die zelluldre Ho-

moostase, konzentrationsabhadngige Effekte von Proteasominhibitoren als auch die moglicherweise
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phasenspezifische Regulation des UPS in der Atherosklerose enorme Herausforderungen fiir die ge-

zielte Modulation relevanter pathophysiologischer Prozesse der Atherosklerose.

In der vorliegenden Arbeit wurden zwei unterschiedliche Strategien der Beeinflussung des UPS
im atherosklerotischen Mausmodell verfolgt, um Erkenntnisse zur Rolle der UPS in der Atherosklerose
zu gewinnen: () Die systemische Behandlung mittels niedrigdosierter Proteasominhibition und (1) der

genetische Knockout immunoproteasomealer Untereinheiten.

3.1.1 Niedrigdosierte Proteasominhibition

Originalpublikation 1 der vorliegenden Arbeit zeigt, dass eine niedrigdosierte Proteasominhi-
bition mit dem Proteasominhibitor Bortezomib die frihe Atherosklerose (6 Wochen Western Didgt und
begleitende Bortezomib-Behandlung) im LDLR-/- Mausmodell inhibiert'?2. Als fiir die Hemmung dieser
friihen Atherosklerose verantwortliche Mechanismen konnten anti-inflammatorische und anti-oxida-
tive Effekte identifiziert werden. Da u.a. mit dem endothelialen Adhasionsmolekiil VCAM-1, dem Zyto-
kin IL-6 und dem Chemokin MCP-1 mehrere NF-kB-Zielgene durch Bortezomib-Behandlung reduziert
wurden, konnten diese Befunde die Hypothese, dass in frihen Atherosklerose-Stadien die Krankheits-
progression durch eine vermehrte UPS-abhangige NF-kB-Aktivierung und -Genexpression getrieben ist,
bestatigen. Durch den Einsatz niedriger Bortezomib-Konzentrationen wurden keine toxischen Neben-
wirkungen festgestellt. Interessanterweise konnten wir in einer nachfolgenden Studie im selben Maus-
modell zeigen, dass dieselbe Bortezomib-Dosis und Therapiedauer in einem spateren Atherosklerose-
Stadium, d.h. bei einer vorbestehenden, fortgeschrittenen Atherosklerose (24 Wochen Western Diat,
davon in den letzten 6 Wochen Bortezomib-Behandlung), keine Progressionshemmung bewirkte zu-
gunsten ungiinstiger, Plaque-destabilisierender Effekte!?*. Diese beiden Studien im LDLR-/- Mausmo-
dell demonstrieren Stadien-abhdngige Effekte niedrigdosierter Proteasominhibition und unterstiitzen
damit indirekt die Vermutung, dass das UPS in der Atherosklerose phasenspezifisch reguliert sein
kdénnte. Im Gegensatz dazu zeigten van Herck et al. in einem anderen Mausmodell der Atherosklerose,
in dem Plaques im ApoE-Knockout Mausmodell durch Verengung der Arteria carotis induziert werden,
dass eine 4-wochige Bortezomib-Behandlung zwar nicht die GréRe friher oder fortgeschrittenerer
Plaques beeinflusst, wohl aber die Zusammensetzung fortgeschrittenerer Plaques durch Férderung
von Plaqueinstabilitat’?®. Allerdings wurden hier deutlich héhere Bortezomib-Konzentrationen ver-
wendet!®, Herrmann et al. wiederum zeigten in mit einer Hochcholesterol-Diat gefiitterten Schwei-
nen, dass eine 12-wdchige Proteasominhibition mit dem Inhibitor MLN-273 einen fordernden Einfluss
auf die Atherosklerose hat>3. Dagegen hat die Proteasominhibition mit dem Inhibitor MG132 im Kanin-

chenmodell der Urdmie-induzierten Atherosklerose vorteilhafte Effekte’?®.
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Zusammenfassend lasst sich festhalten, dass die Vergleichbarkeit der ausschlielich experi-
mentellen Studien zum Effekt von Proteasominhibitoren auf die Atherosklerose eingeschrankt ist. Un-
terschiedliche Tiermodelle, Atherosklerose-Stadien, unterschiedliche Proteasominhibitoren und ins-
besondere unterschiedliche Konzentrationen und Behandlungsdauern erschweren die Vergleichbar-
keit. In Ermangelung eines klaren Bildes verbietet sich somit derzeit die Translation in klinische Studien.
Ein klinisches Szenario, in dem eine derart pravalente chronische Erkrankung wie die Atherosklerose
mit langfristiger und potentiell toxischer Proteasominhibition behandelt wird, ist derzeit nicht vorstell-
bar. Kardiovaskulare Ereignisse im Rahmen der Therapie des Multiplen Myeloms (MM) durch hochdo-
sierte Proteasominhibition mit Bortezomib oder Carfilzomib verdeutlichen das Potential fir Nebenwir-
kungen im kardiovaskuldren System?!?”- 12 Dabei stehen vor allem kardiotoxische Effekte im Vorder-
grund. Auch wenn die der vorliegenden Arbeit zugrundeliegenden experimentellen Studien deutlich
geringere Proteasominhibitor-Dosierungen als fiir die MM-Therapie verwendet haben, sind spezifi-
schere Anséatze zur Beeinflussung des UPS notwendig, um die Atherosklerose effizient und nebenwir-
kungsarm zu beeinflussen. Moglicherweise versprechen Inhibitoren des Immunoproteasoms oder die
Beeinflussung von E3-Ligasen des UPS eine spezifischere Ansteuerung von Atherosklerose-relevanten

Prozessen ohne Nebenwirkungen unspezifischer Proteasominhibition.

3.1.2 Das Immunoproteasom

Der Hypothese von Originalpublikation 2 liegen Vorarbeiten zur Rolle der immunoproteaso-
malen Untereinheit B5i/LMP7 bei der Bewaltigung von Zytokin-induziertem oxidativem Stress zu-
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grunde. Wahren Seifert et al.?? die effiziente B5i/LMP7-abhédngige Degradation geschadigter Proteine
zeigten, konnte dies von Nathan et al.°! nicht bestétigt werden. In beiden Publikationen wurde als in
vivo Modell der Inflammation die experimentelle Autoimmunenzephalitis (EAE) verwendet®® 9. Da die
Atherosklerose sowohl durch vaskular-systemische Inflammation und erhéhte Zytokin-Expression ge-
kennzeichnet ist, als auch durch oxidativen Stress, untersucht Originalpublikation 2 fiir die genetische
B5i/LMP7 Defizienz in LDLR-/- Méausen, ob frithe und fortgeschrittene Atherosklerose-Stadien beein-
flusst werden. Im Ergebnis konnte festgestellt werden, dass im Vergleich zu B5i/LMP7-exprimierenden
LDLR-/- Mausen B5i/LMP7-defiziente LDLR-/- M&use eine vergleichbare Atherosklerose sowohl in fri-
hen als auch fortgeschrittenen Stadien aufwiesen. Es konnten weder vermehrte Ubiquitin-Akkumula-
tionen in Plaques B5i/LMP7-defizienter Maduse detektiert werden, noch signifikante Unterschiede in
der Plaque-GrolRRe oder Ausdehnung des nekrotischen Kerns. Damit widerspricht Originalpublikation 2
im Kontext der Atherosklerose der Hypothese, dass B5i/LMP7-haltige Proteasomen im Vergleich zu
Standardproteasomen eine hohere Kapazitat fiir den Abbau polyubiquitinierter Proteine haben. Damit

tragt Originalpublikation 2 zur Debatte Uber die Bedeutung der immunoproteasomalen Untereinheit

B5i/LMP7 fur den Zytokin-induzierten oxidativen Stress bei, wenngleich die gewonnen Ergebnisse in
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einem Atherosklerose-Modell erhoben wurden und nicht auf andere Erkrankungen und Modelle ge-
neralisierbar sind. Darliber hinaus bestatigt die Studie, dass eine B5i/LMP7-Defizienz zur Bildung von
Proteasom-Subtypen fihrt, wobei B5i/LMP7 durch seine entsprechende Standard-Untereinheit B5 er-
setzt werden kann. Unterschiedliche Proteasom-Subtypen sind in verschiedenen Spezies und Organen
untersucht worden und deren proteolytische Aktivitat verglichen worden, wobei unterschiedliche Cha-
rakteristika demonstriert wurden?>13, Originalpublikation 2 konnte jedoch keine Unterschiede in der
proteolytischen Aktivitat feststellen, gemessen in Lysaten von Makrophagen. Zudem konnten keine
Unterschiede in der Akkumulation polyubiquitinierter Proteine in Makrophagen nach oxidativem
Stress nachgewiesen werden, im Einklang mit den Beobachtungen von Nathan et al®l. Zusammenfas-
send demonstriert die Arbeit die erstaunliche Plastizitat des Proteasoms mit unterschiedlichen Protea-
som-Subtypen und konnte keine Aggravation der Atherosklerose bei B5i/LMP7-Defizienz nachweisen.
Sie schlieBt jedoch nicht aus, dass immunoproteasomale Untereinheiten von therapeutischem Nutzen
in der Atherosklerose sein konnten, da selektive Inhibitoren des Immunoproteasoms (ONX-0914: Inhi-
bition von B5i/LMP7 und B1i/LMP2; KZR-329: selektive Inhibition von B5i/LMP7; KZR-504: selektive
Inhibition von B1i/LMP2'32) erhiltlich sind. In klassischen Mausmodellen der Atherosklerose sind diese
selektiven Inhibitoren jedoch derzeit nicht untersucht. Interessanterweise verhindert die Ko-Inhibition
von B5i/LMP7 und B1i/LMP2 im Mausmodell eine Transplantat-Arteriosklerose von aortalen Allo-
grafts'®3, Es ist moglich, dass die unter 3.1.1 bereits diskutierten stadien- und konzentrationsabhangi-
gen Effekte von alteren Proteasominhibitoren auch bei neueren, selektiveren Inhibitoren des Immu-

noproteasoms zu bericksichtigen sind.
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3.2 Das Mikrobiom, Inflammation und Endorganschaden in der Hypertonie

Die Aktivierung unterschiedlichster Immunzellen kennzeichnet die arterielle Hypertonie. Akti-
vierte Immunzellen (z.B. T-Zellen) kénnen in Zielorgane wie Herz und Niere einwandern, wo u.a. die
Freisetzung pro-inflammatorischer Zytokine zum hypertensiven Endorganschaden beitragt. Die Modu-
lation dieser pro-inflammatorischen Antwort wird als ein vielversprechendes therapeutisches Ziel er-
achtet, jedoch durch heutige medikamentdse Therapiestandards nicht zufriedenstellend erreicht. Ein
tieferes Verstandnis fiir endogene Modulatoren der Inflammation in der arteriellen Hypertonie ist n6-
tig, um neuartige therapeutische Ansatze zu entwickeln. Das intestinale Mikrobiom, d.h. die Gesamt-
heit der im Darm vorhandenen Bakterien sowie deren Gene, ist ein auf Umwelteinfliisse hochst
responsives Okosystem mit profundem Einfluss auf das Immunsystem. Umweltfaktoren wie die Ernéh-
rung (z.B. Salz, Fasern) kdnnen Verdnderungen der Zusammensetzung sowie der Funktion des Mikro-
bioms verursachen und somit inflammatorische Prozesse vorteilhaft oder aber zum Nachteil des Wirts
beeinflussen. Essentiell in diesem Zusammenhang ist die Tatsache, dass Bakterien aus Nahrungsbe-
standteilen Metabolite generieren, die vom Wirt resorbiert werden und die Differenzierung und Funk-
tion von Immunzellen beeinflussen kdnnen. Auf diese Weise kdnnen intestinale Bakterien auch darm-
ferne Organe beeinflussen, wodurch sich unterschiedliche Kommunikationsachsen identifizieren las-
sen (z.B. Darm-Niere, Darm-Herz). Ein genaueres Verstdandnis der Wechselwirkung von Erndhrung und
Mikrobiom, Metaboliten mikrobieller Herkunft und Immunsystem sowie der Auswirkungen auf die Hy-
pertonie konnte zukiinftig eine gezielte, personalisierte Beeinflussung des Mikrobioms zur Organpro-
tektion in der Hypertonie ermdglichen.

Die in diese Habilitationsschrift zum Thema Mikrobiom eingehenden Publikationen (Original-
arbeiten 3-5) haben zum Ziel, den Einfluss des Mikrobioms und seiner Einflussfaktoren auf die Inflam-
mation bei Bluthochdruck naher zu charakterisieren. Zum einen wurden relevante Umweltfaktoren (z.
B. die salzreiche Erndhrung (Originalpublikation 4), Ballaststoffgehalt der Nahrung (Originalpublikation
5)) in Bezug auf Zusammensetzung und Funktion des Mikrobioms naher charakterisiert und die Aus-
wirkung auf die inflammatorische Antwort untersucht. Zum anderen wurde durch den Vergleich des
Endorganschadens von keimfreien (Engl. germ-free) und kolonisierten hypertensiven Mausen unter-
sucht, welchen grundlegenden Einfluss die Anwesenheit von Darmbakterien hat (Originalpublikation
3). Letztere Publikation demonstriert, dass der hypertensive renale und kardiale Endorganschaden in
Abwesenheit intestinaler Mikrobiota aggraviert ist, wobei die Nieren im Vergleich zum Herz eine aus-
gepragtere Inflammation sowie deutlichere Organschaden aufwiesen. Die Ursache fiir den aggravier-
ten Organschaden keimfreier hypertensiver Mause ist moglicherweise in der Abwesenheit kurzkettiger
Fettsauren (SCFA) zu sehen, deren protektive Wirkung bei Bluthochdruck u.a. aus Originalpublikation

4 und Publikationen weiterer Autoren® bekannt ist.

86



Diskussion

Originalpublikation 4 zeigt im Tierexperiment und an gesunden Probanden, dass die salzreiche Ernah-
rung die Zusammensetzung und Funktion des Mikrobioms verandert. Besonders empfindlich reagier-
ten intestinale Lactobacillus-Spezies, welche unter einer Hochsalzdidt vermindert nachweisbar waren.
Die salzinduzierte Reduktion intestinaler Lactobacilli wurde von vermehrt vorkommenden, pro-in-
flammatorischen T-Helfer-17-Zellen (Ty17) und héheren Blutdruckwerten begleitet. Eine probiotische
Behandlung mit Lactobacillus murinus im Tiermodell konnte sowohl den Salz-induzierten Anstieg der
Tyl7-Zellen als auch den Anstieg des Blutdrucks vermindern. Als in diesem Zusammenhang potentiell
wichtige Mediatoren zwischen Darmmikrobiom und Immunsystem des Wirts konnten Tryptophan-Me-
tabolite bakterieller Herkunft identifiziert werden, sogenannte Indole, welche nach bakterieller Bil-
dung im Darm vom Wirt resorbiert werden. Die im Tiermodell beobachtete Depletion von Lactobacil-
lus, der Anstieg des Blutdrucks und pro-inflammatorischer Ty17-Zellen konnte in einem Pilotversuch
an gesunden mannlichen Probanden bestatigt werden. Diese Ergebnisse skizzieren einen neuartigen
Mechanismus, der zur Entstehung von Bluthochdruck beitragen konnte: Eine salzreiche Erndhrung be-
einflusst Uiber Verdnderungen im mikrobiellen Okosystem des Darms das Immunsystem in einer Art
und Weise, die Bluthochdruck und Endorganschaden fordert. Die Beeinflussung des Mikrobioms, zum
Beispiel durch eine gezielte probiotische Behandlung, konnte zur einer vorteilhaften Immunmodula-
tion und zum Schutz vor Bluthochdruck und Endorganschaden fihren. Um diese Hypothese zu liber-
prifen, missen randomisierte klinische Studien durchgefiihrt werden.

Zusatzlich zur Untersuchung Salz-induzierter, Mikrobiom-vermittelter Mechanismen untersucht
Originalpublikation 5 die Wirkung kurzkettiger Fettsduren (Engl. short-chain fatty acids, SCFA) auf den
hypertensiven Endorganschaden. SCFA sind wichtige Vertreter immunmodulatorisch wirksamer Meta-
bolite und entstehen vor allem aus unverdaubaren, langkettigen Kohlenhydraten der Nahrung durch
die Stoffwechselaktivitat bestimmter Bakterien. Erste Untersuchungen im Mausmodell der Multiplen
Sklerose belegten die protektive Wirkung kurzkettiger Fettsduren bakterieller Herkunft (z.B. Propionat)
Uber die Férderung der Funktion von regulatorischen T-Zellen (Tges)3*. Fiir hypertensive Mausmodelle
konnten wir zeigen, dass die Behandlung mit Propionat vor Angiotensin Il (Angll)-induzierten kardialen
und vaskuldren Endorganschaden schiitzt. Propionat fihrte neben einer verzogert eintretenden, mo-
deraten Blutdrucksenkung zu einer signifikant abgeschwachten inflammatorischen T-Zell-Antwort auf
Angll, die sowohl in der Milz als auch im Herz nachweisbar war. Das kardiale Remodeling als auch die
Suszeptibilitat fur kardiale ventrikulare Arrhythmien war durch Propionat deutlich vermindert. Wir
konnten zeigen, dass ein Grof3teil der organoprotektiven Wirkung von Propionat durch Treg vermittelt

wird, da die experimentelle Depletion von Tge die Protektion verminderte.
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3.3 Erndhrung, Mikrobiom, Immunsystem — eine Achse mit verschiedenen Angriffspunk-

ten fiir die Behandlung kardiovaskuldrer Erkrankungen

Abbildung 1: Schematische
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Die hier zum Thema Mikrobiom einflieBenden Publikationen weisen somit auf eine wichtige Rolle des
intestinalen Mikrobiom und insbesondere mikrobieller Metabolite bei der Immunmodulation im Rah-
men des Bluthochdrucks hin. Die Beeinflussung des Mikrobioms, zum Beispiel durch gezielte probioti-
sche Behandlungen oder personalisierte didtetische Interventionen, kénnte zu einer vorteilhaften Be-
einflussung mikrobieller Immunmodulation Gber Metabolite und zum Schutz vor Bluthochdruck und
Endorganschaden flihren. Weitere experimentelle sowie klinische Studien sind notwendig, um dieses
Potenzial ndher zu charakterisieren. Mein zukiinftiges Arbeitsprogramm hat zum Ziel, die Mikrobiom-
Wirt-Kommunikation in der Pathogenese der Hypertonie durch Integration multimodaler Omics-Tech-
nologien im Tiermodell und im Menschen weiter zu charakterisieren. Dabei soll insbesondere auch die
Bedeutung einer eingeschrdnkten Nierenfunktion auf diese Interaktion untersucht werden. Da zahlrei-
che bakterielle Metabolite renal eliminiert werden ist, liegt darin ein Ansatzpunkt, um die bei Nierener-

krankungen verstarkt auftretenden kardiovaskularen Komplikationen zu erklaren und zu behandeln.
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4 ZUSAMMENFASSUNG

Kardiovaskuldre Erkrankungen wie die Atherosklerose und der Bluthochdruck sind durch einen anhal-
tenden inflammatorischen Zustand charakterisiert, dessen Ausprdagung sowohl durch intrinsisch-zellu-
lare Prozesse als auch extrinsisch-mikrobielle Faktoren beeinflusst werden kann.

Das Proteasom als das zentrale Proteinabbausystem diente in der vorliegenden Arbeit als zelluldre
Zielstruktur, dessen Funktion im Kontext der Atherosklerose durch Anwendung eines Proteasominhi-
bitors beeinflusst wurde. Der zentralen Rolle des Proteasoms Rechnung tragend und um toxische Ef-
fekte zu vermeiden, wurden niedrige Konzentrationen des Proteasominhibitors Bortezomib einge-
setzt, um eine experimentelle Atherosklerose in LDLR -/- Mausen zu beeinflussen. Dabei kdnnte ein
frihes Atherosklerose-Stadium durch niedrigdosierte Proteasominhibition glinstig beeinflusst werden.
Mechanistisch konnten anti-oxidative und anti-inflammatorische Effekte niedrigdosierter Proteaso-
minhibition identifiziert werden. Dariber hinaus wurde der Einfluss einer genetischen Defizienz der
immunoproteasomalen Untereinheit B5i/LMP7 in LDLR -/- M&usen untersucht, was jedoch weder die
frihe noch die spate Atherosklerose im Mausmodell beeinflusste. Aus diesen Studien ldsst schlieRen,
dass das Proteasom zwar ein potentielles Ziel flir zukiinftige Therapien sein kdnnte, es jedoch einer
spezifischeren Ansteuerung von Komponenten des Ubiquitin-Proteasom-Systems bedarf, um der In-
flammation gezielter und nebenwirkungsarm zu begegnen.

Kardiovaskulare Erkrankungen hangen in besonderem MaR von Umweltfaktoren, wie zum Beispiel der
Erndhrung, ab. Die intestinale Mikrobiota reagiert sensibel auf Umwelt und Erndhrung und interagiert
mit dem Immunsystem. Fir viele Erkrankungen ist bereits eine Beeinflussung durch das Mikrobiom
gezeigt. Die hier vorgelegten Arbeiten untersuchen die Rolle des Mikrobioms bei Bluthochdruck. Dabei
konnte gezeigt werden, dass der hypertensive renale und kardiale Schaden in Abwesenheit eines Mik-
robioms bei keimfreien Mdusen aggraviert ist, was auf die Abwesenheit protektiver bakterieller Meta-
bolite hinweisen kénnte. Zusatzlich wurde der Einfluss einer Hochsalzdiat auf das Mikrobiom unter-
sucht und Lactobacillus als ein Salz-sensitives intestinales Bakterium identifiziert, welches durch Pro-
duktion eines Metaboliten die Ty17-abhéngige Inflammation und den Blutdruck reguliert. SchlieBlich
wurde in einer weiteren Arbeit die kurzkettige Fettsdaure Propionat als ein protektiver bakterieller Me-
tabolit identifiziert, welcher vor hypertensiven kardialen Schaden (iber zum Teil Treg-abhdngige Me-
chanismen schitzt. Zusammengefasst beleuchten diese Studien das Mikrobiom als ein vielverspre-

chendes Angriffsziel fiir organoprotektive Therapien bei Bluthochdruck.
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