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1. Einleitung 

Nukleäre Rezeptoren (NRs) sind Transkriptionsfaktoren, deren Aktivität durch die Bindung von  
Liganden moduliert werden kann und von denen es 48 humane Vertreter gibt1,2. Für etwa ein Drittel 
dieser Rezeptoren sind inzwischen Arzneistoffe zugelassen3–5. Sie adressieren vor allem Steroidhormon-
Rezeptoren wie den Glucocorticoid-Rezeptor oder die Estrogen-Rezeptoren (ERs), aber auch  
Rezeptoren mit wichtigen metabolischen Funktionen wie die Thyroidhormon-Rezeptoren (THRs) und 
Peroxisomen-Proliferator-aktivierten Rezeptoren (PPARs), und werden zum Teil bereits seit mehreren 
Jahrzehnten therapeutisch genutzt2,3. Auch wenn diese Rezeptoren intensiv beforscht wurden, sind  
Nebenwirkungen, die aus dem gleichen primären Wirkmechanismus dieser Arzneistoffe resultieren, oft 
ein therapielimitierendes Problem6. Ein Grund dafür sind die meist breiten Expressionsmuster der NRs, 
die ihre wichtige Rolle in zentralen Prozessen des Körpers wie Zellwachstum und -differenzierung,  
Metabolismus und Homöostase unterstreichen2. Außerdem erschweren strukturelle Herausforderun-
gen die Entwicklung sicherer Arzneistoffe für nukleäre Rezeptoren. Zum einen weisen sie innerhalb der 
einzelnen Subfamilien zum Teil große Sequenzähnlichkeiten auf, die die Entwicklung hochselektiver 
Liganden erschweren1,7,8. Zum anderen ist durch die lipophile Struktur der NRs die bevorzugte Bindung 
von ebenfalls besonders lipophilen Liganden gegeben, was jedoch die Arzneistoffentwicklung vor  
physikochemische und pharmakokinetische Herausforderungen stellt8–10. Zusätzlich sind einige  
Funktionen nukleärer Rezeptoren an den zirkadianen Rhythmus gekoppelt, wodurch eine dauerhafte 
Modulation nachteilig sein kann11. Daher ist das Interesse, neue Liganden und Konzepte für diese  
Rezeptoren zu entwickeln, nach wie vor groß. So sind bei den PPARs neben dem Bedarf an neuen  
Therapieoptionen bei den immer häufiger werdenden komplexen metabolischen und kardiovaskulären 
Erkrankungen auch neue mögliche Indikationsgebiete durch Beteiligung an Entzündungsprozessen und 
neurodegenerativen Erkrankungen in den Fokus der Forschung gerückt12–14.  

Gegenüber der genannten Gruppe gut erforschter NR sind bei etwa der Hälfte der NRs die Funktionen 
noch nicht umfassend verstanden15,16. Bei knapp einem Drittel wurde sogar bis heute noch kein  
endogener Ligand identifiziert, weshalb man diese Rezeptoren auch als Waisenrezeptoren oder Orphan-
Rezeptoren bezeichnet9. Dass auch sie überaus wichtige Aufgaben im Körper übernehmen und  
therapeutisches Potenzial besitzen, ist vor allem durch Knockout-Studien belegt16. Daher wäre nicht nur 
die Kenntnis endogener Liganden entscheidend für das Verständnis17, auch synthetische Liganden  
werden dringend benötigt, um die Funktionen der Waisenrezeptoren pharmakologisch charakterisieren 
zu können und einen möglichen therapeutischen Nutzen aus der Rezeptormodulation abzuleiten17,18. 
Nurr1 ist ein solcher NR mit großem Potential bei neurodegenerativen Erkrankungen wie dem Morbus 
Parkinson (Parkinson's disease, PD), der Alzheimer-Demenz (AD) und der Multiplen Sklerose (MS), die 
im Zuge des demographischen Wandels eine immer größere Herausforderung für die Gesellschaft  
darstellen19–21. Diese Arbeit befasst sich in diesem Kontext mit der Identifizierung, Entwicklung und 
Charakterisierung neuer Liganden für die nukleären Rezeptoren der PPARs und Nurr1, um gezielte 
funktionelle Studien zu ermöglichen. 

1.1 Niedermolekulare Verbindungen als funktionelle Tools 

Niedermolekulare Verbindungen (small molecules), die durch direkte Interaktion mit ihrer makro- 
molekularen Zielstruktur (Target) die Funktionen des jeweiligen Proteins modulieren können, werden 
– je nach Spezifität – als tool compounds oder auch chemical probes bezeichnet18. Sie werden in der 
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Pharmakologie und der chemischen Biologie vor allem für die mechanistische Aufklärung von Protein-
funktionen und phänotypische Untersuchungen der pharmakologischen Modulation ihres Targets ver-
wendet und umfassen sowohl Aktivatoren (Agonisten) als auch Inhibitoren (Antagonisten bzw. inverse 
Agonisten)18. Deshalb ist es notwendig, dass sie bestimmte Anforderungen in Bezug auf Selektivität und 
Potenz je nach Art der Zielstruktur erfüllen. Dabei sind gerade zu Beginn der Erforschung eines neuen 
Targets bekannte off-target-Effekte der Substanzen zu verschmerzen, müssen allerdings bei der Beurtei-
lung biologischer Experimente unbedingt berücksichtigt werden18. Wichtig hingegen ist, dass die direkte 
Interaktion mit dem Target durch orthogonale Testsysteme und Bindungsstudien zweifelsfrei belegt ist 
und optimalerweise Co-Kristallstrukturen eine Aufklärung des Bindemodus ermöglichen18,22. Gerade 
für potenzielle neue Zielstrukturen zur Behandlung von Erkrankungen sind tool compounds von großer 
Bedeutung, da sie es ermöglichen, die Auswirkung einer pharmakologischen Aktivierung oder Inakti-
vierung ihres Targets in Krankheit und Gesundheit zu untersuchen und damit entscheidend zur präkli-
nischen Target-Validierung beitragen23. Die Substanzen können sowohl komplementär zu als auch an-
stelle von genetischen Ansätzen verwendet werden, die entweder durch genetischen Knockout oder 
Knockdown der Zielstruktur z. B. durch RNA-Interferenz (RNAi) den Verlust der Proteinfunktionen 
(loss-of-function) darstellen oder gezielte Überexpression bzw. gesteigerte Aktivität des Proteins (gain-
of-function) untersuchen24. Dabei sind tool compounds schneller und einfacher zu handhaben, ermögli-
chen die Anwendung in vielen unterschiedlichen Testsystemen, Zelltypen und Tiermodellen sowie Stu-
dien auf Proteinebene und sind relevanter für eine mögliche spätere Translation in eine pharmakologi-
sche Anwendung. Besonders wertvoll ist ein Set an tool compounds für eine Zielstruktur, die zum einen 
möglichst diverse chemische Strukturen aufweisen und zum anderen verschiedene Wirkungsprinzipien 
durch Aktivierung/Inhibition des Targets oder unterschiedliche Bindemodi abdecken, aber auch struk-
turell verwandte negative Kontrollen umfassen, sodass Proteinfunktionen chemogenomisch untersucht 
werden können18,22. Die Anforderungen an physikochemische und pharmakokinetische Eigenschaften 
sind im Vergleich zu Arzneistoffen deutlich geringer, müssen allerdings gewisse Grundvoraussetzungen 
in Bezug auf Toxizität, Lipophilie und Stabilität erfüllen, um eine adäquate Verwendung in Experimen-
ten zu gewährleisten18. Außerdem dürfen sie die Funktion des Testsystems nicht beeinträchtigen wie 
bspw. Substanzen, die aufgrund reaktiver Strukturmotive falsch-positive Ergebnisse hervorrufen (pan 
assay interference compounds, PAINS), oder auch Substanzen, die durch ihre physikochemischen Eigen-
schaften wie z. B. Farbigkeit oder Eigenfluoreszenz die Resultate bestimmter Untersuchungsmethoden 
verfälschen22,25. Dabei sind tool compounds nicht nur effektive Instrumente in der Forschung, sie können 
ebenso als wertvoller Startpunkt für die Entwicklung neuer Arzneistoffkandidaten dienen18. 

Die Photopharmakologie ermöglicht über die klassische Verwendung von tool compounds hinaus eine 
gezielte räumliche und zeitliche Auflösung der Wirkung. Sie verwendet dazu Verbindungen, die mithilfe 
von Licht in eine andere Konfiguration gebracht werden können und dadurch die Aktivität am Target 
verändern26,27. Dazu können verschiedene Arten von Chromophoren verwendet werden, die meist re-
versibel zwischen ihrer trans- und cis- Konfiguration geschaltet werden können, wie bspw. Azobenzene 
(Abbildung 1) oder Stilbene, oder zwischen offenen und geschlossenen Ringkonformationen wie bei 
Spiropyranen oder Diarylethenen26,27. So wurde inzwischen mithilfe photopharmakologischer Tools die 
Funktion von Ionenkanälen28,29, Transportern30–32, Membranrezeptoren33–35 und Enzymen36–38 erfolg-
reich unter optische Kontrolle gebracht, aber auch photoschaltbare Lipide39 entwickelt. Die Anwendung 
dieses Konzeptes ist bei nukleären Rezeptoren besonders interessant, da sie als ligandenaktivierte Tran-
skriptionsfaktoren genomische Effekte durch Bindung zum Teil kurzlebiger endogener Liganden wie 
Hormonen und reaktiven Vitamin- und Fettsäure-Metaboliten vermitteln, aber auch nicht-genomische 
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Effekte von kürzerer Dauer ausüben können2,40. Mit 
Liganden, die durch Licht innerhalb kurzer Zeit 
(wenige Minuten) zwischen aktivem und inaktivem 
Zustand umgeschaltet werden können, eröffnen 
sich neue Möglichkeiten funktioneller Studien, die 
einer physiologischen Aktivierung durch endogene 
Liganden deutlich näherkommen könnten. Bislang 
konnten für die drei Vertreter Retinsäure-Rezep-
tor α (RARα)41, ERα42 und Farnesoid X Rezeptor 
(FXR)43 sogenannte Photohormone aus publizierten Liganden entwickelt werden, die zeigen, dass auch 
eine optische Kontrolle nukleärer Rezeptoren möglich ist. Darüber hinaus könnten solche photoschalt-
baren Liganden auch therapeutisch von Bedeutung sein. Die Möglichkeit, den Arzneistoff gezielt am 
Wirkort zu aktivieren, könnte das Auftreten von Nebenwirkungen im restlichen Körper minimieren. 
Sowohl Target-vermittelte unerwünschte Effekte in anderen Geweben, aber auch off-target-Effekte 
durch unzureichende Selektivität würden so reduziert werden. Neben naheliegenden äußerlichen An-
wendungen auf der Haut oder im Auge wird dabei auch an der Einbringung von Lichtquellen in den 
Körper geforscht, was durch Endoskopie, aber auch durch drahtlose und bio-abbaubare Optoelektronik 
ermöglicht werden könnte44. Erste in vivo Studien zu metabolischen Erkrankungen und Krebs zeigen 
bereits, dass eine therapeutische Anwendung des Konzepts denkbar ist45–48.  

1.2 Nukleäre Rezeptoren  

1.2.1 Klassifizierung 

Die Einteilung und Nomenklatur der Familie der nukleären Rezeptoren als einer spezifischen und klar 
abzugrenzenden Unterkategorie von Transkriptionsfaktoren geht auf evolutionsbiologische und phylo-
genetische Betrachtungen der Sequenzen zurück49,50 (Abbildung 2). Im Jahr 1999 hat ein eigens gebilde-
tes Komitee die Nomenklatur der nukleären Rezeptoren vereinheitlicht, um die zunehmende Zahl von 
Trivialnamen und Abkürzungen für diese Proteine bzw. deren Gene zu verhindern50. Dabei ist das Sys-
tem so gestaltet, dass es die entsprechenden Rezeptoren aller Spezies umfasst und beliebig erweitert wer-
den kann. Bestätigt sind derzeit 71 verschiedene Gene nukleärer Rezeptoren mit insgesamt 390 unter-
schiedlichen Isoformen (UniProtKB/Swiss-Prot), wovon 48 humane Gene zu beziffern sind15,51. Die Be-
zeichnungen, beginnend mit „NR“ für nuclear receptor, teilen die Familie in sechs Gruppen (NR1–6) 
gemäß ihrer strukturellen Verwandtschaft auf. Eine siebte Gruppe (NR0) geht darauf zurück, dass es 
sich um Rezeptoren handelt, die einen atypischen Aufbau der Domänen aufweisen. Innerhalb der Grup-
pen werden die engsten Verwandten mit Großbuchstaben zu Unterfamilien zusammengefasst und in 
der Ebene darunter erhalten einzelne Isoformen individuelle Nummern. So wird beispielsweise PPARγ 
als eine Isoform der PPAR-Unterfamilie (NR1C) in der ersten Gruppe mit NR1C3 bezeichnet52.  

Eine weitere Möglichkeit der Klassifizierung stellt der molekulare Mechanismus der nukleären Rezep-
toren dar. Dabei werden vier Typen an Rezeptoren vorwiegend hinsichtlich ihres Dimerisierungsver-
haltens und der Art ihrer Erkennungssequenz (response element, RE) unterschieden9. Typ I umfasst u. a. 
die Steroidrezeptoren, welche hauptsächlich als Homodimere an REs mit invertierter Wiederholung (in-
verted repeat, IR) agieren und als einzige erst bei Ligandbindung zum Nukleus translozieren9. Typ II 
hingegen bildet vorwiegend Heterodimere mit einem Subtyp der Retinoid X Rezeptoren (RXR), welche 
REs mit direkter Wiederholung (direct repeat, DR) binden15 (siehe Kapitel 1.3). Hierbei lassen sich zwei 

Abbildung 1: Funktionsweise photoschaltbarer Liganden am 
Beispiel der Azobenzene. Mit Licht unterschiedlicher Wellen-
längen (λ1 & λ2) kann die Konfiguration reversibel von trans 
nach cis und umgekehrt geschaltet werden. 
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Varianten unterscheiden: die permissiven Heterodimere wie z. B. bei den PPARs (NR1C1–3) und LXRs 
(NR1H2 und NR1H3), welche sowohl durch Bindung eines Liganden des Dimerpartners als auch durch 
einen RXR-Liganden aktiviert werden können, und die nicht-permissiven Heterodimere wie z. B. bei 
den RARs (NR1B1–3), bei welchen die Bindung eines RXR-Liganden zur Aktivierung allein nicht aus-
reichend ist und somit vom Liganden des Dimerpartners abhängt1,15. Bei permissiven Heterodimeren 
führt die gleichzeitige Bindung beider Liganden zu einem synergistischen Effekt53. Rezeptoren vom 
Typ III bilden vorwiegend Homodimere aus, welche ebenfalls über REs mit DR aktivieren9. Dem Typ IV 
werden Rezeptoren zugeordnet, die hauptsächlich als Monomere agieren. Jedoch berücksichtigt die Ein-
teilung nach dem molekularen Mechanismus vor allem keine Erkenntnisse zu Orphan-Rezeptoren, wel-
che nicht eindeutig einer Klasse zugeordnet werden können1, wie die Rezeptoren der NR4A-Subfamilie 
(siehe Kapitel 1.4)54–56. 

 
Abbildung 2: Superfamilie der 48 humanen nukleären Rezeptoren dargestellt nach ihrer phylogenetischen Klassifizierung mit  
zugehöriger Abkürzung57. 

1.2.2 Struktur und Funktion  

Nukleäre Rezeptoren sind ligandenaktivierte Transkriptionsfaktoren, die endogene Liganden von gro-
ßer Vielfalt binden, wie z. B. Hormone, Vitamine, Fettsäuren und Gallensäuren, aber auch Xenobiotika, 
und durch diesen Stimulus die Genexpression ihrer Zielgene modulieren können1,2. Neben dieser 
Hauptaufgabe der direkten genomischen Regulation können NRs die Genexpression auch indirekt über 
die Interaktion mit anderen Transkriptionsfaktoren wie bspw. mit NFκB modulieren, wodurch sie eine 
antientzündliche Wirkung entfalten können58–61. Außerdem können sie auch nicht-genomische Effekte 
ausüben, die meist durch Translokation im Zytosol stattfinden und schneller ablaufen als genomische 
Effekte40,62–65. NRs tragen eine wichtige Rolle in zahlreichen physiologischen Prozessen wie der embryo-
nalen Entwicklung, Zell-Proliferation, -Differenzierung, Metabolismus und Homöostase2,15, und sind 
bei Funktionsstörungen auch beteiligt an der Entstehung und dem Fortschreiten von bspw. Krebs, Ent-
zündungsprozessen, metabolischen Erkrankungen wie Diabetes und neurodegenerativen 
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Erkrankungen9,66. Trotz dieser enormen Bandbreite an Funktionen verbindet die Klasse der NRs aber 
ihr typischer struktureller Aufbau, der hochkonserviert ist und sich in vier unterschiedliche Domänen 
einteilen lässt (Abbildung 3)2.  

Die N-terminale A/B-Domäne ist der variabelste Bereich und beinhaltet die Aktivierungsfunktion 1 
(AF1), welche vor allem zur konstitutiven Aktivierung des Rezeptors beiträgt und zell- und promotor-
spezifische Aktivität zeigt1,2. Dabei ist diese Domäne auch das Ziel von zahlreichen posttranslationalen 
Modifikationen wie Phosphorylierungen und Ubiquitinierungen, welche die Aktivität des Rezeptors  
ligandenunabhängig modulieren können1,67. Daran schließt sich die C-Domäne an, auch DNA-Binde-
domäne (DBD) genannt, welche beson-
ders konserviert ist und für die Erken-
nung spezifischer DNA-Sequenzen, der 
sog. Response-Elemente (RE), in der 
Promotorregion der Zielgene verant-
wortlich ist (Abbildung 4)1,68. Die Er-
kennungssequenz für NRs besteht zu-
meist aus der Basenfolge AGGTCA, 
welche bei der Erkennung durch  
Dimere auf verschiedene Weise ange-
ordnet wiederholt im RE auftreten, mit 
direkter Wiederholung (direct repeat, 
DR), mit invertierter Wiederholung 
(inverted repeat, IR) oder auswärtsge-
drehter Wiederholung (everted repeat, 
ER)69–71. Dabei befindet sich eine Halb-
seite bei den palindromischen IR- und ER-Erkennungssequenzen auf dem gegenüberliegenden DNA-
Strang56,69,72. Strukturell charakteristisch sind zwei α-Helices der DBD, welche senkrecht zueinander an-
geordnet sind und zwei Zinkfingermotive aufweisen. Für die spezifische Erkennung der DNA ist ein 
Bereich verantwortlich, der als P-Box (P steht für proximal) bezeichnet wird und die ersten fünf Ami-
nosäuren der N-terminalen Helix umfasst, welche in einer großen Furche des Doppelstrangs direkt mit 
den Nukleinbasen interagieren1,68,73. Fixiert durch das C-terminale Zinkfingermotiv ist der Bereich der 
sog. D-Box, welcher einhergehend mit Konformationsänderungen bei der DNA-Bindung eine wichtige 
Rolle bei der Dimerisierung der DBDs spielt, dabei aber nicht selbst mit der DNA interagiert68,73,74. Dem 
zweiten Zinkfingermotiv folgt eine C-terminale Verlängerung (C-terminal extension, CTE), die zum ei-
nen die Kontaktstelle der Dimere vervollständigt und den korrekten Abstand der Wiederholungen der 
REs vorgibt, aber bei Monomer-Aktivität auch dafür verantwortlich ist, durch direkte Interaktion mit 
der angrenzenden kleinen Furche des Doppelstrangs die DNA-Bindung zu stabilisieren68,71,75. 76 

Nach einem variablen und konformationell flexiblen Überbrückungsbereich (Hinge-Region, D-Do-
mäne), welcher an der Interaktion mit Co-Regulatoren beteiligt ist und Sequenzen zur 

Abbildung 4: DNA-Bindung des PPARγ-RXRα-Heterodimers (PDB:
3DZY76). Gezeigt sind die DBDs der beiden Rezeptoren, PPARγ in rot und
RXRα in grün, gebunden an das PPRE Response-Element mit DR1-Wieder-
holung. Die spezifische Interaktion mit der DNA erfolgt über die P-Box (tür-
kis). Jeweils zwei Zinkfingermotive koordinieren Zn2+ (magenta) über je vier
konservierte Cysteine, die D-Box (orange) ist an der Dimerisierung beteiligt.

Abbildung 3: Allgemeiner struktureller Aufbau nukleärer Rezeptoren. 
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Kernlokalisierung (nuclear localization signal, NLS) enthält, folgt C-terminal die Ligandenbindedomäne 
(LBD, E-Domäne) des Rezeptors1,77. Neben der Bindung von (endogenen) Liganden, die zur Modulation 
der Rezeptoraktivität führt, ist diese multifunktionale Domäne außerdem maßgeblich verantwortlich 
für die Interaktion mit Co-Regulatoren sowie für die Homo- und Heterodimerisierung mit anderen 
NRs1,77. Dabei ist die kanonische Struktur der LBD meist aus zwölf α-Helices und einem Abschnitt aus 
β-Faltblättern aufgebaut, deren kompakte Anordnung in drei Schichten als antiparalleles α-helikales 
Sandwich beschrieben wird und in deren unterer Hälfte sich in den meisten Fällen die hydrophobe  
Ligandenbindetasche befindet1,8,68 (Abbildung 5). Die Tasche ist in Volumen und Form hochvariabel 
und kann sich bei Ligandbindung großen Konformationsänderungen unterziehen, wobei die Bandbreite 

von fast nicht vorhandener Ta-
sche (blockiert durch hydro-
phobe Aminosäurereste) bis hin 
zu großen leeren Volumina von 
> 1500 Å3 reicht17,75,78. In der C-
terminalen Helix, meist Helix 12 
(H12), enthält die LBD die ligan-
denabhängige Aktivierungsfunk-
tion 2 (AF2)78. Spezifität bei der 
Ligandbindung entsteht überwie-
gend durch die Geometrie der 
Liganden und durch Wasserstoff-
brückenbindungen der Liganden 
mit wenigen hydrophilen Amino-
säureresten8,68. 7980 

Die ligandabhängige Regulation von NRs schließt mechanistisch die Bindung und Freisetzung von Co-
Regulatoren als essenzielle Komponente der Aktivität von NRs ein. Klassischerweise werden die Co-
Regulatoren in Co-Aktivatoren und Co-Repressoren eingeteilt, deren Interaktion mit dem jeweiligen 
NR von dessen Aktivierung abhängt81,82. Im inaktiven Zustand des Rezeptors, in apo-Form oder  
Antagonist-gebunden, weist der AF2-Bereich der LBD meist eine große Flexibilität auf und ist nicht an 
den Kern der LBD gebunden (Abbildung 5a). Somit liegt eine hydrophobe Oberfläche zwischen H3 und 
H4 frei, welche Co-Repressoren über spezifische α-helikale Motive bindet, die sog. CoRNR-Box mit  
einer (L/I)XX(I/V)I-Sequenz (L = Leucin, I = Isoleucin, V = Valin, X = beliebige Aminosäure). Die be-
kanntesten Co-Repressoren sind der Nukleäre Co-Repressor 183 (NCoR1) und der dämpfende Mediator 
der Retinoid- und Thyroidhormonrezeptoren84 (silencing mediator of retinoid and thyroid hormone re-
ceptors, SMRT, auch NCoR2 genannt), welche epigenetische Regulatoren wie Histon-Deacetylasen 
(HDACs) und -Demethylasen rekrutieren und aktivieren, sodass sich ein multifaktorieller Co-Repres-
sor-Komplex ausbildet, welcher vor allem durch Chromatin-Modifikationen die Transkription verhin-
dert81. Durch Bindung eines Agonisten ändert sich die Konformation der H12 (Abbildung 5b), sodass 
sie den Eingang der Bindetasche verschließt („Mausefalle“-Modell) bzw. sich durch Interaktion mit dem 
Liganden eine stabilisierte Konformation ausbildet (Modell dynamischer Stabilisation)9. Im Zuge dessen 
ändert sich auch die hydrophobe Proteinoberfläche der LBD, Co-Repressoren lösen sich von der LBD 
und Co-Aktivatoren wie bspw. die Steroidrezeptor-Co-Aktivatoren85–87 (SRCs) oder der PPARγ-Co-Ak-
tivator 1α88 (PGC-1α) binden an die veränderte hydrophobe Furche über eine α-Helix mit dem Konsen-
sus-Motiv LXXLL81,89,90. Dabei ist der Abstand zwischen zwei konservierten geladenen Seitenketten (sog. 

Abbildung 5: Modell der ligandenabhängigen Aktivierung und Inaktivierung durch
Konformationsänderung der LBD am Beispiel von PPARα. Bereich der H12 (AF2) 
in rot. (a) PPARα im Komplex mit dem Antagonist GW6471 und Co-Repressor 
SMRT (magenta, PDB: 1KKQ79). (b) PPARα im Komplex mit dem Agonist GW7647
(1) und Co-Aktivator SRC1 (grün, PDB: 7BQ380). 
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charge clamp), meist einem Glutaminsäure-Rest in H12 und einem Lysin-Rest in H3, entscheidend, um 
Co-Aktivatoren zu koordinieren und beträgt im aktiven Zustand meist 18–20 Å91. Co-Aktivatoren be-
sitzen zum einen selbst intrinsische Enzymaktivität als Histon-Acetyltransferasen (HAT) oder -Methyl-
transferasen und rekrutieren zum anderen wiederum weitere Co-Faktoren, um die Transkriptions- 
maschinerie zu starten81,82. 

Es häufen sich jedoch Erkenntnisse, die von der klassischen Einteilung der Co-Regulatoren abwei-
chen82,92,93. So wurde für die Rezeptoren VDR (NR1I1), ERα (NR3A1), RARα (NR1B1) und THRα 
(NR1A1) gezeigt, dass die vermeintlichen Co-Repressoren NCoR1 und SMRT zellspezifisch auch für die 
ligandenabhängige Aktivierung der Rezeptoren benötigt werden und mit Co-Aktivator-Komplexen  
assozieren94–98. Passend dazu sind Beobachtungen, dass HDACs in Einzelfällen auch eine aktive Gen-
expression unterstützen, was man sich als eine Art Reset des Chromatins bei wiederholter Transkription 
erklärt99–101. Umgekehrt wurden auch repressive Funktionen von SRC Co-Aktivatoren berichtet, sowie 
die Assoziation von SRC1 an einen Antagonist-gebundenen NR102–104. Weiterhin scheint sich die Funk-
tion und Zusammensetzung der Co-Regulator-Komplexe im Gehirn, wo epigenetische Mechanismen 
eine wichtige Rolle bei der neuronalen Entwicklung und kognitiven Prozessen spielen, zum Teil von 
denen in nichtneuronalen Geweben zu unterscheiden105. Ein Beispiel für einen Co-Regulator mit erwie-
sener dualer Funktion als Co-Aktivator und Co-Repressor106,107 ist das Nukleäre-Rezeptoren-interagie-
rende Protein 1108 (NRIP1). Erklärungen dafür liefert die Struktur des Proteins, welches neun LXXLL-
Motive in der Proteinsequenz aufweist, aber auch vier autonome Repressions-Domänen, welche 
HDACs rekrutieren können. Auch werden veränderte Konformationen durch post-translationale  
Modifikationen für die dualen Eigenschaften des Proteins verantwortlich gemacht. Dabei funktioniert 
NRIP1 vermutlich als Adapter-Protein ohne eigene intrinsische Enzymaktivität106.  

1.3 Peroxisomen-Proliferator-aktivierte Rezeptoren 

Im Jahr 1990 wurde PPARα (NR1C1) als erster von drei Vertretern einer neuen Subfamilie nukleärer 
Rezeptoren durch die Induktion von hepatischer Peroxisomen-Proliferation in Nagetieren identifi-
ziert109. Hiervon leitet sich auch der Name der NR-Subfamilie ab, obwohl die PPARs beim Menschen 
keinen Einfluss auf Peroxisomen haben110. Wenig später wurden die zwei übrigen Subtypen PPARβ/δ 
(NR1C2; auch NUC1111, FAAR112) und PPARγ (NR1C3) charakterisiert113. Da man aufgrund der gerin-
gen Homologie zwischen dem als PPARβ identifizierten Amphibien-Rezeptor und dem PPARδ bei Säu-
getieren114 zunächst von vier unterschiedlichen Subtypen der PPARs ausging, kam es zur Doppelbe-
zeichnung der orthologen Rezeptoren verschiedener Spezies52. Nachfolgend wird nur noch die inzwi-
schen etablierte Bezeichnung PPARδ verwendet. Jeder der drei PPAR-Subtypen wird von einem eigenen 
Gen kodiert, welche auf unterschiedlichen Chromosomen lokalisiert sind und sich vor allem in der 
Länge der A/B-Domäne unterscheiden52. Bei PPARγ sind drei relevante Isoformen bekannt, die sich aus 
insgesamt sieben unterschiedlichen Splicevarianten ergeben115. PPARγ1 und -γ3, -γ5 und -γ7 sind auf 
Proteinebene identisch, ebenso wie PPARγ4 und -γ6, welche ein um acht Aminosäuren längeres Protein 
am N-Terminus ergeben115,116. PPARγ2 ist die längste Isoform beim Menschen und am N-Terminus um 
28 Aminosäuren länger115,117. Somit ergeben sich zum Teil unterschiedliche Bezifferungen der einzelnen 
Aminosäuren und die Isoformen unterscheiden sich in ihrer Gewebeverteilung, die Sequenzen der LBDs 
sind jedoch identisch115,118. Strukturell entsprechen die PPARs dem in Kapitel 1.2.2 beschriebenen klas-
sischen Aufbau nukleärer Rezeptoren52. Sie bilden permissive Heterodimere mit einem Subtyp der 
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RXRs, die sowohl durch PPAR-Liganden als auch durch RXR-Liganden aktiviert werden können (Ab-
bildung 6)119,120. Dabei führt die gleichzeitige Bindung von Liganden beider Rezeptoren zu einer syner-
gistischen Aktivierung119,120. Die Erkennungssequenz ist ein spezifisches PPAR-Response-Element 
(PPRE), welches als direct repeat mit einer Nukleinbase Abstand (DR1) angeordnet ist und die Konsen-
sus-Sequenz AGGNCANAGGTCA aufweist (N steht für eine beliebige Base)119,121,122. Dabei ist die erste 
Halbseite des PPRE, welche den PPAR-Subtypen bindet, häufig keine exakte Wiederholung der zweiten 
Halbseite und variiert meist in der Nukleinbase der 4. Position 119,121,122. Die in 5‘-Richtung vorangehende 
Sequenz ist verantwortlich für die Selektivität der verschiedenen PPAR-Subtypen122,123. Analog zum  
klassischen Mechanismus der Rezeptoraktivierung durch Ligandbindung (siehe Kapitel 1.2.2) kommt 
es durch Konformationsänderung zum Austausch der Co-Repressoren, meist NCoR1 oder SMRT, aber 
auch NRIP1, durch Co-Aktivatoren wie dem CREB-bindenden Protein (CBP), dem 300-kDA-Protein 
(p300), PGC-1α, dem PPAR-interagierenden Protein (PRIP, auch Nukleärer-Rezeptor-Co-Aktivator 6 
(NCoA6)), den SRCs und den Multiprotein-Komplexen des Thyroidhormon-Rezeptor-assoziierten 
Proteins (TRAP) bzw. des Vitamin-D-Rezeptor-interagierenden Proteins (DRIP)120. Die PPARs weisen 
aber auch eine geringe Basalaktivität auf, die bei PPARα am stärksten ausgeprägt ist und aus der ver-
hältnismäßig stabilen Position der H12 im ligandenungebundenen Zustand sowie der Phosphorylierung 
der A/B-Domäne resultiert91,124. Insgesamt zählen die PPARs zu den am besten beforschten nukleären 
Rezeptoren. Sie sind wichtige Regulatoren im Glucose- und Lipidmetabolismus und synthetische Ago-
nisten von PPARα (Fibrate) und PPARγ (Glitazone) wurden bereits therapeutisch angewendet, bevor 
ihr Wirkmechanismus überhaupt aufgeklärt werden konnte125,126. PPARδ-Agonisten hingegen befinden 
sich derzeit in klinischer Prüfung und haben bislang keine Zulassung erhalten. Während Fibrate und 
Glitazone in der Therapie von Dyslipidämien und Diabetes mellitus Typ 2 heute eine eher untergeord-
nete Rolle spielen, rücken neben neuen potenziellen Indikationsgebieten für PPAR-Agonisten auch 
neue Konzepte zur selektiven Aktivierung der PPARs, wie die sog. selektiven PPAR Modulatoren 
(sPPARMs), unter Vermeidung der klassenspezifischen Nebenwirkungen in den Fokus der aktuellen 
Wirkstoffforschung14. 

1.3.1 Physiologische Funktion der PPARs 

Als Lipidsensoren haben die PPARs ihre Hauptaufgabe in der Regulation des Nährstoffhaushaltes, die 
sie auf Grund unterschiedlicher Expressionsmuster zum Teil in ähnlicher, aber auch in komplementärer 
Art und Weise erfüllen127. Im Folgenden werden die physiologischen Funktionen der einzelnen Subty-
pen näher beschrieben (Abbildung 7). 

PPARα ist der in der Leber dominierende PPAR-Subtyp, wird aber auch im braunen Fettgewebe, Herz, 
Skelettmuskel, der Niere und der Darmmukosa exprimiert, welche allesamt Gewebe mit hohem Ener-
gieverbrauch und somit hoher mitochondrialer und peroxisomaler β-Oxidation darstellen52,128. So 

Abbildung 6: Molekularer Mechanismus der PPARs. 
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reguliert PPARα in der Leber zahlreiche Gene, die den katabolen Fettsäure-Stoffwechsel fördern, indem 
es zur Aktivierung von Fettsäuren sowie deren β-Oxidation und mikrosomalen ω-Oxidation kommt129. 
Auch sind sie für die Gluconeogenese und Synthese von Ketonkörpern verantwortlich, und kontrollie-
ren die Zusammensetzung der Lipoproteine durch Regulation der Fettsäure-Aufnahme und des intra-
zellulären Transports in Hepatozyten129. In Einklang damit steht, dass PPARα in Situationen von Stress 
und Hunger in der Leber durch erhöhte Glucocorticoid-Spiegel induziert wird, um eine Umwandlung 
und Nutzung von Lipiden als Energiequelle zu fördern. Damit unterliegt PPARα auch dem Tag-Nacht-
Rhythmus120,128,130. Berichte über Polymorphismen im humanen PPARα-Gen unterstreichen die zentrale 
Rolle des Rezeptors im Lipidmetabolismus131. Durch die Aktivierung von PPARα mit Fibraten kommt 
es vor allem zu einer signifikanten Senkung der Triglycerid-Spiegel im Blut und gleichzeitig zu einer 
Steigerung der atheroprotektiven Lipoproteine hoher Dichte (high density lipoprotein, HDL)131,132. Da 
die Effektivität der Fibrate in der Reduktion der Lipoproteine niedriger Dichte (low density lipoprotein, 
LDL) jedoch eher moderat ist, werden sie nur noch zur Behandlung von Hypertriglyceridämien einge-
setzt, bei Hypercholesterinämien und Dyslipidämien sind Statine die erste Wahl132,133. Zusätzlich zum 
positiven Effekt auf das Lipidprofil vermittelt PPARα auch zahlreiche antientzündliche Effekte, die zum 
Teil über die Repression proinflammatorischer Transkriptionsfaktoren wie NFκB reguliert wer-
den120,132,134. Durch die Expression des Rezeptors in glatten Muskelzellen des vaskulären Endothels sorgt 
eine gesteigerte PPARα-Aktivität für vasoprotektive Effekte bei Atherosklerose, indem unter anderem 
die Rekrutierung von Monozyten unterdrückt wird, proinflammatorische Zytokine sowie das Adhäsi-
onsmolekül VCAM1 herunterreguliert werden und es zu einem gesteigerten Cholesterol-Efflux der 
Makrophagen in atherosklerotischen Plaques kommt131,132,135. Somit ist das Wirkprofil von PPARα-Ago-
nisten insgesamt protektiv für kardiovaskuläre Erkrankungen, wobei vor allem Patienten mit Diabetes 
mellitus Typ 2 und dem Metabolischen Syndrom profitieren132,135. Eine generelle Prävention von kardi-
ovaskulären Ereignissen durch PPARα-Agonisten ist bislang jedoch nicht hinreichend belegt, was der 
geringen Potenz und Selektivität der zugelassenen Fibrate geschuldet sein könnte132,135,136.  

Die PPARα-Expression im Gehirn ist auf keine spezifischen Regionen beschränkt und, wie auch PPARδ, 
weitverbreitet. Dabei überwiegt die Expression aller PPARs vor allem in Neuronen im Vergleich zu ge-
ringer Expression in Astrozyten und Mikroglia137. Obwohl die Funktion von PPARα im zentralen 

Abbildung 7: Physiologische Funktionen der drei PPAR-Subtypen. Regulation des Energiemetabolismus in Leber, Fettgewebe und 
Muskel, sowie Auswirkungen auf Entzündungsprozesse im Allgemeinen und Neurodegeneration im ZNS. 
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Nervensystem (ZNS) noch nicht gänzlich verstanden ist, deuten zahlreiche Studien darauf hin, dass eine 
Aktivierung des Rezeptors durch antientzündliche und antioxidative Wirkungen, aber auch durch ver-
änderten Zellmetabolismus, positive Effekte auf neurodegenerative Erkrankungen wie AD und PD 
hat138–140. Von Relevanz ist auch, dass PPARα-Aktivität die Expression des neuroprotektiven Transkrip-
tionsfaktors Nurr1 (siehe Kapitel 1.4.1) in dopaminergen Neuronen steigert141. Somit ergeben sich neben 
dem erprobten Indikationsgebiet der Hyperlipidämien neue interessante therapeutische Optionen für 
PPARα-Liganden. 

PPARγ wird vor allem im weißen und braunen Fettgewebe exprimiert, zeigt aber ein insgesamt breites 
Expressionsmuster, das außerdem Darm, Leber, Herz, Niere, Gefäß- und Immunzellen umfasst52,128. Die 
Expression im Skelettmuskel ist hingegen eher gering117,128. Dabei ist PPARγ1 die insgesamt dominie-
rende Isoform, PPARγ2 kommt basal nur im Fettgewebe vor und kann bei übermäßiger Energiezufuhr 
in Leber und Skelettmuskel induziert werden117,142,143. Die Expression von PPARγ3 und -γ4 betrifft 
hauptsächlich Makrophagen und das Fettgewebe, während PPARγ3 zusätzlich im Darmepithel zu fin-
den ist116,143,144. Die Beobachtung, dass PPARγ bei Hunger und Insulin-Mangel herunterreguliert wird 
und vor allem fettreiche Ernährung die Expression des Rezeptors induziert, deutet bereits auf eine zent-
rale Rolle im Lipid- und Glukose-Metabolismus hin117,128,145.  

PPARγ ist der essenzielle Regulator bei der Adipozytendifferenzierung aus Präadipozyten im weißen 
und braunen Fettgewebe und maßgeblich für deren Erhaltung und Funktion verantwortlich52,146–149. So 
fördert eine Aktivierung des Rezeptors die Lipidspeicherung in Adipozyten des weißen Fettgewebes 
durch die Expression von Fettsäuretransportern wie der Fettsäure-Translokase (FAT bzw. CD36 in 
Makrophagen)150, dem Fettsäure-Transport-Protein (FATP)151, der Lipoproteinlipase (LPL)152 und dem 
Fettsäure-Bindungs-Protein 4 (FABP4)153,154, wodurch freie Fettsäuren aus der Peripherie aufgenommen 
werden120,155. Außerdem wird durch PPARγ-Aktivität in Adipozyten Lipogenese induziert149,156. Fett-
säuren unterschiedlicher Genese werden durch Veresterung mit Glycerol zur vermehrten Triglycerid-
Synthese verwendet157, und anschließend in Lipidtropfen gespeichert, an deren Bildung PPARγ über die 
Regulation von bspw. Perilipinen (PLINs) beteiligt ist120,128,158,159. Neben zahlreichen adipogenen Wir-
kungen unterstreichen auch lipolytische Effekte die Bedeutung von PPARγ in der Lipidhomöostase160,161. 
Darüber hinaus greift PPARγ entscheidend in den Glucosestoffwechsel ein und ist somit über die Ver-
knüpfung des Kohlehydrat- und Fettsäure-Metabolismus für eine gesteigerte Glukoseverwertung und 
verbesserte Insulinsensitivität verantwortlich, und reguliert vielfältige Gene, die an der Glukosehomöo-
stase beteiligt sind52,162,163. PPARγ steuert außerdem die Expression von Adiponektin164 und Angiopoetin-
like protein 4 (ANGPTL4)165,166, sogenannte Adipokine, welche Zytokine des Fettgewebes darstellen167. 
Dadurch kommt es zum einen zur vermehrten β-Oxidation von Fettsäuren und zum anderen zur Lipo-
lyse durch Hemmung der LPL, aber durch Hemmung der Gluconeogenese auch zu einem Einfluss auf 
die Blutglukosespiegel, was insgesamt zu einer Verbesserung der Insulinsensitivität führt166,168–170. Zu-
sätzlich induziert PPARγ die Expression von Glukosetransportern wie GLUT4171,172, wodurch es insu-
linvermittelt zu einer gesteigerten Aufnahme von Glukose kommt, und hemmt die Gluconeogenese in 
der Leber über eine Inhibition der zentralen Enzyme Phosphoenolpyruvat-Carboxykinase (PEPCK) und 
Glucose-6-Phosphatase (G6Pase)173,174. Diese insulinsensitivierenden Effekte von PPARγ werden mit der 
Aktivierung durch die Wirkstoffklasse der Glitazone (siehe Kapitel 1.3.2) therapeutisch bereits seit den 
1980er Jahren zur Behandlung von Diabetes mellitus Typ 2 genutzt und führen zu einer signifikanten 
Senkung der Blutzuckerspiegel sowie reduzierten Lipid- und Insulinlevels163,175. Die Glitazone haben je-
doch aufgrund eines ungünstigen Nebenwirkungsprofils, vor allem wegen Ödembildung, 
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Gewichtszunahme und einem erhöhten Risiko für Herzinsuffizienz und Knochenbrüche, in der Anwen-
dung erheblich an Bedeutung verloren176,177.  

Neben seiner zentralen Rolle im Metabolismus werden PPARγ zahlreiche antientzündliche und immun-
modulierende Effekte zugeschrieben178. So hemmt die ligandenabhängige Aktivierung von PPARγ 
durch eine Blockade des Transkriptionsfaktors NFκB in Makrophagen die Expression proinflamma-
torischer Zytokine wie dem Tumornekrosefaktor α (TNFα), der Interleukine (IL) 1β und 6 sowie der 
induzierbaren Stickstoffmonoxid-Synthase (iNOS, Abbildung 8)179,180. Außerdem spielt PPARγ eine 
wichtige Rolle bei der Differenzierung von Monozyten 
zu Makrophagen150,181. Nach der Aktivierung von  
Monozyten, die selbst nur wenig PPARγ exprimieren, ist 
der Rezeptor, induziert von IL-4, an der Verschiebung 
der Differenzierung von proinflammatorischen M1-
Makrophagen hin zum vermehrt antiinflammatorischen 
M2-Phänotyp beteiligt und fördert somit die sog. alter-
native Aktivierung181–184. Zusätzlich exprimieren Makro-
phagen durch PPARγ-Aktivität verstärkt CD36 auf der 
Zelloberfläche, wodurch oxidiertes LDL aus der Periphe-
rie aufgenommen und metabolisiert wird185. In ähnlicher 
Weise reguliert PPARγ den Lipidmetabolismus in dendritischen Zellen, greift aber auch in Prozesse wie 
die Aktivierung und Differenzierung der Zellen, Migration und Antigen-Prozessierung ein178,186. Durch 
eine verringerte Sekretion von IL-12 und veränderte Expression kostimulierender Moleküle wie CD80 
und CD86 wird zusätzlich die T-Zell-Antwort beeinflusst186. Obwohl bereits in Tiermodellen positive 
Effekte bei Atherosklerose und Autoimmunerkrankungen wie der rheumatoiden Arthritis und chro-
nisch entzündlichen Darmerkrankungen gezeigt werden konnten, muss der therapeutische Nutzen der 
antientzündlichen PPARγ-Wirkung noch näher untersucht werden127,178. 

Obwohl PPARγ der PPAR-Subtyp mit der geringsten Expression im ZNS ist, wo er vor allem in  
Neuronen vorkommt, ist die Evidenz für neuroprotektive Effekte bei AD, PD und MS durch PPARγ-
Aktivierung am stärksten66,137. Hierfür ist vor allem eine PPARγ-vermittelte Reduktion der Neuro- 
inflammation verantwortlich187. In zahlreichen Tiermodellen der AD reduzierte PPARγ-Aktivierung 
außerdem kognitive Defizite188,189 und verringerte β-Amyloid-Ablagerungen190–192, was zum einen durch 
Induktion des insulinabbauenden Enzyms (Insulin-degrading enzyme, IDE) und zum anderen durch 
Reduktion der β-Sekretase (β-site amyloid precursor protein cleaving enzyme, BACE1) zu erklären  
ist193–195. In Modellen der PD konnte durch PPARγ-Aktivierung der Verlust dopaminerger Neurone ver-
ringert werden, eine Aktivierung der Mikroglia wurde unterdrückt und motorische Beeinträchtigungen 
verbessert196–200. Kohortenstudien deuten darauf hin, dass die Einnahme von Glitazonen das Risiko für 
AD201–203 und PD204 senken kann. Im Krankheitsgeschehen von MS kommt zusätzlich zur antientzünd-
lichen Wirkung die immunmodulierende Rolle von PPARγ zum Tragen. Zu beachten ist dabei auch, 
dass PPARγ in Makrophagen von MS-Patienten signifikant herunterreguliert ist205 und somit die feh-
lende Expression von CD36 eine Beseitigung der Myelinreste durch Phagozytose erschwert und gleich-
zeitig Neuroinflammation begünstigt wird206. PPARγ-Aktivierung fördert außerdem die Differenzie-
rung von Oligodentrozyten-Vorläuferzellen207, die eine tragende Rolle bei der Remyelinisierung spielen, 
und schützt die noch vorhandenen Oligodendrozyten vor inflammatorischer Schädigung208. Auch im 
Modell der experimentellen autoimmunen Enzephalomyelitis (EAE), dem gängigsten Tiermodell der 

Abbildung 8: Mechanismus der PPARγ-vermittelten 
Transrepression proinflammatorischer Gene über 
NFκB (p65/p50).
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MS, verbesserten PPARγ-Agonisten den Krankheitsverlauf209–212. Obwohl erste klinische Studien viel-
versprechende Ergebnisse für die Wirksamkeit von Pioglitazon (2), nicht jedoch Rosiglitazon (3)213,214, 
bei AD215,216 und vor allem MS217–219 zeigten, sind größer angelegte Studien, weitere mechanistische  
Analysen und neue PPARγ-Agonisten mit höherer Bioverfügbarkeit im ZNS notwendig, um einen  
therapeutischen Nutzen bei neurodegenerativen Erkrankungen zu belegen. 

PPARδ wird im Körper ubiquitär exprimiert, wobei er die höchste basale Expression im Skelettmuskel 
und Gastrointestinaltrakt zeigt220,221. Des Weiteren wird der Rezeptor besonders bei Zelldifferenzie-
rungsprozessen induziert, wohingegen während der Zellproliferation geringere Level auftreten112,128.  
Außer im Gehirn sind die Expressionslevels dieses PPAR-Subtyps insgesamt jedoch meist niedriger als 
bei PPARα und PPARγ137,220. Aufgrund der unspezifischen Expression und bislang fehlender zugelasse-
ner Arzneistoffe für PPARδ ist die Evidenz der pleiotropen metabolischen Funktionen für diesen  
Subtypen geringer, das Forschungsinteresse hat aber mit der Entdeckung der Schlüsselfunktionen im 
Energiehaushalt des Muskels stark zugenommen143,222. So bewirkt eine Überexpression von PPARδ im 
Skelettmuskel einen gesteigerten oxidativen Metabolismus von Fettsäuren, vermehrte Aufnahme von 
Glukose in die Zellen sowie erhöhte mitochondriale Biogenese, vermittelt über die Aktivierung der 
AMP-aktivierten Proteinkinase (AMPK)223. Dadurch wird außerdem die Lactatdehydrogenase B 
(LDHB) verstärkt induziert, wodurch die Akkumulation von Lactat verringert wird und die mitochon-
driale Oxidation von Pyruvat steigt223. Zusätzlich nimmt die Bildung von oxidativen Muskelfasern zu, 
ein Effekt, der sonst durch wiederholte Beanspruchung der Muskeln auftritt, und es kommt zu einer 
allgemeinen Abnahme des Körperfettanteils und gesteigerter Insulinsensitivität224–226. Der Phänotyp der 
PPARδ-Überexpression wurde auch als „Marathon-Mäuse“ bezeichnet, da die Tiere eine signifikant  
höhere Ausdauer zeigten222,227. Auch im Fettgewebe fördert PPARδ den Fettsäure-Abbau und induziert 
Gene, die Fettsäure-Oxidation und Thermogenese steigern wie die Carnitin-Acyltransferase 1 (CPT1) 
und das Thermogenin (uncoupling protein, UCP1)143. Therapeutisch impliziert dies eine mögliche  
Anwendung von PPARδ-selektiven Agonisten bei Adipositas und Dyslipidämien228–230, wofür erste  
klinische Studien bereits eine Wirksamkeit belegen konnten, aber auch bei degenerativen Muskel- 
erkrankungen231. Des Weiteren ist auch PPARδ an der Glukose-Verwertung und dem Lipoprotein- 
metabolismus in der Leber beteiligt, wobei Transkriptom-Analysen gezeigt haben, dass sich die Zielgene 
von PPARα und PPARδ hier nur wenig überschneiden232. Außerdem fördert PPARδ die alternative  
Aktivierung der Kupffer-Zellen (Makrophagen der Leber), sodass eine Aktivierung des Rezeptors anti-
entzündliche Effekte in der Leber vermittelt233. Ein zusätzlicher antientzündlicher Mechanismus von 
PPARδ in Makrophagen wird ligandeninduziert über die Freisetzung des Co-Repressors BCL6  
vermittelt, wodurch es zu einer Unterdrückung von NFκB-regulierten proinflammatorischen Zytokinen 
kommt234,235. Außerdem fördert PPARδ die Phagozytose apoptotischer Zellen durch Makrophagen über 
die Expression von Opsoninen, wodurch der Rezeptor indirekt die Bildung von Autoantikörpern  
vorbeugt und damit eine protektive Rolle bei der Entwicklung von Autoimmunerkrankungen spielen 
könnte236. Erste Tierversuche deuten außerdem darauf hin, dass PPARδ-Agonisten vor allem durch  
antientzündliche Effekte im EAE-Modell237,238 und in verschiedenen PD-Modellen239–242 therapeutisches 
Potenzial bei neurodegenerativen Erkrankungen aufweisen. Insgesamt wird die Rolle von PPARδ im 
Entzündungsgeschehen jedoch noch kontrovers diskutiert und bedarf weiterer Untersuchungen, da in 
einigen Studien auch immunstimulierende Effekte auf eine Aktivierung des Rezeptors zurückzuführen 
waren243–245. 
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1.3.2 Bekannte PPAR-Liganden 

Die LBDs der PPAR-Subtypen untereinander weisen eine Sequenzhomologie von 60–70 % auf, sodass 
sich auch Unterschiede bei den Aminosäuren feststellen lassen, welche an der Ausbildung der Liganden-
bindetasche beteiligt sind163,246. Die Volumina der jeweiligen Bindetaschen sind mit etwa 1200–1400 Å3 
vergleichbar in ihrer Größe und innerhalb der Familie nukleärer Rezeptoren relativ groß17,247. Dabei ist 
das Volumen von PPARδ innerhalb der Subfamilie am kleinsten und nimmt über PPARα zu PPARγ hin 
zu52,246. Die Ligandbindung der PPARs wird durch starke hydrophile Interaktionen der kanonischen  
Aktivierungs-Tetrade an Aminosäuren bestimmt, bestehend aus Tyrosin in H12 (α: Tyr464, γ: Tyr473, 
δ: Tyr437), Histidin in H11 (α: His440, γ: His449, δ: His413), Histidin in H5 (γ: His323, δ: His287) und 
Serin in H3 (α: Ser280, γ: Ser289), die mit der sauren Kopfgruppe des jeweiligen Liganden wechselwirken 
(Abbildung 9)246–248. Bei PPARα befindet sich anstelle des Histidins in Helix 5 jedoch ein Tyrosin 
(Tyr314), welches weiter in die Bindetasche hineinragt246. Bei PPARδ ist anstelle des Serins in Helix 3 
ein Threonin-Rest (Thr253) vorzufinden, der zusammen mit dem sperrigen Met417 in Helix 11 für  
einen schmaleren Interaktionsbereich der Bindetasche nahe Helix 12 verantwortlich ist246,249,250. Somit 
sind strukturell subtypenselektive Liganden möglich, deren Entwicklung jedoch nicht trivial ist.  
Abgeleitet von Fettsäuren als endogenen PPAR-Liganden sind synthetische Liganden in der Regel als 
Fettsäuremimetika zu verstehen10. Sie liegen daher meist als Carboxylate vor, welche bei PPARα und 
PPARγ vorwiegend in α-Position mit teils sperrigen Resten, wie bspw. bei den Glitazaren, substituiert 
sind, während bei PPARδ in der Regel α-unsubstituierte Phenoxyessigsäure-Derivate vorzufinden 
sind246,251,252. Bei den Glitazonen als selektiven PPARγ-Liganden ist die Carbonsäure bioisoster durch ein 
Thiazolidindion-Strukturmotiv ersetzt251,253. Die Bindetasche der PPARs wird häufig als Y- oder auch T-
förmig bezeichnet, an deren Fuß die beschriebenen hydrophilen Interaktionen nahe Helix 12 statt- 
finden249,251. Dabei ist vor allem die direkte Interaktion mit dem Tyrosinrest in Helix 12 für eine volle 
PPAR-Aktivierung entscheidend und stabilisiert die AF2 in der aktiven Konformation247,254,255. Der  
restliche voluminöse Teil der Bindetasche ist überwiegend von hydrophoben Aminosäuren geprägt, 
weist eine hohe Flexibilität auf und unterscheidet sich deutlicher zwischen den Subtypen52,247. So ist die 
Bindetasche bei PPARα insgesamt lipophiler als bei PPARγ und PPARδ246. Im Allgemeinen sind die 
hydrophoben Wechselwirkungen mit dem Liganden eher unspezifisch, was die große strukturelle  
Diversität der Liganden erklärt251. Eine Besonderheit der PPARs, die sich aus der ungewöhnlichen Größe 
und Flexibilität der Bindetasche ergibt, ist die Möglichkeit, einen Liganden in unterschiedlichen  
Bindemodi innerhalb der orthosterischen Bindestelle zu koordinieren, aber auch zwei gleiche oder  
unterschiedliche endogene wie synthetische Liganden parallel zu binden80,249,256,257. 

 
Abbildung 9: Vergleich der Liganden-Protein-Interaktion mit der kanonischen Aktivierungs-Tetrade der drei PPAR-Subtypen. 
Gezeigt ist jeweils die Co-Kristallstruktur des pan-PPAR-Agonisten Indeglitazar (violett) mit PPARα (PDB: 3ET1), PPARγ (PDB: 
3ET3) und PPARδ (PDB: 3ET2)258. 
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Als Regulatoren des Glucose- und Lipidstoffwechsels binden die PPARs physiologisch vor allem unge-
sättigte, aber auch gesättigte Fettsäuren wie die Ölsäure (C18:1), Linolsäure (C18:2), Arachidonsäure 
(C20:4) und Palmitinsäure (C16:0) mit meist moderater Affinität im mikromolaren Bereich127,249. Diese 
recht unspezifischen Interaktionen aller drei Subtypen deuten auf eine allgemein modulierende Rolle 
der Rezeptoren im Lipidstoffwechsel hin, stellen die physiologische Relevanz aufgrund geringer intra-
zellulärer Konzentrationen der entsprechenden Fettsäuren jedoch zum Teil in Frage259. Es gibt aber auch 
spezifischere endogene Liganden, die überwiegend zu den Eicosanoiden gehören, welche Metabolite der 
Arachidonsäure mit überwiegend proinflammatorischen Eigenschaften sind260,261. Im Folgenden werden 
einige spezifische endogene und synthetische Liganden der einzelnen PPAR-Subtypen näher betrachtet.  

Zu den endogenen PPARα-Liganden zählt zum Beispiel der Arachidonsäure-Metabolit Leukotrien B4 
(4, LTB4, Abbildung 10)262–264. PPARα-Aktivierung fördert den Abbau des Entzündungsmediators im 
Sinne eines negativen Feedback-Mechanismus, sodass die LTB4-induzierte Entzündungsreaktion  
begrenzt wird262. Außerdem konnten zwei Analoga des endogenen Cannabinoids Anandamid als 
PPARα-selektive Liganden identifiziert werden265. Zum einen Palmitoylethanolamid (5, Abbildung 10) 
mit einem EC50-Wert von 3,1 μM, das ebenso antiinflammatorische Eigenschaften von PPARα akti-
viert266. Zum anderen wird PPARα durch Oleoylethanolamid (6, Abbildung 10) aktiviert, welches mit 
einem EC50-Wert von 0,12 μM eine deutlich höhere Affinität als die meisten endogenen PPAR-Liganden 
aufweist und einen Einfluss auf Sättigungsgefühl und Körpergewicht hat267. Zu den synthetischen 
PPARα-Liganden gehört die Arzneistoffklasse der Fibrate, welche als Lipidsenker vor allem zur Senkung 
der Triglyceride bereits seit den 1960er Jahren eingesetzt werden, deren Wirkmechanismus allerdings 
erst später aufgeklärt wurde125. Mit Ausnahme von Bezafibrat, einem moderaten pan-PPAR-Agonist, 
sind die Fibrate selektive PPARα-Aktivatoren mit Aktivitäten im mikromolaren Bereich, die die 2-Me-
thyl-2-phenoxy-propansäure als gemeinsames Strukturmotiv aufweisen und wie der bekannteste Ver-
treter Fenofibrat (7, Abbildung 10) zum Teil als Prodrugs eingesetzt werden163,268,269. Heutzutage haben 
die Fibrate jedoch aufgrund ihres Langzeitnutzens in Bezug auf kardiovaskuläre Ereignisse an Bedeu-
tung verloren und sind in der therapeutischen Anwendung den Statinen unterlegen136,270. Die Entwick-
lung von Pemafibrat (8, Abbildung 10) zeigt allerdings, dass PPARα immer noch eine relevante Ziel-
struktur zur Behandlung von Dyslipidämien im Zusammenhang des metabolischen Syndroms darstellt 
und durch das Konzept der neuen selektiven PPARα-Modulatoren (sPPARαM) eine Alternative mit 

Abbildung 10: PPARα-selektive Liganden 
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verbessertem Nutzen-Risiko-Profil bestehen könnte271,272. 8 adressiert dabei neben der klassischen Fett-
säure-Bindestelle gezielter die Y-förmige Bindetasche mit einem EC50-Wert von 1 nM und zeichnet sich 
durch eine hohe Subtypenselektivität (> 1000-fach) aus271,273. Ein weiterer wichtiger PPARα-selektiver 
Ligand ist GW7647 (1, Abbildung 10), welcher sich durch einen Thioether in der Kopfgruppe sowie eine 
substituierte Harnstoff-Struktur auszeichnet und sich als Referenzagonist für PPARα etabliert hat274.  

Als erster möglicher endogener PPARγ-Ligand wurde der Arachidonsäure-Metabolit 15-deoxy-Δ12,14-
Prostaglandin J2 (9, 15d-PGJ2, Abbildung 11) entdeckt, der mit EC50-Werten und Bindungsaffinitäten 
im unteren mikromolaren Bereich beschrieben wird275,276. Es konnte gezeigt werden, dass 9 eine kova-
lente Bindung mit dem Cys285-Rest des Rezeptors eingeht, welche entscheidend für dessen Aktivierung 
ist277–279. Die physiologische Bedeutung ist jedoch wie auch bei weiteren Fettsäure-Metaboliten als  
potenziellen endogenen PPARγ-Liganden umstritten, nicht zuletzt, da sich die Gewebekonzentrationen 
im Bereich unter 100 nM bewegen259,280,281. Mehrere Studien haben jedoch eine mit den Thiazolidindion-
basierten Agonisten vergleichbare Wirkung von 9 beobachtet, in denen der natürliche Lipidmediator 
neben adipogenen und antientzündlichen Effekten auch neuroprotektive Wirkungen durch PPARγ-
Aktivierung zeigte212,275,276,282–284. Außerdem wurden Nitrofettsäuren, insbesondere Derivate der Linol-
säure, als potente PPARγ-Agonisten mit Bindungsaffinitäten von 0,41–0,60 μM postuliert285,286. Vor  
allem die 12-NO2-Linolsäure (10, Abbildung 11) zeigt mit einem EC50-Wert von 0,045 μM eine physio-
logisch relevante Aktivität am Rezeptor286 und deutet darauf hin, dass NO-vermittelte Signalwege in 
Form von Nitrofettsäuren durch PPARγ reguliert werden und so antientzündliche Effekte ausüben 
könnten285. Kürzlich konnte TETRAC (11, Abbildung 11), ein Metabolit des Thyroidhormons L-Thyro-
xin, als weiterer potenzieller endogener PPARγ-Ligand mit einem EC50-Wert von 0,10 μM und einer 
Bindungsaffinität von 0,11 μM charakterisiert werden287. Dabei ist vor allem die Effizienz (vergleichbar 
mit 3) am Heterodimer mit RXRα bemerkenswert, was auf eine physiologische Rolle als metabolischem 
Gegenspieler zum Thyroidhormon-Rezeptor (THR) auf genomischer Ebene hindeutet287.  

Mit der Arzneistoffklasse der Glitazone wurden Anfang der 1980er Jahre die ersten synthetischen  
selektiven PPARγ-Agonisten mit zunächst unbekanntem Wirkmechanismus entwickelt, welche als sog. 
Insulin-Sensitizer zu einer Senkung des Blutzuckerspiegels bei Diabetes mellitus Typ 2 führen126,288. Die 
Thiazolidindion-Struktur ist charakteristisch für diese Wirkstoffklasse und interagiert mit der gleichen 
kanonischen Bindestelle wie die Carboxylfunktion endogener Fettsäuren126,251. Rosiglitazon (3) und Pi-
oglitazon (2) sind die zwei Vertreter, die in Deutschland eine Zulassung erhalten haben und als orale 
Antidiabetika eingesetzt wurden (Abbildung 11). Das Nebenwirkungsprofil ist bei beiden Substanzen 
jedoch ungünstig, da gerade bei dieser Indikation eine erhöhte Gewichtszunahme unvorteilhaft ist, aber 
auch schwerwiegende Nebenwirkungen wie vermehrte Knochenbrüche und ein erhöhtes Blasenkrebs-
risiko bekannt sind176,289. Aktuell ist nur Pioglitazon (2) in Ausnahmefällen noch verschreibungsfähig, 
Rosiglitazon (3) ist aufgrund von zusätzlich erhöhten kardiovaskulären Risiken seit November 2010 
nicht mehr verkehrsfähig290–292. Beide Subtanzen werden aber nach wie vor als potente Referenz- 
agonisten für PPARγ genutzt, da sie sich durch eine hohe Subtypen-Selektivität auszeichnen und mit 3 
(EC50 0,043 μM) und 2 (EC50 0,58 μM) zwei umfassend charakterisierte Agonisten mit unterschiedlicher 
Aktivierungseffizienz zur Verfügung stehen163,293.  

Da sich einige der Glitazon-bedingten Nebenwirkungen auf die volle Aktivierung des Rezeptors zurück-
führen lassen, hat sich die Entwicklung neuer PPARγ-Liganden hin zu Partialagonisten und selektiven 
PPARγ-Modulatoren (sPPARγM) entwickelt, welche durch veränderte Co-Regulator-Interaktions- 
profile, gewebespezifische Effekte, Inhibierung der Phosphorylierung an Ser245 (PPARγ1, bzw. Ser273 
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bei PPARγ2) oder unterschiedlichen Bindemodus bestimmte Gene gezielter aktivieren können294–299.  
Somit sollen die unerwünschten adipogenen Effekte, Gewichtszunahme, Ödembildung und ein erhöhtes 
Herzinsuffizienz-Risiko verringert werden, um die positiven Wirkungen auf die Glucose- und Lipid-
Homöostase besser nutzen zu können294. Ein Beispiel für einen sPPARγM ist MRL24 (12, Abbildung 
11), welcher mit einem EC50-Wert von 2 nM und einer Aktivierungseffizienz von 36 % (vs. 3) einen 
hochpotenten und selektiven Partialagonisten darstellt300,301. Neben erfolgreichen Proof-of-Concept- 
Studien in Tiermodellen300 zeigte eine Untersuchung des Bindemodus, dass es zu einer Stabilisierung 
der Helix 3 sowie zur Koordination der β-Faltblattstruktur über die Säurefunktion des Liganden kommt, 
während Helix 12 flexibel bleibt, was in der verminderten Aktivierungseffizienz resultiert256,302. Eine 
Phase-2-Studie mit dem analogen MK-0533 zur Behandlung von Diabetes mellitus Typ 2 im Vergleich 
zu Pioglitazon (2) wurde jedoch aufgrund mangelnder Wirksamkeit frühzeitig beendet303. Mit INT-131 
und MBX-102 sind weitere sPPARγM in klinischer Prüfung zur Behandlung von Diabetes mellitus 
Typ 2, aber auch bei anderen Indikationsgebieten wie Gicht und MS und demonstrieren somit die viel-
fältigen Strategien zur therapeutischen Nutzung neuer PPARγ-Modulatoren304–308. Die Entwicklung  
dualer PPARα/γ-Agonisten, der Stoffklasse der Glitazare, als vielversprechende Therapieoption bei  
Patienten mit Diabetes mellitus Typ 2 und erhöhtem kardiovaskulärem Risiko war bislang aufgrund 
ihres ungünstigen Nebenwirkungsprofils nicht erfolgreich, lediglich Saroglitazar konnte bisher eine  
Zulassung in Indien erhalten131. PPARγ-Antagonisten spielen therapeutisch bislang keine Rolle, werden 
aber in Bezug auf positive Effekte bei Adipositas und Krebserkrankungen untersucht296,309,310. Vor allem 
aber sind sie hilfreiche tool compounds zur Charakterisierung neuer PPARγ-Modulatoren und zur  
Validierung der Zielstruktur in neuen Indikationsgebieten. GW9662 (13, Abbildung 11) ist der meist-
genutzte Vertreter, der mit einem IC50-Wert von 0,076 μM die Aktivierung des Rezeptors effektiv  
inhibiert und irreversibel eine kovalente Bindung mit Cys285 eingeht, wodurch die orthosterische  
Bindetasche blockiert wird311. 

  

Abbildung 11: PPARγ-selektive Liganden 
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Auch für PPARδ wurde mit dem Linolsäure-Metaboliten (S)-13-Hydroxy-9,11-octadecadiensäure  
(13-S-HODE, 14, Abbildung 12) ein Fettsäuremetabolit als endogener Ligand identifiziert, der eine  
Bindungsaffinität von 10,8 μM aufweist312. Durch Bindung des Liganden wird die Aktivierung des  
Rezeptors jedoch inhibiert sowie dessen Expression herunterreguliert, wodurch Apoptose in Krebs- 
zellen induziert wird312. Diese spezifische Aktivität an PPARδ unterscheidet sich damit von der  
moderaten PPARγ-Aktivierung durch 13-S-HODE (14), vor allem aber durch das Isomer 9-S-HODE185.  
Außerdem weist der Arachidonsäure-Metabolit 15-Hydroxyeicosatetraensäure (15-HETE, 15, Abbil-
dung 12) eine Präferenz für PPARδ auf, da dieser den Rezeptor mit hoher Effizienz aktiviert und eine 
direkte Interaktion mit der LBD zeigt313. Synthetische PPARδ-Liganden sind Fettsäuremimetika mit  
einer 2-Phenoxyessigsäurestruktur wie bei dem Agonisten L165,041 (16, Abbildung 12), der sich durch 
eine hohe Bindungsaffinität (Ki = 6 nM), einen EC50-Wert von 0,53 μM und eine 10-fache Selektivität 
gegenüber PPARα und PPARγ auszeichnet163,314. 16 wird häufig als Referenzsubstanz bei in vitro Versu-
chen verwendet, erreichte aber nie die klinische Prüfung aufgrund der moderaten Subtypen-Selektivität. 
Besonders potent (EC50 0,0012 μM) und Subtypen-selektiv (~ 1000-fach) ist der PPARδ-Agonist 
GW501516 (17, Abbildung 12)315,316, der bereits in klinischen Studien zur Behandlung von  
Dyslipidämien, Adipositas und kardiovaskulären Erkrankungen untersucht wurde, bis Tierversuche 
Kanzerogenität in mehreren Organen zeigten317–319. Seit Studien 17 eine deutliche leistungssteigernde 
Wirkung bei Mäusen durch veränderten Energiestoffwechsel attestierten, wird die Substanz trotz  
bekannter Risiken unter dem Namen Endurobol als illegales Dopingmittel im Sport verwendet320,321. Mit 
Seladelpar (18, Abbildung 12) wird derzeit ein selektiver PPARδ-Agonist mit dem gleichen 2-(4-Mer-
capto-2-methylphenoxy)essigsäure-Grundgerüst wie 17 in klinischen Studien zur primären biliären 
Cholangitis (PBC) bereits in Phase 3, sowie bei primärer sklerosierender Cholangitis (PSC), nicht- 
alkoholischer Steatohepatitis (NASH) und Dyslipidämien in Phase-2-Studien geprüft228,322,323. Dabei 
adressiert 18 durch die Ethoxy-Seitenkette in R-Konfiguration die Y-förmige Bindetasche und zeichnet 
sich durch hohe Potenz (EC50 0,0019 μM) und Subtypen-Selektivität (> 500-fach) aus250,324. Der potente 
duale PPARα/δ-Ligand Elafibranor musste kürzlich einen Rückschlag erleiden, als die Phase-3-Studie 
zur Behandlung von NASH aufgrund mangelnder Effektivität vorzeitig beendet wurde319,325. Derzeit 
wird die Substanz ebenfalls noch in einer Phase-3-Studie bei PBC untersucht326.  

Abbildung 12: PPARδ-selektive Liganden
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1.4 Nuclear receptor related 1 protein (Nurr1) 

Der Transkriptionsfaktor nuclear receptor related 1 protein327 (Nurr1, NR4A2) wurde als eng verwandtes 
Protein zum Nervenwachstumsfaktor-induzierten Gen B328,329 (NGFI-B, Nur77, NR4A1) erstmals  
Anfang der 1990er Jahre identifiziert und ist auch unter den Bezeichnungen nukleärer Rezeptor der  
T-Zellen (NOT)330, transkriptionell induzierbarer nukleärer Rezeptor (TINUR)331, regenerierender  
nukleärer Rezeptor der Leber (RNR-1)332 und hippocampaler Zinkfinger 3 (HZF-3)333 bekannt16.  
Zusammen mit dem Neuronen-abgeleiteten Orphan-Rezeptor 1 (NOR-1, NR4A3) bilden diese drei 
nukleären Rezeptoren die NR4A-Subfamilie, welche unter anderem für die Entwicklung und Erhaltung 
von Neuronen essenziell ist9,16,49. Strukturell entsprechen sie dem klassischen Aufbau nukleärer  
Rezeptoren wie in Kapitel 1.2.2 beschrieben. Mechanistisch unterscheiden sie sich jedoch von diesen. 
Sie können sowohl als Monomere und Homodimere die Transkription ihrer Zielgene aktivieren55,334,335, 
Nur77 und Nurr1 zusätzlich auch als permissive RXR-Heterodimere54,336 (Abbildung 13). Dabei binden 
sie direkt an spezifische Response-Elemente entsprechend der vorliegenden Konstitution. Monomere 
binden an die NGFI-B-Erkennungssequenz (NBRE) mit dem verlängerten Motiv AAAGGTCA334,335. 
Homodimere erkennen das sogenannte Nur-Response-Element (NurRE), bei welchem die zwei  
Halbseiten mit auswärtsgedrehter Wiederholung angeordnet sind (TGATATTTACCTCC- 
AAATGCCA) und welches zuerst in der Promotorregion des Proopiomelanocortin(POMC)-Gens  
identifiziert wurde55,337. Die Heterodimere binden entsprechend anderer RXR-Heterodimere an  
Erkennungssequenzen mit direkter Wiederholung, welche in diesem Fall einen Abstand von fünf  
Nukleinbasen aufweisen (DR5; GGTTCACCGAAAGGTCA)54,55,336.  

Eine weitere Besonderheit der NR4A-Subfamilie stellt die hohe konstitutive Aktivität der Rezeptoren 
dar338–341. Ursprünglich wurden Nurr1 und die beiden verwandten Vertreter daher als liganden- 
unabhängige Transkriptionsfaktoren angesehen338,341–343. Eine Erklärung dafür lieferte die erste Kristall-
struktur (PDB: 1OVL) der NR4A-Familie aus dem Jahr 2003, in der die apo-Form der Nurr1-LBD in 
einer autoaktivierten Konformation mit stabilisierter und an den Kern der LBD gebundener H12 vor-
liegt, welche an ligandengebundene nukleäre Rezeptoren erinnert (Abbildung 14, vgl. Kapitel 1.2.2 Ab-
bildung 5)8,338. Außerdem ist die kanonische Ligandenbindetasche innerhalb des LBD-Kerns aufgrund 
dicht gepackter, sperriger, hydrophober Aminosäuren blockiert (Abbildung 14a), welche bei den drei 
Mitgliedern der NR4A-Subfamilie sowie dem Drosophila-Ortholog DHR38 konserviert sind338,343,344.  
Daher wurden die NR4A-Rezeptoren lange zu den Orphan-Rezeptoren gezählt16. Doch zumindest für 
Nurr1 ist diese Bezeichnung inzwischen nicht mehr zutreffend, da ungesättigte Fettsäuren als endoge-
nen Liganden identifiziert werden konnten, obwohl die physiologische Relevanz dieser Entdeckungen 

Abbildung 13: Aktivität der NR4A-Rezeptoren als Monomer oder Dimer am Beispiel von Nurr1. Die Rezeptoren Nur77, Nurr1, 
und NOR-1 sind konstitutiv aktiv und können direkt an spezifische Erkennungssequenzen der DNA als a) Monomer, b) Homo-
dimer oder als c) Heterodimer mit RXR (nicht NOR-1336) binden. Dabei ist die Bindung eines Liganden nicht zwingend notwendig
zur Aktivierung der Transkription. 
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noch ungeklärt ist (siehe Kapitel 
1.4.2)9,345–347. Auch die hochkonser-
vierte Co-Regulator-Bindestelle 
klassischer NRs unterscheidet sich 
erheblich bei den NR4A-Rezepto-
ren338,344. Der sonst hydrophobe Be-
reich zwischen Helix 3, Helix 4/5 
und Helix 12, der für die Bindung 
des Erkennungsmotivs LXXLL ver-
antwortlich ist90,251, ist bei den 
NR4A-Rezeptoren eine geladene 
hydrophile Oberfläche, bei der die 
Möglichkeit zu hydrophoben Inter-
aktionen mit den Leucin-Resten  
eines klassischen Co-Aktivators 
fehlt338,344. Außerdem ist die spezifi-
sche Anordnung des Lysin-Restes in 
Helix 3 und des Glutaminsäure- 
Restes in Helix 12, welche typischerweise die α-Helix des Co-Regulators stabilisieren („charge clamp“), 
bei den NR4A-Rezeptoren in umgedrehter Anordnung vorzufinden: Glutaminsäure in Helix 3, Lysin in 
Helix 12 (Abbildung 14b)251,338,341. Zusätzlich erschwert bei Nurr1 die starke ionische Wechselwirkung 
dieses Lysin-Restes (Lys590) mit einem Glutaminsäure-Rest aus Helix 4 (Glu440), welche zum Teil für 
die konstitutive Aktivität des Rezeptors verantwortlich gemacht wird, die Interaktion mit einem Co-
Regulator338. So ist es nicht verwunderlich, dass bisher keine direkte Interaktion der LBD mit einem der 
klassischen Co-Aktivatoren wie SRC-1, -2 und -3, PGC-1α und CBP gezeigt werden konnte338,341,344,348. 
Allerdings konnte eine hydrophobe Furche zwischen Helix 11 und 12 als potenzielle Co-Regulator- 
Bindestelle ausfindig gemacht werden, die zwei Peptidsequenzen der Co-Repressoren SMRT und 
NCoR1 bindet (Abbildung 14b)343,349. Außerdem ist die SUMO-E3-Ligase PIASγ als starker Co-Repres-
sor der Nurr1-Transaktivierung beschrieben, wobei der Mechanismus bisher ungeklärt ist350. Diese  
Erkenntnisse deuten bereits darauf hin, dass sich die Regulationsmechanismen und das Co-Regulator-
Netzwerk bei den NR4A-Rezeptoren von klassischen nukleären Rezeptoren unterscheiden348,351. Um 
hier detailliertere Einblicke zu ermöglichen, aber auch das therapeutische Potenzial des neuroprotekti-
ven Transkriptionsfaktors Nurr1 besser untersuchen zu können, fehlt es allerdings an selektiven Modu-
latoren, die durch direkte Interaktion mit der LBD die intrinsische Aktivität des Rezeptors zum einen 
hemmen, aber auch weiter steigern können. 

1.4.1 Physiologische Funktion und therapeutisches Potenzial von Nurr1 

Nurr1 wird hauptsächlich im ZNS exprimiert, mit besonderer Häufigkeit in mesenzephalen dopaminer-
gen Neuronen der Area tegmentalis ventralis, der Substantia nigra pars compacta sowie in den para-
ventrikulären Thalamuskernen327,352–354. Als wichtiger Regulator bei der Entwicklung und Erhaltung  
dopaminerger Neuronen wird Nurr1 im Mittelhirn vom frühen pränatalen Stadium bis zum Erwachse-
nenalter exprimiert353,354. Auch in Astrozyten und Mikroglia sowie in weiteren Zellen des Immunsystems 
wie Makrophagen wird Nurr1 zum Teil konstitutiv exprimiert, aber auch induziert, um antientzünd-
liche Effekte auszuüben59,355,356. Außerdem kann Nurr1 in glatten Muskelzellen und Endothelzellen 

Abbildung 14: Besonderheiten der LBD bei den NR4A-Rezeptoren am Beispiel 
von Nurr1 (PDB: 1OVL338). a) Die kanonische Bindetasche ist durch sperrige 
hydrophobe Seitenketten blockiert338. b) Helix 12 wird durch zwei starke ionische 
Wechselwirkungen in der aktiven Konformation stabilisiert. Der Bereich der
kanonischen Co-Regulator-Bindestelle ist besonders hydrophil (violett), hingegen 
kommt der hydrophobe Bereich zwischen H11 und H12 (grün) für Co-Regulator-
Interaktionen in Frage. 
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induziert werden und zeigt zusammen mit Nur77 positive Effekte bei Atherosklerose, indem die Prolife-
ration und Entzündungsreaktion glatter Muskelzellen reduziert und die Bildung von Gefäßläsionen ge-
hemmt wird356,357. In der Leber wird Nurr1 über cAMP induziert und ist zusammen mit den anderen 
NR4A-Rezeptoren an der Glukose-Verwertung sowie der Homöostase im Cholesterin- und Fettsäure-
stoffwechsel beteiligt332,358. Daher wird Nurr1 als ein potenzieller Faktor bei metabolischen  
Erkrankungen358, der entzündlichen Arthritis359, der Aufmerksamkeitsdefizit-Hyperaktivitätsstörung360 
und bei verschiedenen Krebserkrankungen355 angesehen. Eine besonders wichtige Rolle wird Nurr1 aber 
vor allem bei der Pathogenese von neurodegenerativen Erkrankungen wie Parkinson, Alzheimer und 
Multipler Sklerose zugeschrieben19,20,361,362.  

Deutlich wird dies nicht zuletzt durch die von Nurr1 regulierten Gene (Abbildung 15), die wesentliche 
Faktoren der Dopamin-Neurotransmission und -Homöostase sind, wie Tyrosinhydroxylase (TH), Do-
pamintransporter (DAT), vesikulärer Monoamintransporter 2 (VMAT2, SLC18A2) und DOPA-Decar-
boxylase (DDC)353,363–365. In dopaminergen Neuronen wurden weitere Zielgene entdeckt, darunter das 
Delta-like-Protein 1 (DLK1), die Protein-Tyrosin-Phosphatase vom Rezeptor-Typ U (PTPRU) und das 
Kelch-like-Protein 1 (KLHL1), die an neuronalen Prozessen wie axonalem Wachstum und terminaler 
Differenzierung beteiligt sind366. Außerdem die Rezeptor-Tyrosinkinase Ret, welche für die Signaltrans-
duktion neurotropher Faktoren wie GDNF entscheidend und somit an der Erhaltung dopaminerger 
Neurone beteiligt ist367. Als Nurr1-reguliert sind weiterhin der Rezeptor Neuropilin-1368, die GTP- 
Cyclohydrolase369, das vasoaktive intestinale Peptid (VIP)370, und die Topoisomerase IIβ371 zu nennen. 
Auch durch die Regulation der Expression mitochondrialer Gene wie der Superoxid-Dismutase 1 

(SOD1) und des mitochondrialen 
Elongationsfaktors Ts (TSFM) sowie 
wichtiger Gene für die oxidative 
Phosphorylierung wie der Cy-
tochrom-c-Oxidase 5β (COX5β) 
scheint Nurr1 in Neuronen essentiell 
für die Aufrechterhaltung der 
Atmungskette zu sein und vor oxida-
tivem Stress zu schützen372. Darüber 
hinaus wurden in Osteoblasten Os-
teopontin und Osteocalcin als Ziel-
gene identifiziert, was auf eine Rolle 
von Nurr1 bei der Regulierung der 
Knochenhomöostase hindeutet373,374.  

Die wichtige regulatorische Funktion von Nurr1 bei der Entwicklung dopaminerger Neuronen wurde 
in ersten Knockout-Studien Ende der 1990er Jahre deutlich353,375. Homozygoten Nurr1-Knockout- 
Mäusen fehlte gänzlich die Fähigkeit ventrale mesenzephale dopaminerge Neuronen auszubilden353,375. 
Außerdem war eine veränderte Genexpression im dorsalen motorischen Nukleus des Hirnstamms zu 
erkennen, sodass es zu Atemstörungen und auffallender Hypoaktivität der Tiere kam, welche innerhalb 
von zwei Tagen nach der Geburt starben16,353,367,375,376. Somit müssen Untersuchungen zur Rolle von 
Nurr1 in verschiedenen Erkrankungen auf komplexere Modelle mit konditionalem, gewebespezifischen 
Knockout372,377, heterozygote Knockout-Tiere378,379 oder Knockdown-Methoden in späteren Entwick-
lungsstadien zurückgreifen59,380,381. So zeigte die Deletion von Nurr1 in adulten dopaminergen Neuronen 

Abbildung 15: Molekulare Funktionen von Nurr1 in dopaminergen Neuronen. 
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eine fortschreitende Pathologie mit Verringerung der Marker dopaminerger Neuronen im ventralen 
Mittelhirn und Striatum, reduziertem striatalen Dopamin und einem beeinträchtigten motorischen 
Verhalten, was frühe Merkmale des Phänotyps von PD widerspiegelt19,372. Die herausragende Bedeutung 
des Rezeptors für die pränatale Entwicklung, aber auch adulte Erhaltung von dopaminergen Neuronen 
brachte den Funktionsverlust von Nurr1 schon früh mit der Pathogenese von PD in Verbindung und 
förderte das Interesse an Nurr1 als potenzieller Zielstruktur für die Behandlung von PD19,353,372.  

Auch genetische Assoziationen und post-mortem Analysen von PD-Patienten sowie zahlreiche Studien 
zu Nurr1 in PD-Modellen in vitro und in vivo untermauern die Rolle des Rezeptors bei PD zusätzlich. 
Einige Fälle von familiärer PD weisen Punktmutationen (single nucleotide polymorphisms, SNPs) im 
Nurr1-Gen auf16,19 und vor allem der Polymorphismus rs35479735 im Intron 6, welcher das Spleißen 
beeinflussen kann, korreliert stark mit einem erhöhten Risiko für sporadische und familiäre PD382. In 
Gehirnen von PD-Patienten zeigte sich außerdem eine signifikante Abnahme der Nurr1-Expression in 
nigralen Neuronen mit α-Synuclein-Einschlüssen, was mit dem Verlust von TH+-Neuronen korre-
lierte383. Eine Tatsache, die vergleichbar in nigralen dopamingergen Neuronen von Ratten mit erhöhtem 
α-Synuclein-Spiegel377 und in Mäusen des 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP)- 
Modells384 durch verminderte Nurr1-Konzentrationen nachgewiesen wurde. Im Gegensatz dazu 
schützte die Überexpression von Nurr1 dopaminerge Neuronen vor verschiedenen toxischen Einflüssen 
in vitro und in vivo, was sich auch in einer verstärkten Expression neuroprotektiver Gene, verbessertem 
Überleben der Neuronen und reduzierter Neuroinflammation zeigte377,379,384–386. Obwohl die Ursachen 
der meisten Formen von PD nach wie vor nur unzureichend geklärt sind, wird die Krankheit im  
Allgemeinen mit einer Entzündungskomponente in 
Verbindung gebracht, die sich u. a. durch aktivierte 
Mikroglia und erhöhte Konzentrationen an Entzün-
dungsmediatoren im Serum oder Liquor manifes-
tiert und die Progression der Erkrankung beein-
flusst59,387. Auch an diesem Aspekt von PD ist Nurr1 
beteiligt, da der Rezeptor in Mikroglia und Astro- 
zyten als negativer Regulator von NFκB-regulierten 
Entzündungsgenen durch Stabilisierung des 
CoREST-Co-Repressor-Komplexes wirkt (Abbil-
dung 16) und dadurch die Expression von neuro- 
toxischen Mediatoren wie TNFα, IL-1β und iNOS in der Substantia nigra von mit Lipopolysacchariden 
(LPS) behandelten Mäusen begrenzte59. Im Gegensatz dazu ist die Interaktion von Nurr1 mit dem  
Co-Aktivator Foxa2 in dopaminergen Neuronen des Mittelhirns zu sehen, welche die Nurr1-CoREST-
Interaktion abschwächt und die Expression von Genen des Dopamin-Phänotyps induziert388. 

Erste Studien mit Nurr1-Liganden und -Modulatoren sowie Nurr1-RXR-Heterodimer-selektiven RXR-
Agonisten haben die Aktivierung des Rezeptors bereits vorläufig als einen möglichen vielversprechen-
den Ansatz zur Behandlung von Neuroinflammation und PD in vitro und in vivo validiert. Sie lassen 
sich bislang aufgrund mangelnder Potenz und Selektivität der Substanzen (siehe Kapitel 1.4.2) jedoch 
nur begrenzt auf eine mögliche humane Anwendung übertragen. Sowohl der Nurr1-Agonist  
Amodiaquin (AQ, 19) als auch die potenziellen endogenen Liganden PGA1 (20), PGE1 (21) und  
5,6-Dihydroxyindol (22) haben in vitro und in vivo Nurr1-abhängige dopaminerge Gene (TH, VMAT2, 
DAT und DDC) induziert347,389,390. Außerdem konnte AQ (19) in vitro die Expression von 

Abbildung 16: Modell der Nurr1/CoREST-vermittelten 
Transrepression proinflammatorischer Gene über NFκB 
(p65/p50).
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proinflammatorischen Zytokinen (IL-1β, IL-6, TNFα und iNOS) verringern389 und PGA1 (20) und 
PGE1 (21) bewirkten neuroprotektive Effekte gegenüber LPS- und MPTP-Stimulation347. Darüber hin-
aus zeigten AQ (19) und SA00025 (23) neuroprotektive Wirkungen und verbesserte Symptomatik im 
6-OHDA-induzierten Parkinson-Modell in Ratten389,391 und die Prostaglandine A1 (20) und E1 (21) 
konnten die motorischen Defizite bei MPTP-behandelten Mäusen mildern347. Obwohl diese Unter- 
suchungen auf ein großes therapeutisches Potenzial für Nurr1-Agonisten bei PD hindeuten, fehlt es an 
potenten und selektiven Nurr1-Liganden, um dieses Konzept zu validieren. Denn die wenigen bis- 
herigen Studien haben nur geringe Aussagekraft, die neben der geringen Potenz der Substanzen zum 
einen der Verwendung von endogenen Liganden (20-22) geschuldet ist, die bekannt sind für ihre  
pleiotropen Effekte, und zum anderen der mangelnden Selektivität des synthetischen Agonisten AQ (19) 
sowie dem ungeklärten Mechanismus der Nurr1-Aktivierung durch SA00025 (23). 

Auch bei der Pathogenese der Alzheimer-Demenz (AD) scheint Nurr1 eine Rolle zu spielen20. Post-mor-
tem Analysen von AD-Patienten zeigten eine signifikante Abnahme der Nurr1-Expression in Neuronen 
der Substantia nigra, welche Ablagerungen von Neurofibrillen aufwiesen, was analog zu PD mit dem 
Verlust von TH+-Neuronen korrelierte383. In Übereinstimmung damit waren in einem transgenen 
Mausmodell mit mutiertem humanen Amyloid-Vorläuferprotein (APP), welches den frühen Gedächt-
nisverlust der AD simuliert, die Nurr1-mRNA-Spiegel im Hippocampus reduziert392,393. Eine weitere 
Studie untersuchte die Nurr1-Expression im zeitlichen Verlauf der Erkrankung von 5XFAD-Mäusen 
und zeigte, dass es in frühen Stadien zu einer verstärkten Expression von Nurr1 bei Aβ-Akkumulationen 
im frontalen Kortex und Subiculum kommt, und erst in späteren Stadien ein Verlust Nurr1-exprimie-
render Zellen zu erkennen ist394. Zwei in vitro Modelle zeigten allerdings auch herunterregulierte Nurr1-
Protein- und mRNA-Spiegel in primären Rattenneuronen und in einer humanen neuronal differenzier-
ten mesenchymalen Zelllinie, die jeweils mit β-Amyloid (Aβ42) behandelt wurden395. All diese Beobach-
tungen legen nahe, dass die Nurr1-Expression im Zusammenhang mit AD beeinträchtigt ist, lassen je-
doch keine direkte Aussage zur Kausalität zu. Moon et al. konnten als erste im Jahr 2019 zeigen, dass ein 
Nurr1-Knockdown im Subiculum von 5XFAD-Mäusen die Symptome der AD verstärkte, während eine 
Nurr1-Überexpression sowie die Aktivierung mit dem Agonisten AQ (19) zu einer Verbesserung der 
AD-Pathologie führte, indem es zu verringerten Aβ-Akkumulationen, reduzierter Neurodegeneration 
und verbesserten kognitiven Funktionen kam380. Außerdem sind die allgemein neuroprotektiven und 
antientzündlichen Wirkungen von Nurr1 im Zusammenhang mit der AD von Bedeutung und lassen 
vermuten, dass eine Aktivierung des Rezeptors vorteilhaft wäre. Dennoch basieren die Studien, die ein 
therapeutisches Potenzial der Nurr1-Modulation zur Behandlung der AD andeuten, überwiegend auf 
Knockout- und Überexpressions-Experimenten, während die pharmakologische Regulation des Rezep-
tors aufgrund fehlender potenter und selektiver Liganden nur unzureichend untersucht ist20. 

Im Kontext der neurologischen Autoimmunerkrankung MS ist die Evidenz zur Beteiligung von Nurr1 
zum Teil kontrovers. Sieben von acht Untersuchungen zur Genexpression von Nurr1 in verschiedenen 
Blutkompartimenten (Vollblut, mononukleäre Zellen des peripheren Blutes, CD14+-Monozyten und 
CD4+-T-Zellen) von Patienten mit schubförmig remittierender MS zeigten eine reduzierte Nurr1- 
Expression im Vergleich zu gesunden Kontrollgruppen362. Diese Beobachtungen sind insofern gut nach-
vollziehbar, als überschießende Entzündungsreaktionen charakteristisch für die Erkrankung sind, und 
die antientzündliche Rolle von Nurr1 möglicherweise unterdrückt wird362. Eine Studie, die zusätzlich 
auch Patienten mit sekundär progressiver MS einschloss, stellte hingegen eine erhöhte Expression von 
Nurr1 in CD3+-T-Zellen fest362,396. Ähnlich verhalten sich die Ergebnisse im EAE-Maus-Modell, bei 
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denen drei von vier Studien eine protektive Wirkung von Nurr1 verzeichneten362. So zeigten hetero-
zygote Nurr1-Knockout-Mäuse einen früheren Krankheitsbeginn der EAE mit vermehrter Infiltration 
von Entzündungszellen im Rückenmark378. Eine präventive Behandlung mit dem Nurr1-Aktivator  
IP7e (24) führte zu protektiven Effekten bei EAE-Mäusen und reduzierte die Infiltration von T-Zellen 
und Makrophagen ins Rückenmark, indem die NFκB-vermittelte Entzündung unterdrückt wurde397. 
Eine therapeutische Behandlung mit IP7e (24) nach der Induktion von EAE zeigte jedoch keine  
Effekte397. Auch eine Überexpression von Nurr1 in dendritischen Zellen des Knochenmarks, die EAE-
Mäusen systemisch appliziert wurden, war in der Lage, die Progression der EAE durch vermehrte  
Differenzierung von TReg-Zellen und damit verminderte Neuroinflammation zu verlangsamen398. Im 
Gegensatz dazu führte ein systemischer Knockdown von Nurr1 in Mäusen zu einer verringerten EAE-
Symptomatik, was auf einen Einfluss von Nurr1 bei der Th17-Differenzierung zurückgeführt wurde, 
indem es zu Veränderungen in der IL-21- und IL23R-Expression kam381. Insgesamt deuten auch die 
Untersuchungen zur Rolle von Nurr1 bei MS darauf hin, dass eine Aktivierung des Rezeptors von Nut-
zen sein könnte. Weitere Studien sind aber dringend notwendig, um Nurr1 als potenzielle Zielstruktur 
zur Behandlung der Multiplen Sklerose zu validieren. 

1.4.2 Bekannte Nurr1-Liganden 

Obwohl Nurr1 lange als ligandenunabhängiger Transkriptionsfaktor17,338 galt und die kanonische  
Ligandenbindestelle nukleärer Rezeptoren nicht aufweist, wurden einige niedermolekulare Verbindun-
gen identifiziert, die in der Lage sind, die Aktivität von Nurr1 direkt zu regulieren. Strukturanalysen, 
mechanistische Untersuchungen, Hinweise auf endogene Liganden und einige Tiermodelle legen  
außerdem nahe, dass Nurr1 ein vielversprechendes Target zur Behandlung neurodegenerativer Erkran-
kungen darstellt. Die verfügbaren direkten Nurr1-Modulatoren sind jedoch bei Weitem unzureichend, 
um als chemische Tools eine Validierung des therapeutischen Potenzials von Nurr1 zu ermöglichen.  

Im Jahr 2015 wurden die alten Antimalaria-
mittel399 Amodiaquin (AQ, 19) und Chloro-
quin (CQ, 25) als erste direkte Liganden der 
Nurr1-LBD beschrieben (Abbildung 17)389. 
Sie sind zusammen mit dem nichtsteroida-
len Antirheumatikum (NSAR) Glafenin aus 
einem Arzneistoffscreening hervorgegan-
gen, in dem die Aktivität des Nurr1-Volllängenrezeptors an einem Reporterkonstrukt, welches vier  
Wiederholungen des NBRE-Response-Elements enthielt, in einer humanen Neuroblastom-Zelllinie 
(SK-N-BE(2)C) bestimmt wurde389. AQ (19) und CQ (25) aktivierten das Monomer-Response-Element 
ungefähr 3-fach, während Glafenin einen schwächeren Effekt zeigte (1,5-fach) und nicht weiter unter-
sucht wurde389. Versuche an zwei unterschiedlichen Gal4-Nurr1-Hybrid-Konstrukten, die entweder die 
Nurr1-DBD oder -LBD enthielten, deuteten an, dass die Aktivität auf eine direkte Interaktion mit der 
Nurr1-LBD zurückzuführen ist389. Hier zeigten AQ (19) und CQ (25) 15- bzw. 10-fache Aktivierungen 
mit EC50 Werten von etwa 20 μM und 50 μM389. Basierend auf 2D 1H-15N-Heteronuclear Single Quantum 
Coherence(HSQC)-NMR-Daten konnte die Bindestelle im Nurr1-Protein näher lokalisiert und durch 
Mutations-Studien untermauert werden389. Die durch AQ-Bindung beeinflussten Aminosäuren befin-
den sich vor allem im unteren Teil der Helix 3 (Aminosäuren 402–409) und im Bereich von Helix 6 und 
der β-Faltblatt-Struktur, vereinzelt aber auch in Helix 11 und 12 (siehe Abbildung 22a)389. Fraglich bleibt 
jedoch, ob es sich bei dieser Bindestelle um eine Tasche nahe der orthosterischen Bindestelle nukleärer 

Abbildung 17: Synthetische Nurr1 Agonisten AQ und CQ. 
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Rezeptoren im unteren Drittel der LBD und innerhalb der LBD handelt400, oder ob die Bindungsstelle 
an der Oberfläche der LBD lokalisiert ist389, wie es beim verwandten Rezeptor Nur77 mehrfach beobach-
tet wurde (siehe Abbildung 22c)64,401,402. Bislang gibt es jedoch keine Co-Kristallstruktur der Nurr1-LBD 
im Komplex mit AQ (19) oder CQ (25), sodass der eindeutige Bindemodus dieser Substanzklasse nicht 
bekannt ist. Die Bedeutung der beiden Substanzen zur Prophylaxe und Behandlung von Malaria ist 
heute aufgrund von Erregerresistenzen und schlechtem Nutzen-Risiko-Verhältnis gering399. Dennoch 
findet vor allem CQ (25) aktuell Einsatz bei rheumatischen Erkrankungen wie dem Systemischen Lupus 
Erythematodes, aber auch Wirkungen bei weiteren Infektionskrankheiten sind bekannt 403,404. Neben der 
geringen Potenz an Nurr1 im zweistelligen mikromolaren Bereich erschweren jedoch mangelnde Selek-
tivität, zahlreiche unspezifische Effekte sowie Wirkungen auf andere Proteine und Signalwege400,405–409 
und z. T. schwere Nebenwirkungen in vivo404,410–413 den Einsatz als Modell-Substanzen für Nurr1.  
Zusätzlich ist ihr Einsatz in zellfreien fluoreszenzbasierten Testsystemen aufgrund der ungünstigen  
photophysikalischen Eigenschaften kritisch zu beurteilen414. 

Erste Hinweise auf potenzielle  
endogene Nurr1-Liganden lieferte 
ein massenspektrometrischer Meta-
bolomik-Ansatz, bei dem Interakti-
onen verschiedener ungesättigter 
Fettsäuren und Prostaglandine aus 
dem Gewebe von Mäuse-Gehirnen 
mit der rekombinanten Nurr1-LBD 
untersucht wurden345. Daraus 
konnte die ungesättigte Fettsäure 
Docosahexaensäure (DHA, 26) als 
direkter Nurr1-Ligand bestätigt werden (Abbildung 18)346. Zwei Volllängen-Reportergenassays unter 
Verwendung eines NBRE-Reporterkonstrukts in HEK293T-Zellen und dopaminergen MN9D-Maus-
Zellen zeigten eine dosisabhängige Unterdrückung der Nurr1-Aktivität um ~ 25 % bei 50 μM DHA 
(26)346. NMR-basierte Strukturanalysen lokalisierten die Bindestelle für DHA (26) innerhalb der LBD, 
potenziell überlappend mit der AQ-Bindestelle, dort wo die kanonische Bindetasche zu erwarten ist346. 
Hier sind vor allem Aminosäuren der Helices 3 und 11 an der Interaktion beteiligt, aber auch Konfor-
mationsänderungen durch Interaktion mit Helix 5, 7 und 12 sind zu erkennen (Abbildung 22a)346.  
Orthogonal bestätigt wurde die Nurr1-DHA-Bindung durch verstärkte Rekrutierung des PIASγ Co- 
Regulator-Peptides in einem zellfreien TR-FRET-Assay-System346,415. Außerdem konnte direkte Bin-
dung der ungesättigten Fettsäuren Arachidonsäure, Linolsäure und Ölsäure in gleicher Weise über 
NMR-Strukturanalyse gezeigt werden und deren Titration in einem Tryptophan-Fluoreszenz- 
Bindungsassay deutete KD-Werte zwischen 50 und 100 μM an416. Weitere Strukturanalysen durch NMR-
Experimente, Wasserstoff-Deuterium-Austausch-Massenspektrometrie und molekulardynamische  
Simulationen legen nahe, dass die mutmaßliche kanonische Ligandenbindungstasche in der Lage ist ihre 
Konformation derart zu erweitern, dass die Bindung ungesättigter Fettsäuren ermöglicht wird416,417. Im 
Falle von DHA (26), welche ein molekulares Volumen von 355 Å3 aufweist418, müsste sich die blockierte 
Nurr1-Bindetasche mit einem Volumen von 30 Å3 in apo-Form (PDB: 1OVL) um mehr als das 10-fache 
ausdehnen, was Simulationen mit einem Volumen von bis zu ~ 500 Å3 der Nurr1-Bindetasche  
bestätigen17,416,417. 

Abbildung 18: Potenzielle endogene Nurr1-Liganden. Der jeweilige Anknüpfungs-
punkt bei einer kovalenten Bindung an Cys556 der Nurr1-LBD ist mit einem Pfeil 
markiert. 
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Dem gegenüber stehen die Untersuchungen von 
Rajan et al. aus dem Jahr 2020, die die Prostaglan-
dine A1 (20) und E1 (21) als aktivierende natür-
liche Nurr1-Liganden beschreiben (Abbildung 
18)347. PGA1 (20) und PGE1 (21) aktivierten 
Nurr1 in zwei verschiedenen Reportergenassays, 
einem Gal4-Nurr1- und einem NBRE-Nurr1-
Volllängenassay, durchgeführt in humanen  
Neuroblastom Zellen (SK-N-BE(2)C) und zwei 
verschiedenen dopaminergen Zelllinien aus 
Maus (MN9D) und Ratte (N27-A) mit EC50-Wer-
ten von ~ 5 μM und ~ 3 μM347. Die Aktivierungs-
effizienz lag dabei je nach Zelllinie und Assay-
Format im Bereich von ca. 6- bis 12-facher Akti-
vierung für PGA1 (20) und 10- bis 25-facher Ak-
tivierung für PGE1 (21)347. Für letzteres ist jedoch eine Beteiligung des G-Protein-gekoppelten Prostag-
landin-E2-Rezeptors (EP2) an den Nurr1 aktivierenden Effekten nachgewiesen worden347. Beide 
Prostaglandine binden dabei in eine nicht-kanonische Bindetasche mit hoher Lösemittelexposition zwi-
schen den Helices 4/5, 11 und 12 der Nurr1-LBD, ähnlich wie bereits bei Nur77 beobachtet (Abbildung 
22b, c)61,401. Die Co-Kristallstruktur der Nurr1-LBD im Komplex mit PGA1 (PDB: 5Y41)419 zeigt, dass 
PGA1 (20) kovalent an Cys566 in Form eines Michael-Addukts gebunden vorliegt und eine Auswärts-
verschiebung der Helix 12 von 21° induziert. Die hydrophobe Seitenkette ragt tief in den entstandenen 
hydrophoben Tunnel, der aus den Aminosäure-Resten von Phe443, Leu444 (Helix 4/5), Leu570, Ile573 
(Helix 11), Ile588, Leu591 und Phe592 (Helix 12) gebildet wird (Abbildung 19). Die Carbonsäure-Kette 
scheint flexibler zu sein, wenn man die beiden Monomere der asymmetrischen Einheit miteinander ver-
gleicht, und wird über Wasserstoffbrückenbindungen mit Arg515 und His516 (Helix 8–9 Loop) sowie 
mit einem Wassermolekül über Arg563 (Helix 11) stabilisiert (Komplex B). Die Hydroxygruppe der 
Seitenkette bildet Wasserstoffbrückenbindungen mit dem Backbone von Glu440 und Leu444 (Helix 4/5) 
aus. Bei PGE1 (21) hingegen führten die Kristallisationsbedingungen im sauren Bereich (pH 5,5) zur 
Konversion in das entsprechende Anhydrid PGA1 (20). Zusätzlich steht eine vergleichbare Co-Kristall-
struktur der Nurr1-LBD im Komplex mit PGA2 (PDB: 5YD6)420 der gleichen Autoren zur Verfügung421. 

Ein weiterer potenzieller endogener Nurr1-Ligand ist der Dopamin-Metabolit 5,6-Dihydroxyindol 
(DHI, 22, Abbildung 18), welcher ebenfalls kovalent gebunden an Cys566 vorliegt (vgl. Abbildung 22b) 
und vermutlich aus der reversiblen Reaktion des Thiolats (Cys566) mit dem auto-oxidierten 5,6-Indol-
chinon hervorgegangen ist390. Die Auswärtsbewegung von Helix 12 fällt mit etwa 10° geringer aus als bei 
der Bindung der Prostaglandine an Nurr1 und ermöglicht so die Ausbildung einer überwiegend hydro-
philen Bindetasche in der gleichen nicht-kanonischen Region zwischen den Helices 4/5, 11 und 12390. 
Zusätzlich zur kovalenten Bindung wird DHI (22) durch eine Wasserstoffbrückenbindung mit der 
Glu445-Seitenkette (Helix 4/5), Kation-π-Wechselwirkungen mit Arg515 (Helix 8–9 Loop) und Arg563 
(Helix 11) sowie schwache Interaktionen der beiden Hydroxygruppen des Liganden mit dem Guanidin-
Rest von Arg515 stabilisiert (Abbildung 20). Mittels Oberflächenplasmonenresonanzspektroskopie 
(SPR) wurden Interaktionen mit dem Liganden ab einer Konzentration von 0,25 μM nachgewiesen und 
Konzentrationen im niedrigen mikromolaren Bereich (2,5 μM) zeigten bereits eine gesättigte Bin-
dung390. In vitro stimulierte DHI (22) die Nurr1-Aktivität in einem Gal4-Nurr1-Hybrid-Reportergen-

Abbildung 19: Zweidimensionale Darstellung der kovalenten 
Koordination von PGA1 (20) an die Nurr1- LBD (PDB: 5Y41347). 
Gezeigt ist der lipophile Tunnel (grün) und der polare Bereich 
(violett) im oberen Teil mit großer Lösemittelexposition, mit 
basischen (blau) und sauren Seitenketten (rot). 
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assay in humanen Choriokarzinom-JGE3-Zellen nur um 
das 1,6-fache bei 100 μM390. Ein EC50-Wert konnte auf-
grund von Toxizität nicht bestimmt werden390. Zusätzlich 
erschweren die reaktiven Eigenschaften von DHI (22) wie 
die Neigung zur Auto-Oxidation und Polymerisation den 
Einsatz als Nurr1-Modell-Substanz390,422. Weiterführende 
Untersuchungen zu 5,6-substituierten Indolen brachten 
das 5-Chloroindol mit verbesserten Eigenschaften und 
reduzierter Toxizität hervor422. Seine Nurr1-Bindungs- 
affinität wurde über Thermophorese (microscale thermo-
phoresis, MST) mit einem KD-Wert von 15,0 ± 1,2 μM be-
stimmt422. In zwei verschiedenen Nurr1-Reportergen- 
assays (Gal4-Nurr1 und NBRE-Nurr1-Vollänge) zeigte  
5-Chloroindol eine ca. 2-fache Aktivierung bei 10 μM in 

dopaminergen MN9D-Maus-Zellen422. Computersimulationen deuten darauf hin, dass nicht-kovalente 
Bindung in der gleichen Ligandenbindetasche möglich ist und durch eine zusätzliche Halogenbindung 
mit His516 stabilisiert werden kann422. Die Untersuchungen zu DHI (22) und davon abgeleiteten  
Derivaten als Nurr1-Liganden sind erst im Laufe dieser Arbeit veröffentlicht worden. 

Die physiologische Relevanz der beschriebenen potenziellen endogenen Nurr1-Liganden (Abbildung 
18) ist zunächst fraglich, da alle genannten Studien eine Modulation der Rezeptoraktivität erst im μM-
Bereich zeigen346,347,390. Dies gilt allerdings auch für andere bekannte endogene Liganden nukleärer Re-
zeptoren wie 15d-PGJ2 (9, PPARγ), Oxysterol (LXRα) und DHA (26, RXR), die ihre Rezeptoren in ver-
gleichbaren Reportergenassays im μM-Konzentrationsbereich aktivierten275,276,423,424. Auch die KD-Werte 
von DHA (26) für Nurr1 und RXRα sind mit 30 μM und 33 μM nahezu identisch346. Im murinen und 
menschlichen Gehirn konnten größere Mengen der ungesättigten Fettsäure DHA (26) nachgewiesen 
werden und deren Akkumulation ist wichtig für die Entwicklung des Gehirns425. Auch wenn Neuronen 
selbst nicht in der Lage sind, essenzielle Fettsäuren zu produzieren, konnte gezeigt werden, dass Astro-
zyten DHA (26) und Arachidonsäure aus Vorstufen herstellen und freisetzen können und diese dann 
den Neuronen zur Verfügung stehen426. Somit ist eine physiologische Funktion der DHA-Bindung von 
Nurr1 denkbar346. Die Prostaglandine PGA1 (20) und PGE1 (21) sind Lipidmediatoren mit einer reak-
tiven Cyclopentenon-Struktur, die sich vor allem durch antientzündliche Eigenschaften auszeichnen427. 
Als kovalente Liganden könnten sie einen mechanistischen Vorteil haben, sodass auch geringere Kon-
zentrationen ausreichen, um durch akkumulierte aktivierende Protein-Modifikationen eine verlängerte 
Wirkung zu erzielen428. Im Striatum und Mesencephalon von Mäusen sind mit 15–70 nM nennenswerte 
Konzentrationen in den betreffenden Hirnarealen beobachtet worden, sodass die PGA1-vermittelte  
Aktivierung von Nurr1 physiologische Relevanz bei den neuroprotektiven Effekten dieser Lipidmedia-
toren haben könnte347,429–431. Gerade Untersuchungen von ungesättigten Fettsäuren und deren Stoff-
wechsel-Produkten sind im zellulären System jedoch kritisch zu betrachten, da sie unter anderem als 
essenzieller Bestandteil der Zellmembran von den Zellen anderweitig verstoffwechselt und verwendet 
werden können und somit potenziell nicht mehr intrazellulär als Liganden zur Verfügung stehen425,432.  

Reaktive Dopamin-Chinone wie DHI (22) entstehen unter anderem aus zytoplasmatischem Dopamin 
unter Bedingungen von oxidativem Stress als Folge von dysreguliertem Dopamin-Metabolismus im  
Zusammenhang mit dem Krankheitsgeschehen von Parkinson433–435. Dabei konnten im Zytoplasma 

Abbildung 20: Zweidimensionale Darstellung der 
kovalenten Bindung von DHI (22) an die Nurr1-LBD 
(PDB: 6DDA390). Kation-π Interaktionen mit den 
basischen Seitenketten (blau) von Arg515 und Arg563 
und eine Wasserstoffbrückenbindung mit dem sauren 
(rot) Glu445 Rest stabilisieren die Bindung von DHI in 
der polaren Bindestelle (violett) zusätzlich. 
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Dopamin-Konzentrationen im hohen nanomolaren bis mikromolaren Bereich nachgewiesen wer-
den436–438. Dass die kovalente Proteinmodifikation von Nurr1 durch den auto-oxidierten Dopamin- 
Metaboliten DHI (22) zu einem stimulierenden Effekt führt, ist jedoch ungewöhnlich und spricht für 
die neuroprotektive Wirkung des Rezeptors, da diese Modifikationen die normale Funktion von  
Parkinson-assoziierten Proteinen wie SOD2, TH, DAT, α-Synuclein und Parkin beeinträchtigen und 
Proteinakkumulationen fördern können439–443.  

Zusätzlich zu diesen wenigen orthogonal validierten direkten Nurr1-
Modulatoren sind weitere Substanzen beschrieben, wie bspw. 
SA00025 (23) und IP7e (24, Abbildung 21), die die Nurr1-Aktivität 
beeinflussen, für die eine Bestätigung der direkten Bindung an die 
LBD aber fehlt 66,400. Eine weitere Möglichkeit, die neuroprotektiven 
Effekte von Nurr1 zu aktivieren, besteht über RXR-Agonisten, die  
selektiv das permissive RXR-Nurr1-Heterodimer aktivieren können. 
Hier konnten bereits mehrere vielversprechende Kandidaten  
entwickelt werden, welche zum Teil schon erfolgreich in Tier- 
modellen untersucht wurden (zusammengefasst in 66).  

Nach aktuellem Stand der Forschung lassen sich zwei unterschiedliche Bindestellen in der Nurr1-LBD 
vermuten, wovon jedoch nur die nicht-kanonische Bindestelle im Bereich von Helix 4/5, 11 und 12 über 
Co-Kristallstrukturen mit drei verschiedenen kovalent gebundenen Liganden bestätigt ist (Abbildung 
22a,b)347,390,420. Eine Co-Kristallstruktur eines in der mutmaßlichen kanonischen Bindestelle gebundenen 
Liganden, wie für AQ (19) und ungesättigte Fettsäuren postuliert346,389,400,416, fehlt derzeit, sodass  
strukturbasiertes Liganden-Design noch nicht zielführend ist. Außerdem bleibt neben der offenen Frage 
verschiedener Bindestellen unklar, wie die Liganden auf die molekulare Funktion des Rezeptors  
einwirken und welche Interaktionen für die Regulation der konstitutiven Aktivität verantwortlich sind. 
So erscheint eine Auswärtsbewegung der Helix 12, die eine weitere Aktivierung des Rezeptors  
bewirkt347,390, widersprüchlich, wenn man den Vergleich zum klassischen Mechanismus der Aktivierung 
von NRs durch Ligandbindung zieht9. Die Interaktion zwischen Glu440 und Lys590, welche die Helix 12 
in ihrer auto-aktivierten Konformation stabilisiert, geht im Fall der PGA1(20)-Bindung verloren, wird 
jedoch durch die Bindung von DHI (22) verstärkt338,347,390,444. Aufgrund der Schwierigkeiten, die diese 
endogenen Liganden in zellulären Testsystemen mit sich bringen, wie hohe Lipophilie und  
Toxizität, sind bis heute die Antimalariamittel AQ (19) und CQ (25) trotz geringer Potenz und man-
gelnder Selektivität die einzigen validen Kontroll-Substanzen für Nurr1.  

Eine weitere Herausforderung in der Entwicklung von Nurr1-Modulatoren stellt die Subtypen-Selekti-
vität innerhalb der NR4A-Familie dar. Zwar beträgt die Sequenz-Ähnlichkeit der Nurr1-LBD nur 66,4 % 
im Vergleich zu Nur77 und 65,3 % gegenüber NOR-1, was vergleichbar ist mit den PPAR-LBDs unter-
einander, aber der Bereich der mutmaßlichen kanonischen Bindestelle ist hochkonserviert51,163,445.  
Dennoch ist nur in wenigen Fällen bei der Charakterisierung neuer Nurr1-Liganden untersucht worden, 
ob ebenfalls eine Aktivität an den verwandten Rezeptoren Nur77 und NOR-1 vorhanden ist339,347,446,447.  
Gerade weil bekannt ist, dass sich die Aktivität und Expression von Nurr1 und Nur77 gegenseitig beein-
flussen448–450, sollten zukünftig bei der Charakterisierung neuer NR4A-Liganden die anderen Subtypen 
Beachtung finden51,445. Beispielsweise wurde für den Nur77-Liganden Cytosporon B400,402 und dessen  
Derivat PDNPA61 sowie für die potenziellen endogenen NR4A-Liganden PGA1 (20) und PGA2347,451 
bereits nachgewiesen, dass eine direkte Bindung bei zumindest zwei der drei NR4A-Rezeptoren zu 

Abbildung 21: Weitere Nurr1-
Modulatoren 
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beobachten ist347,451. Daher wäre es für eine gezielte Entwicklung von selektiven NR4A-Liganden von 
großem Vorteil, Co-Kristallstrukturen aller drei Subtypen mit möglichst dem gleichen Liganden zu  
erhalten. Denn die ersten Erfolge der letzten Jahre mit ligandengebundenen Nurr1-Kristall- 
strukturen347,390,420 im Vergleich zu den zahlreicheren Nur77-Strukturen deuten darauf hin, dass die  
besondere Art, Liganden außerhalb der kanonischen Bindestelle zu binden, die Rezeptoren der NR4A-
Unterfamilie eint und auch für Nurr1 und NOR-1 Ligandenbindestellen an der Oberfläche der LBD mit 
großer Lösemittelexposition denkbar sind (Abbildung 22c)64,401,402. Im Fall von NOR-1 ist es bislang je-
doch noch nicht, gelungen eine Kristallstruktur zu lösen, weder in apo-Form noch ligandengebunden. 

 
Abbildung 22: Ligandenbindung an die Nurr1-LBD. a) Mutmaßliche Bindestelle von AQ (19, orange) und DHA (26, grün) in der 
Nurr1-LBD verortet anhand von NMR-Bindungsstudien346,389,416 (apo, PDB: 1OVL338). b) Die Co-Kristallstruktur der Nurr1-LBD 
in Komplex mit PGA1 (20, blau, PDB: 5Y41) zeigt eine kovalente Bindung an Cys566 in einer Bindetasche zwischen den Helices 
4/5, 11 und 12, die durch eine Auswärtsbewegung der Helix 12 von 21° gebildet wurde. c) Ligandenbindungsstellen in der Nur77-
LBD zum Vergleich. Alle identifizierten Ligandenbindungsstellen befinden sich an der Proteinoberfläche. Cytosporon B (violett) 
ist an der Dimerschnittstelle gebunden, THPN (petrol, PDB: 4JGV64) bindet zwischen den Helices 5 und 7 und TMPA (PDB: 
3V3Q401) befindet sich an zwei Bindungsstellen, eine (orange), die der kovalenten Bindungsstelle hinter H12 (b) ähnelt, und eine 
(blau) in einem Hohlraum zwischen den Helices 1, 5 und 8. Die Bindungsstellen wurden auf die Co-Kristallstruktur von Nur77 
im Komplex mit dem Agonisten Cytosporon B (PDB: 6KZ5402) in MOE2020.09 abgebildet. 

Es gibt zahlreiche Erkenntnisse, die auf ein therapeutisches Potenzial von Nurr1 bei neurodegenerativen 
Erkrankungen hindeuten, insbesondere bei AD und PD, aber auch bei MS. Nurr1 zeigt neuroprotektive 
Effekte vor allem in dopaminergen Neuronen und kann außerdem neuroinflammatorischen Prozessen 
in Astrozyten und Gliazellen entgegenwirken. Der Nurr1-Knockout in Tiermodellen von PD, AD und 
MS hat zu einer Verschlimmerung der Krankheit geführt, während die Überexpression des Rezeptors 
mehrere positive Effekte gezeigt hat. Doch außer einigen wenigen Studien mit schwachen und nicht-
selektiven Nurr1-Modulatoren stammen die vielversprechenden Beobachtungen zu Nurr1 als  
potenziellem therapeutischem Target hauptsächlich aus Knockout- bzw. Überexpressions-Studien. Um 
die Nurr1-Modulation als neues therapeutisches Konzept zu validieren, mangelt es daher an geeigneten 
chemischen Tools zur spezifischen pharmakologischen Kontrolle der Nurr1-Aktivität. Die Entwicklung 
von Nurr1-Modulatoren stellt jedoch eine große Herausforderung dar, da die strukturellen Kenntnisse 
über die Ligandenbindungsstellen begrenzt sind und das Wissen über molekulare Mechanismen und 
Interaktionspartner unvollständig ist. Trotz der jüngsten Erkenntnisse zu einer direkten Interaktion der 
Nurr1-LBD mit small molecules und der Entdeckung potenzieller endogener Liganden stehen noch 
keine ausreichend potenten und selektiven synthetischen Nurr1-Agonisten und inversen Agonisten zur 
Verfügung, um therapeutische Effekte der Nurr1-Modulation zuverlässig zu ermitteln.  
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2. Zielsetzung  

Ziel der vorliegenden Arbeit war es, mittels verschiedener pharmazeutisch-chemischer Techniken und 
Strategien, neue chemische Tools für zwei wichtige nukleäre Rezeptoren – PPAR und Nurr1 – zu ent-
wickeln und mit deren Hilfe verbessertes mechanistisches Verständnis über diese Transkriptions- 
faktoren zu gewinnen. Wie zuvor dargestellt gehören die PPARs zu den mit am besten erforschten  
nukleären Rezeptoren, deren Liganden zum Teil bereits als Arzneistoffe zugelassen sind bzw. waren14. 
Allerdings ergaben sich bei ihrer Anwendung vielfach Probleme, die u. a. auf den Wirkmechanismus 
der vollen Rezeptoraktivierung durch orthosterische Agonisten zurückzuführen sind14,294. Eine weitere 
Herausforderung auch bei hochselektiven und potenten Liganden ist die zeitlich definierte pharmako-
logische Kontrolle der Rezeptoraktivität, welche aufgrund der verzögerten genomischen Effekte zum 
Teil auch bei guten pharmakokinetischen Eigenschaften nicht erreicht wird2,14. Um das therapeutische 
Potenzial der PPARs besser ausschöpfen zu können, bedarf es daher neuer tool compounds, die gezieltere 
funktionelle Studien ermöglichen, um daraus neue Konzepte der Rezeptormodulation abzuleiten. 

Mit dem Ansatz der Photopharmakologie (siehe Kapitel 1.1) sollten in diesem Kontext neue PPAR-
Liganden entwickelt werden, die mit der Fähigkeit der reversiblen Aktivierung und Inaktivierung durch 
Licht eine gezielte zeitliche und räumliche Kontrolle der Wirkung ermöglichen26,27. Dabei sollte auf  
bekannte PPAR-Liganden zurückgegriffen werden, die mit Hilfe computergestützten Designs zu  
photoschaltbareren selektiven Agonisten optimiert werden sollten. Zusätzlich sollte ein neues Test- 
system mit zeitlicher und räumlicher Auflösung der Rezeptoraktivierung entwickelt werden, um das 
Potenzial der neuen tool compounds in diesem Kontext zu demonstrieren. Die Ergebnisse der hieraus 
entstandenen Publikationen452,453 (Kapitel 16.1 und 16.2) sind in Kapitel 3.1 zusammengefasst. 

Neben der Verwendung dezidierter chemischer Tools kann gerade auch die Kenntnis endogener  
Liganden nukleärer Rezeptoren Aufschluss über den Nutzen und die Möglichkeiten ihrer pharmako-
logischen Modulation geben259. Im Falle von PPARγ wurden Vitamin-E-Metabolite als mögliche  
natürliche Liganden identifiziert. Deren molekularer Wirkmechanismus sollte daher umfassend  
charakterisiert und deren Auswirkungen auf die Genexpression humaner Hepatozyten untersucht  
werden. Die Ergebnisse dieser Studie sind in Kapitel 3.2 dargestellt und die zugehörige Publikation454 ist 
in Kapitel 16.3 zu finden. 

Der zweite Schwerpunkt dieser Arbeit lag auf der Identifizierung, Entwicklung und Charakterisierung 
neuer tool compounds für den neuroprotektiven Transkriptionsfaktor Nurr1. Wie in Kapitel 1.4.1 erläu-
tert wird diesem nukleären Rezeptor großes Potenzial als Target zur Behandlung neurodegenerativer 
Erkrankungen wie PD, AD und MS zugeschrieben66. Eine umfassende Literaturrecherche (zusammen-
gefasst in Kapitel 1.4, nachzulesen in Kapitel 16.8) zeigte jedoch, dass sich bisherige Untersuchungen 
vor allem auf Knockout-Studien und Überexpressions-Experimente von Nurr1 in Tiermodellen stützen, 
da es an validierten Nurr1-Liganden mangelt. Wie in Kapitel 1.4.2 dargelegt ist es in den letzten Jahren 
gelungen potenzielle endogene Nurr1-Liganden zu identifizieren346,347,390,416, doch die zur Verfügung ste-
henden synthetischen Liganden beschränkten sich zu Beginn dieser Arbeit auf lediglich zwei unselektive 
und nur moderat potente Agonisten: die Antimalariawirkstoffe AQ (19) und CQ (25)389,400. Um den 
molekularen Mechanismus von Nurr1-Liganden zu studieren und das Konzept einer pharmako- 
logischen Nurr1-Modulation zur Behandlung neurodegenerativer Erkrankungen validieren zu können, 
fehlt es daher an potenten und selektiven synthetischen tool compounds. Es sollten deshalb verschiedene 
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Strategien zur Identifikation und Entwicklung neuer Nurr1-Liganden verfolgt werden, um den  
Strukturraum schnell und chemisch divers erweitern zu können. 

Der erste Ansatz wurde inspiriert von den ersten ligandengebundenen Co-Kristallstrukturen der Nurr1-
LBD mit den Prostaglandinen A1419 und A2420. Die potenziellen endogenen Liganden liegen darin an 
einer ungewöhnlichen Bindestelle nahe Helix 12 kovalent gebunden vor347. Der Hypothese folgend, dass 
Arzneistoffe, die mit Prostaglandin-Bindungsstellen in anderen Proteinen, nämlich den an ihrer  
Biogenese beteiligten Enzymen, interagieren, aufgrund struktureller Ähnlichkeit auch an Nurr1 binden 
könnten, sollten nichtsteroidale Antirheumatika in einem ersten in vitro Screening auf ihre Nurr1- 
modulatorische Aktivität untersucht werden. Die identifizierten Nurr1-Modulatoren sollten anschlie-
ßend näher charakterisiert und ihr molekularer Einfluss auf die Interaktion mit Co-Regulatoren und 
das Dimerisierungsverhalten von Nurr1 analysiert werden. Die Ergebnisse der hieraus entstandenen 
Publikation444 (Kapitel 16.4) sind in Kapitel 3.3 dargestellt. 

Aus den strukturellen Gemeinsamkeiten der validierten Nurr1-Agonisten AQ (19) und CQ (25)389 – 
nämlich vor allem dem in beiden Verbindungen enthaltenen 7-Chlorochinolin-4-amin – entstand der 
zweite Ansatz, in dem Fragment-basiert neue Agonisten identifiziert, optimiert und charakterisiert  
werden sollten. Anschließend sollten die so erhaltenen hinsichtlich ihrer Aktivität an Nurr1 optimierten 
Fragmente über eine Rekombination mit bekannten Strukturmotiven weiterentwickelt werden. Die  
Ergebnisse dieser Untersuchungen sind in Kapitel 3.4 dargestellt und die daraus hervorgegangene  
Veröffentlichung455 ist in Kapitel 16.5 nachzulesen. 

Als dritter Ansatz wurde im Sinne eines Fragment-Screenings eine Substanzbibliothek von 480 Fragmen-
ten zugelassener Arzneistoffe auf seine Aktivität im zellulären Nurr1-Testsystem untersucht, um  
chemisch möglichst diverse Strukturmotive als Ausgangspunkt für die Entwicklung von neuen Nurr1-
Liganden zu erhalten456. Die Verwendung dieser speziellen Substanzkollektion bot sich dabei für zwei 
verschiedene Vorgehensweisen an, um potenzielle Treffer weiterzuentwickeln. Zum einen eigenen sich 
die Arzneistoff-Fragmente aufgrund ihres geringen Molekulargewichts und ihrer vorteilhaften physiko-
chemischen Eigenschaften für einen klassisch medizinal-chemischen Ansatz, indem durch geeignete  
Erweiterungen, dem sog. fragment-growing, und systematische Strukturoptimierung neue Liganden  
generiert werden457,458. Zum anderen bieten die zugehörigen Arzneistoffe, von denen sich die potenziel-
len Treffer ableiten, eine gute Möglichkeit zur Identifikation neuer Substanzklassen, deren Wirkungen 
bereits vielfach klinisch untersucht wurden und die daher meist gute physikochemische und pharmako-
kinetische Eigenschaften (drug-likeness) mit sich bringen459. Die Ergebnisse des Screenings sind in  
Kapitel 3.5 zusammengefasst und als Teil des Preprints460 in Kapitel 16.7 nachzulesen. 

Eine systematische Optimierungsstrategie wurde anschließend anhand eines invers agonistischen  
Treffers aus dem Screening angewendet, um potente und selektive inverse Nurr1 Agonisten zu entwi-
ckeln und charakterisieren. Die daraus entstandenen Liganden sollten anschließend für mechanistische 
Studien der reduzierten Rezeptoraktivität dienen. Kapitel 3.5.1 fasst die Ergebnisse der hieraus entstan-
denen Publikation461 (Kapitel 16.6) zusammen. Die zweite Strategie führte von einem agonistischen 
Treffer aus dem Screening zur Identifikation eines Nurr1-Agonismus der Arzneistoffklasse der Statine. 
Diese Erkenntnisse sollten anhand von zwei Vertretern grundlegend mechanistisch charakterisiert  
werden und auf eine potenzielle klinische Relevanz mittels Knockdown-Experimenten und Gen- 
expressionsanalyse in humanen Astrozyten untersucht werden. Die Ergebnisse dieser Studie sind in  
Kapitel 3.5.2 dargestellt und das zugehörige Preprint460 in Kapitel 16.7 nachzulesen.  
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3. Ergebnisse und Diskussion 

3.1 Photohormone als lichtabhängige PPAR-Agonisten 

Zur Entwicklung photoschaltbarer PPAR-Liganden wurden zunächst Leitstrukturen aus dem großen 
Schatz der publizierten PPAR-Agonisten (DrugBank, PDB, ChEMBL, IUPHAR) ausgewählt und mittels 
computergestütztem Design auf ihre Eignung als potenzielle Photohormone analysiert. Da die meisten 
PPAR-Liganden eine fettsäuremimetische Struktur aufweisen, besitzen sie einen lipophilen Bereich, der 
sich für die Substitution durch ein Azobenzen-Motiv eignet. Bei diesem als „Azologisierung“ bezeich-
neten Ansatz wird bevorzugt eine Diaryleinheit mit zweiatomigem Linker (z. B. Stilben, Diarylamid) der 
Leitstruktur durch eine Azogruppe ersetzt. Dies verleiht dem Molekül somit photoschaltbare Eigen-
schaften mit guter Stabilität über mehrere Lichtschaltzyklen, weshalb sich diese Substanzklasse in der 
Photopharmakologie, auch wegen ihrer guten synthetischen Zugänglichkeit, etabliert hat462. Für das 
computergestützte Design besonders geeignet waren PPAR-Liganden, die aufgrund verfügbarer Co-
Kristallstrukturen mit der jeweiligen PPAR-LBD ein valides strukturbasiertes Design ermöglichten, wel-
ches mittels molekularen Dockings mit der Software Molecular Operating Environment (MOE) durch-
geführt wurde. So wurden vier unterschiedliche Chemotypen als Leitstrukturen ausgewählt (Abbildung 
23): die PPARγ-Agonisten MDG548463 (27), GW1929464 (28) und Rosiglitazon293 (3) sowie der pan-
PPAR-Agonist GL479465,466 (29). Bei 27 wurde das Benzylphenylether-Motiv durch ein unsubstituiertes 
Azobenzen ausgetauscht (30) und aufgrund der strukturellen Verwandtschaft eine Co-Kristallstruktur 
von 3 mit der PPARγ-LBD (PDB: 5YCP248) zur Analyse verwendet. Dabei zeigte der vorhergesagte Bin-
demodus für trans-30 eine gute Übereinstimmung mit der gedockten Leitstruktur 27 und dem kristal-
lisierten Liganden 3, was Potenzial für die PPARγ-Modulation des Azologs andeutete. Die Analyse der 
Co-Kristallstruktur von 28 mit der PPARγ-LBD (PDB: 6D8X467) zeigte, dass das Benzophenon-Motiv 
in einer engen lipophilen Tasche der LBD gebunden ist, die nur wenig Platz und Flexibilität für struk-
turelle Veränderungen bietet. Docking-Studien der Azologa von 28 bestätigten dies, da ein Azobenzen 
statt des Benzophenons keine plausiblen Bindungsmodi lieferte. Die Azogruppe anstelle des Amino-
ethoxy-Linkers (31) hingegen zeigte eine vielversprechende Übereinstimmung mit dem kristallisierten 
Liganden 28 sowohl in trans- als auch in cis-Konfiguration. Beim dritten PPARγ-Agonisten 3 wurde in 
gleicher Weise der Aminoethoxy-Linker substituiert (32), sodass alle drei potenziellen Photohormone 
plausible Bindungsmodi im Docking zeigten und eine Interaktion mit der kanonischen Aktivierungs-
triade eingingen. Der pan-PPAR-Agonist 29 enthielt bereits ein Azobenzen im lipophilen Bereich des 
Moleküls und zudem standen Co-Kristallstrukturen mit den Subtypen PPARα und -γ zur Verfügung468, 
wodurch 29 einen guten Startpunkt zur Optimierung photoschaltbarer PPAR-Liganden darstellte.  

Abbildung 23: Leitstrukturen der photoschaltbaren PPAR-Agonisten. (a–c) Entwicklung aus den bekannten PPARγ-Agonisten 
MDG548463 (a), GW1929464 (b) und Rosiglitazon293 (3, c) durch Austausch der Linker-Region gegen eine Azogruppe (rot). (d) Der 
pan-PPAR-Agonist GL479465,466 enthielt bereits ein Azobenzen-Strukturmotiv.

HN

H
N

O

OS O

Cl
HN

H
N

O

OS N
N

O
N N

HO O

N
H

O GW1929 (28)

N
N

HO O

N
H

O trans-31: R1 = H

trans-33: R1 = Cl

MDG548 (27) trans-30

N
NS

HN

O

O

O

O

HOOC N
N

GL479 (29)

trans-32

R1

a

b

d

c



40 

Die beiden Projekte, die aus diesen ersten Untersuchungen hervorgegangen sind, wurden in konstruk-
tiver Zusammenarbeit mit der Arbeitsgruppe von Prof. Dr. Dirk Trauner (Universität New York) durch-
geführt, wobei Dr. Johannes Morstein und Konstantin Hinnah maßgeblich für die Synthesen der hier 
gezeigten Photohormone und deren photo-physikalische Charakterisierung verantwortlich waren,  
welche daher nicht Gegenstand dieses Kapitels sind (siehe Kapitel 16.1 und 16.2). 

Zur in vitro Charakterisierung der Photohormone wurden einheitliche Gal4-PPAR-Reportergenassays 
in HEK293T-Zellen eingesetzt. Diese verwenden jeweils ein Rezeptorkonstrukt aufgebaut aus der LBD 
einer der drei humanen PPAR-Subtypen fusioniert mit der Gal4-DBD aus der Hefe469 sowie ein Gal4-
abhängiges Firefly-Luciferase-Reporter-Plasmid und ein konstitutiv exprimierendes Renilla-Luciferase-
Konstrukt zur Normalisierung und Toxizitätskontrolle. Um beide Isomere getrennt zu charakterisieren, 
wurden die Experimente mit den trans-Isomeren weitestgehend unter Lichtausschluss durchgeführt. 
Für die Testung der cis-Isomere wurden die Substanzen im Inkubationsmedium vorab für 3 min mit 
einer LED-Lampe (λ = 365 nm) beleuchtet, um das jeweilige energetisch begünstigte trans-Isomer  
möglichst vollständig in das entsprechende cis-Isomer zu überführen. Die betreffenden Zellplatten  
wurden während der Inkubationszeit über Nacht (14–16 h) im Brutschrank mit einem sog. CellDISCO-
System46 betrieben, welches mit Lichtimpulsen (λ = 370 nm) von 75 ms alle 15 s für eine Aufrecht- 
erhaltung der cis-Konfiguration sorgte. 

Die erste Untersuchung der Photohormon-Leitstrukturen 29–32 auf ihre PPAR-Aktivität zeigte, dass 
trans-30 an allen drei PPAR-Subtypen inaktiv war, sodass es nicht weiterverfolgt wurde. Die Azologa 31 
und 32 der potenteren PPARγ-Agonisten 28 und 3 aktivierten PPARγ mit Potenzen im unteren mikro-
molaren Bereich (trans-31: EC50 1,0 ± 0,1 μM, 30 ± 2 % rel. max. Aktivierung; 32 in Tabelle 1) und waren 
selektiv über die verwandten Subtypen PPARα und -δ. Der pan-PPAR-Agonist 29 zeigte eine ausgegli-
chene Aktivität an allen drei PPAR-Subtypen im unteren mikromolaren Bereich in Übereinstimmung 
mit der Literatur465,466, wobei die relative Aktivierungseffizienz an PPARδ am höchsten war (Tabelle 2). 
Alle drei aktiven Photohormone zeigten in ihrer cis-Konfiguration vergleichbare Aktivitäten mit dem 
trans-Isomer, doch bei 31 waren die Dosis-Wirkungskurven des cis- und trans-Isomers nahezu  
identisch, was durch die schlechteren photophysikalischen Eigenschaften zu erklären war. Nach 5 min 
Bestrahlung (λ = 365 nm) waren im NMR nur 33 % der Substanz als cis-Isomer zu detektieren (32: 96 %; 
siehe Kapitel 16.1). Auch das zweite Derivat 
33 verhielt sich ähnlich und konnte keine  
gesteigerte Potenz und Präferenz für eines 
der Isomere erzielen, sodass dieser Chemo-
typ für weitere Optimierungen wenig aus-
sichtsreich erschien und nicht weiterverfolgt 
wurde. Somit stand mit 32 ein subtypen- 
selektives PPARγ-Photohormon zur Verfü-
gung, das in seiner Präferenz für eines der 
Isomere optimiert werden sollte. Zur Ent-
wicklung photoschaltbarer und subtypen- 
selektiver PPARα- und -δ-Agonisten wurde 
29 als Leitstruktur verwendet, um ein Set an 
photopharmakologischen Tools für alle drei 
PPAR-Subtypen zu ermöglichen. 

Tabelle 1: Untersuchung der para-Position des terminalen Phenylrings 
am Rosiglitazon-Azolog 32. Die Aktivitäten wurden im Gal4-PPARγ-
Reportergenassay in HEK293T-Zellen bestimmt. cis-Isomere wurden 
vorab beleuchtet (λ = 365 nm, 3 min) und mit einem CellDISCO-
System46 in cis-Konfiguration gehalten. Alle Werte sind MW ± S.E.M.; 
n ≥ 2. Die max. rel. Aktivierung bezieht sich auf Pioglitazon (2, 1 μM).

PPARγ - EC50 [μM] (max. rel. Aktivierung [%])
ID R1 trans cis 
32 H 2,2 ± 0,2 (21 ± 1) 6,3 ± 1,4 (38 ± 5) 
34 Cl 2,9 ± 0,2 (25 ± 1) 7,0 ± 1,0 (49 ± 4) 
35 CF3 2,2 ± 0,7 (33 ± 5) 6,5 ± 1,5 (52 ± 11) 

36 2,8 ± 1,3 (12 ± 2) 6,4 ± 0,4 (39 ± 2) 
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Das Docking der beiden Isomere von 32 zeigte (Abbildung 24a), dass der terminale Phenylring in trans-
Konfiguration (magenta) durch die lineare Struktur des Moleküls einen Hohlraum ausfüllt, der nur  
wenig Platz für Substituenten bietet. Das cis-Isomer (violett) hingegen ragt, ähnlich dem kristallisierten 
Liganden 3, in den zweiten lipophilen Arm der PPARγ-Bindetasche hinein, was Potenzial zur termina-
len Verlängerung in para-Position andeutete, um einen Vorzug für die cis-Konfiguration zu erreichen. 
Basierend auf diesen Beobachtungen wurden potenziell cis-präferenzielle Derivate mit einem Chlor- 
(34) oder Trifluormethyl-Rest (35) in para-Position sowie einem sperrigen ortho-Tolyl-Rest (36)  
designt, um dadurch die Bindung des jeweiligen trans-Isomers zu verhindern. Während die Potenzen 
der Isomere durch die Substituenten weitgehend unverändert blieben (Tabelle 1), steigerten 34 und 35 
die Aktivierungseffizienz des cis-Isomers deutlich, wobei sich bei 35 auch die Effizienz des trans-Isomers 
erhöhte. 36 hingegen konnte die Effizienz des trans-Isomers deutlich senken auf nur noch 12 %, sodass 
mit der hohen Aktivierungseffizienz des cis-Isomers von 39 % ein mehr als 3-facher Unterschied  
zwischen beiden Konfigurationen erzielt wurde. Eine Untersuchung der Bindungsaffinitäten mittels  
isothermer Titrations-Kalorimetrie (ITC) bestätigte, dass das dunkeladaptierte trans-36 nicht an die  
rekombinante PPARγ-LBD binden kann, das lichtaktivierte cis-36 hingegen mit einem KD-Wert von 
9,3 μM bindet (Abbildung 24b). Um diese Erkenntnisse auch am endogenen Rezeptor zu überprüfen, 
wurde ein natives zelluläres Testsystem etabliert, bei dem humane Hepatozyten (HepG2-Zellen) nur mit 
einem Reporter-Plasmid unter Kontrolle des nativen PPRE und dem Renilla-Luciferase-Kontroll- 
Plasmid transfiziert wurden. Dabei konnte das Photohormon cis-36 den PPRE-Reporter 2,4 ± 0,1-fach 
mit einem EC50-Wert von 0,9 ± 0,2 μM aktivieren (Abbildung 24c). Doch auch trans-36 zeigte trotz 
fehlender Bindungsaffinität eine moderate Aktivierung des PPRE bei 10 μM, was möglicherweise auf 
eine Isomerisierung im zellulären System ohne Licht zurückzuführen sein könnte. Mit 36 ist es somit 
gelungen, aus dem bekannten PPARγ-Agonisten Rosiglitazon (3) durch computergestützte Optimie-
rung einen photoschaltbaren PPARγ-Liganden zu entwickeln, der erst durch Licht zum PPARγ-aktiven 
cis-Isomer aktiviert wird, während das trans-Isomer nur geringe Aktivität am Rezeptor aufweist. 

Die Analyse des Dockings für 29, welches mit der vorhanden Co-Kristallstruktur von 29 in PPARα 
(PDB: 4CI4468) und der Co-Kristallstruktur eines verwandten GW501516315(17)-Analogons in PPARδ 
(PDB: 5Y7X470) durchgeführt wurde, zeigte drei vielversprechende Optimierungsmöglichkeiten. Als 

Abbildung 24: Design und Charakterisierung des lichtaktivierbaren Rosiglitazon-Derivates 36. (a) Docking beider Isomere der 
Leitstruktur 32 zeigt Potential für ein cis-bevorzugtes Derivat durch Verlängerung in para-Position. Der sperrige o-Tolyl-Rest in 
cis-36 ragt vorteilhaft in den lipophilen Tunnel. Das Docking wurde in MOE durchgeführt mit der Co-Kristallstruktur von PPARγ 
mit 3 (PDB: 5YCP248). (b) ITC-Experiment von trans-36 (dunkel, 300 μM) und cis-36 (beleuchtet mit λ = 365 nm für 5 min, 
300 μM) mit dem rekombinanten PPARγ-LBD-Protein (64 μM) zeigt alleinige Bindung des cis-Isomers. Titration des Puffers zur 
Kontrolle. (c) cis-36 aktivierte das humane PPRE ohne die Überexpression von PPARγ und Heterodimer-Partner RXR in HepG2-
Zellen. 3 diente als Referenzagonist für PPARγ-Aktivierung. Gezeigt sind MW ± SD; n = 6; **p < 0,01 und ***p < 0,001 (t-Test).



42 

erste Strukturvariation wurden verschiedene Längen des Alkoxy-Linkers zwischen den aromatischen 
Systemen virtuell und in vitro untersucht. Dabei zeigte nur das Kürzen um ein Kohlenstoffatom vielver-
sprechende Dockingergebnisse, da das verkürzte cis-Isomer weniger Kollisionen aufwies als cis-29. Im 
zellulären Assay konnte jedoch für keines der verkürzten Isomere eine Steigerung der Potenz beobachtet 
werden, weshalb die ursprüngliche Kettenlänge von 29 beibehalten wurde. 

Als weitere Modifikation für eine bevorzugte trans-Konfiguration deuteten sich Substituenten am  
terminalen Phenylring an, die so die Bindung des cis-Isomers weiter zu erschweren und in der trans-
Konfiguration eine zusätzliche kleine Ausbuchtung in beiden Rezeptor-Bindetaschen auszufüllen  
schienen (Abbildung 25a, c). Neben einem Chlor- und Isopropyl-Rest erwies sich der Methyl-Rest (37) 
in para-Position am vielversprechendsten, da eine moderate trans-Präferenz bestätigt werden konnte 
und zusätzlich die Selektivität über PPARγ gesteigert wurde (Tabelle 2). Insgesamt konnte jedoch keine 
deutliche Optimierung durch diese Substituenten in para-Position erzielt werden. Als dritte Variation 
ergab die Dockingstudie, dass Substituenten in ortho-Position des zentralen Phenylrings einen zusätz-
lichen lipophilen Hohlraum in den Bindestellen von PPARα und -δ adressieren würden, um so die  
Affinität zu erhöhen (Abbildung 25b, d). Besonders die Einführung eines Methyl-Rests (38) erbrachte 
eine beachtliche Steigerung der Affinität an PPARα und zugleich eine erhebliche Verbesserung der 
trans-Präferenz (Tabelle 2). Die Auswirkungen auf die Aktivität an PPARδ waren ähnlich, jedoch  
weniger stark ausgeprägt. Auch ein Chloratom an dieser Position (39) konnte die Aktivität an PPARα 
und -δ deutlich steigern, was allerdings mit dem Verlust der trans-Präferenz einherging. Zusätzlich 
wurde ein Trifluormethyl-Substituent in ortho-Position (40) untersucht, der sich als potenteste Modi-
fikation für PPARδ-Aktivierung herausstellte, an PPARα jedoch, trotz ebenfalls hoher Affinität, eine 
deutlich geringere trans-Präferenz aufwies als 38 und außerdem die geringste Selektivität über PPARγ 
zeigte. Schließlich wurde die bevorzugte Modifikation aus 37 mit den drei verschiedenen Substituenten 
in ortho-Position kombiniert und brachte mit 41 einen dualen PPARα/δ-Agonisten mit ausgeglichen 
hoher Potenz und Aktivierungseffizienz an beiden Rezeptoren sowie guter trans-Präferenz hervor, die 
sich vor allem im Unterschied der Aktivierungseffizienzen bemerkbar machte (Tabelle 2).  

Abbildung 25: Dockinganalyse zu 29 zeigt Optimierungsmöglichkeiten für photoschaltbare PPARα- und -δ Liganden. Die 
Leitstruktur trans-29 (petrol) ist in allen Modellen zum Vergleich gezeigt. (a, b) PPARα-Bindungsstelle (rosa) aus der Co-
Kristallstruktur mit 29 (PDB: 4CI4468) und (c, d) PPARδ-Tasche (hellblau) mit der gedockten Leitstruktur 29 zum Vergleich (PDB: 
5Y7X470). Die terminale Verlängerung mit einer p-Methylgruppe ermöglicht verbesserte Bindungsmodi von trans-37 (bordeaux, 
a und c). Die Einführung eines o-Methyl-Rests in 38 (grün, b und d) füllt einen zusätzlichen lipophilen Hohlraum aus. 
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Tabelle 2: Optimierung des pan-PPAR-Agonisten 29 zu photoschaltbaren PPARα- und -δ-Agonisten. Die Aktivitäten wurden in 
einheitlichen Gal4-PPAR-Reportergenassays in HEK293T-Zellen bestimmt. cis-Isomere wurden vorab beleuchtet (λ = 365 nm, 
3 min) und mit einem CellDISCO-System46 in cis-Konfiguration gehalten. Alle Werte sind MW ± S.E.M.; n ≥ 3. Die max. relative 
Aktivierung bezieht sich auf GW7647 (1, PPARα), Pioglitazon (2, PPARγ) und L165,041 (16, PPARδ) bei 1 μM. 

    EC50 [μM] (max. rel. Aktivierung [%]) 
ID R1 R2 Konf. PPARα PPARγ PPARδ 

29 H H 
trans 1,09 ± 0,02 (31 ± 1) 2,7 ± 0,2 (25 ± 1) 2,2 ± 0,1 (61 ± 2) 

cis 0,8 ± 0,2 (29 ± 2) 6,0 ± 0,6 (28 ± 2) 6 ± 1 (34 ± 6) 

37 CH3 H trans 0,66 ± 0,07 (24 ± 1) EC50 > 10 μM (tox. ≥ 6 μM) 1,42 ± 0,09 (33 ± 1) 
cis 1,1 ± 0,2 (22 ± 3) EC50 > 10 μM 3,8 ± 0,8 (31 ± 5) 

38 H CH3 
trans 0,0070 ± 0,0006 (38 ± 1) 1,2 ± 0,1 (20 ± 1) 0,54 ± 0,04 (45 ± 1) 

cis 0,24 ± 0,02 (43 ± 1) 1,7 ± 0,8 (24 ± 1) 3,0 ± 0,5 (41 ± 4) 

39 H Cl 
trans 0,029 ± 0,004 (49 ± 2) 0,82 ± 0,07 (14 ± 1) 0,24 ± 0,02 (46 ± 1) 

cis 0,040 ± 0,003 (45 ± 1) 0,92 ± 0,08 (22 ± 1) 0,35 ± 0,06 (44 ± 2) 

40 H CF3 
trans 0,009 ± 0,002 (46 ± 2) 0,6 ± 0,1 (34 ± 2) 0,14 ± 0,01 (45 ± 2) 

cis 0,071 ± 0,007 (42 ± 1) 0,77 ± 0,07 (32 ± 1) 0,31 ± 0,03 (37 ± 2) 

41 CH3 Cl trans 0,04 ± 0,01 (76 ± 8) 4,5 ± 0,2 (68 ± 2) 0,12 ± 0,02 (65 ± 4) 
cis 0,29 ± 0,05 (41 ± 4) 4,8 ± 0,4 (42 ± 2) 0,38 ± 0,03 (35 ± 2) 

 
Das Potenzial der neuen photopharmaklogischen tool compounds 38 und 41 für PPARα und -δ, welche 
zudem günstige photophysikalische Eigenschaften aufwiesen, sollte in einem neuen Testsystem unter 
Beweis gestellt werden. Um eine zugleich räumliche und zeitliche Auflösung zu ermöglichen, wurden 
HEK293T-Zellen mit mCherry oder dem grün fluoreszierenden Protein (eGFP) als Gal4-abhängigen 
Fluoreszenz-Reportern und dem jeweiligen Gal4-PPAR-Rezeptor-Plasmid transfiziert, sodass die rever-
sible Aktivierung der Photohormone in intakten lebenden Zellen untersucht werden konnte. So wurde 
ein Zeitverlauf der PPARα-Aktivierung 8 h nach Inkubation mit 38 durch stündliche Messungen der 
mCherry-Fluoreszenz-Intensität aufgenommen (Abbildung 26a). Für das dunkeladaptierte trans-38 
zeigte sich dabei ein stetiger Anstieg der Fluoreszenz-Intensität (blaue Kurve), während das Umschalten 
zum cis-Isomer nach 8 h zu einem Stagnieren der Fluoreszenz-Intensität auf einem niedrigeren Plateau 
führte (grüne Kurve). Im umgekehrten Fall (8 h cis-38, anschließend trans-38, rote Kurve) zeigte sich 
ein verspäteter Anstieg des mCherry-Signals, welches sich nach 36 h dem Niveau des vollständig dunkel-
adaptierten trans-38 angleichen konnte. Für 41 ergab sich auf PPARδ ein vergleichbares Bild. Eine 
räumliche Auflösung der Photohormon-Aktivität wurde mittels Fluoreszenz-Mikroskopie der lebenden 
Zellen durchgeführt. Diese wurden zuvor mit der Kombination aus mCherry-Reporter/Gal4-PPARα 
oder eGFP-Reporter/Gal4-PPARδ transfiziert, nach 5 h gepoolt und im Anschluss mit einem der  
Photohormone für 40 h behandelt. Trans-38 induzierte die mCherry-Expression bereits bei einer  
Konzentration von 10 nM deutlich, während cis-38 nur einen geringen Effekt zeigte (Abbildung 26b). 
Bei höheren Konzentrationen (300 nM) war die mCherry-Expression beider Isomere schließlich  
vergleichbar und zeigte nur eine geringe PPARδ-Aktivierung durch erhöhte eGFP-Expression, wodurch 
die hohe Potenz, Subtypenselektivität und trans-Präferenz von 38 zusätzlich bestätigt wurden. 
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Somit konnte durch computergestützte Optimierung des pan-PPAR-Agonisten 29 ein hochpotenter 
und selektiver PPARα-Agonist (38) entwickelt werden, der durch Licht von seiner aktiven trans- 
Konfiguration in das entsprechende cis-Isomer gebracht werden kann, welches 35-fach geringere  
Aktivität am Rezeptor aufweist. Durch die selektive optische Kontrolle von PPARα und -γ ermöglichen 
38 und 36 als wertvolle photopharmakologische Tools Untersuchungen der Rezeptoraktivierung mit  
spatiotemporaler Auflösung, die durch konstitutiv aktive Modulatoren nicht möglich wären. 

3.2 Vitamin-E-Metabolite sind endogene PPARγ-Liganden 

Unter dem Begriff Vitamin E werden acht verschiedene Strukturen zusammengefasst, nämlich jeweils 
vier (α–δ) Tocopherole und Tocotrienole, die sich in ihrer Methylierung am Chromanolmotiv unter-
scheiden (Abbildung 27a)471. Die antioxidativen Wirkungen von Vitamin E sind hinreichend bekannt471, 
doch auch antientzündliche Effekte und positive Effekte bei der nicht-alkoholischen Fettlebererkran-
kung (NAFLD) und AD wurden beschrieben472–476. Für diese Aktivitäten werden oxidative Metabolite 
wie die 13‘-Hydroxylat- und 13‘-Carboxylat-Tocopherole verantwortlich gemacht, obwohl die zugrun-
deliegenden Mechanismen weitestgehend unbekannt sind471,477,478. Die fettsäuremimetische Struktur der 
Vitamin-E-Metabolite deutete auf eine Beteiligung von Lipidsensoren wie den nukleären Rezeptoren 
hin und sollte anhand von den α- und δ-Tocopherol(42 & 43)-Metaboliten 44–47 sowie dem Vitamin-
E-Mimetikum Garcinolsäure (48) untersucht werden (Abbildung 27a). 48 ist ein Naturstoff, der aus den 
Samen der bitteren Kolanuss (Garcinia kola) isoliert wurde473 und als das Carboxylat des δ-Tocotrienols 
die Metabolite der zweiten Gruppe von Vitamin-E-Vitameren vertritt. Ein Aktivitätsscreening über 16 
verschiedene nukleäre Rezeptoren in einheitlichen Gal4-Hybrid-Reportergenassays zeigte vor allem  
Aktivitäten der 13‘-Carboxylate 46 und 47 sowie der Garcinolsäure (48) an den PPARs (Abbildung 27b), 
neben moderaten Aktivitäten an den RARs, FXR und CAR. Dabei war die Aktivierungseffizienz von 46 
und 48 bemerkenswert und überstieg sogar die potenten synthetischen PPAR-Referenzagonisten. Die 
nähere Charakterisierung ergab einen starken Agonismus von 48 im Gal4-PPARγ-Reportergenassay 

Abbildung 26: Spatiotemporale Kontrolle von PPARα durch 38 in lebenden HEK293T-Zellen. (a) Zeit-abhängige PPARα-Akti-
vierung durch 38 mithilfe eines mCherry-Fluoreszenz-Reporters. trans-38 wurde dunkeladaptiert verwendet (blau). Das Umschal-
ten zwischen dem cis- und trans-Isomer erfolgte nach 8 h durch Beleuchtung mit λ = 365 nm (grün) oder λ = 460 nm (rot) für 
3 min und anschließender Aufrechterhaltung des cis-Zustands mit dem CellDISCO-System46. Die vielfache Fluoreszenz-Intensität 
bezieht sich auf 0,1 % DMSO. Gezeigt sind die MW ± S.E.M; n = 3. (b) Fluoreszenz-Mikroskopie zeigte PPARα-vermittelte 
mCherry-Induktion durch trans-38 (dunkel) und cis-38 (λ = 365 nm). Die PPARδ-abhängige eGFP-Fluoreszenz war vernachläs-
sigbar. Die rel. Reporter-Expression bezieht sich auf GW7647 (PPARα) bzw. L165,041 (PPARδ) bei 1 μM; MW ± S.E.M; n = 2. 
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mit einem EC50-Wert von 1,7 ± 0,1 μM und 168 ± 4 % maximaler Aktivierung (bezogen auf 2, 1 μM). 
Bei Co-Inkubation mit dem irreversiblen PPARγ-Antagonisten GW9662 (13) wurde die Reporter- 
induktion durch 48 blockiert, was auf eine direkte Interaktion mit PPARγ hindeutete (Abbildung 27c). 
Außerdem wurde die Wechselwirkung mit dem orthosterischen Agonisten Pioglitazon (2) untersucht. 
Die Titration von 48 in Gegenwart von 2 zeigte einen erstaunlichen additiven Effekt beider Substanzen 
mit einer ~ 250 %igen Aktivierungseffizienz in Bezug auf 2 (Abbildung 27c). Dabei blieb der EC50-Wert 
von 48 unverändert und das obere Plateau erreichte etwa das 1,5-fache der alleinigen PPARγ-Aktivie-
rung durch 48. Diese kooperative Aktivität beider Liganden konnte auch in einem nativen Reportergen-
assay beobachtet werden, bei dem durch Bindung des endogenen PPARγ in HepG2-Zellen das humane 
PPRE aktiviert wird (Abbildung 27d). Am PPRE zeigte 48 eine vergleichbare Aktivität mit einem EC50-
Wert von 1,1 μM und 1,7-facher maximaler Aktivierung. In diesem System verschob die Anwesenheit 
von 2 den EC50-Wert von 48 leicht auf 4,8 μM, führte aber ebenfalls zu einer beachtlichen additiven 3,5-
fachen PPRE-Aktivierung. Diese Beobachtungen lassen vermuten, dass 48 die PPARγ-LBD gleichzeitig 
mit dem orthosterischen Agonisten 2 an verschiedenen Bindestellen bindet. Mittels ITC konnte die  
direkte Interaktion von 48 mit dem Target zusätzlich bestätigt (KD = 13,2 μM) und durch ein stöchio-
metrisches Verhältnis von 2:1 (48:PPARγ) die These einer zweiten Bindestelle weiter gestützt werden. 

 
Abbildung 27: Vitamin-E-Metabolite modulieren PPARs. (a) Chemische Strukturen der Vitamin-E-Metabolite (44–47) und  
Garcinolsäure (48). (b) Aktivitätsscreening in einheitlichen Gal4-Reportergenassays in HEK293T-Zellen. Die relative Aktivierung 
bezieht sich auf GW7647 (1, PPARα), Pioglitazon (2, PPARγ), L165,041 (16, PPARδ) und Bexaroten (RXRs) bei 1 μM; n ≥ 3.  
(c) Dosis-Wirkungskurven von 48 (rosa) sowie 48 in Gegenwart von Agonist 2 (1 μM, petrol) und Antagonist 13 (10 μM, blau) 
bestimmt in einem Gal4-PPARγ-Reportergenassay. Gezeigt sind MW ± S.E.M.; n ≥ 3. (d) Dosis-Wirkungskurven von 48 (rosa) 
und 48 in Gegenwart von 2 (1 μM, petrol) auf dem nativen humanen PPRE in HepG2-Zellen ohne Rezeptorüberexpression.  
Gezeigt sind MW ± S.E.M.; n = 4. *p < 0,05, **p < 0,01, ***p < 0,001; t-Test vs. 0,1 % DMSO (48) oder vs. 1 μM 2 (48 + 2). 

Um zu analysieren, wie sich die ungewöhnliche PPARγ-Modulation durch 48 auf das Co-Regulator-
Netzwerk des Rezeptors auswirkt, wurde die Interaktion der PPARγ-LBD mit 29 Co-Regulator- 
Peptiden in einem zellfreien Testsystem mit zeitlich aufgelöstem Fluoreszenz-Resonanz-Energietransfer 
(time-resolved fluorescence resonance energy transfer, TR-FRET) untersucht. Dazu wurde die PPARγ-
LBD mit Terbium-Kryptat (Tb3+) gelabelt als FRET-Donor verwendet. Fluoreszein-gekoppelte Peptide 
mit Interaktionsmotiven bekannter Co-Regulatoren dienten entsprechend als FRET-Akzeptoren. Dabei 
zeigte 48 ein erstaunliches Rekrutierungsprofil, was sich deutlich von dem von 2 unterschied (Abbildung 
28a). Die nähere Betrachtung von sechs modulierten Co-Faktor-Interaktionen bestätigte vollständig  
gegensätzliche Effekte von 48 und 2 auf die PPARγ-Co-Regulator Interaktionen. Während der Agonist 
2, wie zu erwarten, Co-Aktivatoren wie CBP, PGC-1α, NCoA6 und DRIP-2 rekrutierte und den  
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Co-Repressor SMRT verdrängte, wurden durch 48 die gleichen Co-Aktivatoren von der PPARγ-LBD 
verdrängt und die Co-Repressoren NCoR1 und SMRT rekrutiert (Abbildung 28b,c). Dabei waren die 
EC50/IC50-Werte von 48 mit 3–22 μM im Einklang mit den übrigen Aktivitätsdaten. Auch in Gegenwart 
von 2 dominierten die Effekte von 48 die Interaktionen, lediglich die Grundlinien wurden verschoben. 
Dass die Interaktion mit den SRC Co-Aktivatoren von beiden Liganden kaum beeinflusst wurde, ist 
nicht weiter verwunderlich, da viele Untersuchungen bereits eine untergeordnete Rolle bei den PPARs 
bestätigten120. Somit kann möglicherweise auch die Inaktivität von 48 an PPARγ im Selektivitäts- 
screening von Bartolini et al. erklärt werden, die zur Kontrolle des PXR-selektiven Effektes ein Alpha-
Screen-Testsystem mit SRC1 als Co-Faktor verwendeten479. Insgesamt deutet der Einfluss von 48 auf das 
Co-Regulator-Netzwerk durch die Rekrutierung von Co-Repressoren, trotz der aktivierenden Effekte in 
beiden zellulären Systemen, auf ein invers agonistisches Profil des Liganden hin. 

 
Abbildung 28: Einfluss von Garcinolsäure (48) und Pioglitazon (2) auf die Co-Regulator-Rekrutierung von PPARγ. Die Interak-
tionen wurden in einem zellfreien TR-FRET-System mit Tb3+-gekoppelter PPARγ-LBD als FRET-Donor und Fluoreszein-gelabel-
ten Co-Regulator-Peptiden als FRET-Akzeptoren untersucht. (a) Screening der Interaktion mit 29 Co-Regulator-Peptiden. Gezeigt 
sind die MW der relativen HTRF-Werte bezogen auf 1 % DMSO; N = 4. (b–d) Dosisabhängige Effekte von 2 (grau), 48 (rosa) und 
48 + 2 (1 μM, petrol) auf die Rekrutierung von PGC-1α (b), DRIP-2 (c) und SMRT (d). (e) Zugehörige EC50/IC50-Werte, sowie 
weitere Interaktionen mit CBP, NCoA6 und NCoR1. (b–e) Gezeigt sind die dimensionslosen HTRF-Signale; MW ± SD; N = 3. 

In Zusammenarbeit mit Dr. Apirat Chaikuad konnte die Co-Kristallstruktur der PPARγ-LBD im Kom-
plex mit 48 (PDB: 7AWD) gelöst werden, die eine strukturelle Erklärung für das ungewöhnliche Modu-
lationsprofil des Liganden liefert. Um die Konformation des Proteins besser bewerten und vergleichen 
zu können, wurde der Komplex ohne einen Co-Regulator generiert und eine analoge Kristallstruktur 
des orthosterischen Agonisten Rosiglitazon (3, PDB: 7AWC) ebenfalls ohne Co-Regulator angefertigt. 
Der PPARγ:48 Komplex bestätigte, wie bereits das ITC-Experiment vermuten ließ, dass zwei Moleküle 
des Liganden gleichzeitig innerhalb der LBD gebunden sind (Abbildung 29a). Ein Molekül 48 (orange) 
bindet in der orthosterischen Bindestelle und geht mit der Säurefunktion die typischen Interaktionen 
wie 3 mit der kanonischen Aktivierungstetrade der LBD ein (Abbildung 29b), wodurch die AF2 der 
Helix 12 in der gleichen aktiven Konformation fixiert wird. Die allosterische Bindestelle des zweiten 
Moleküls 48 (rosa) wird zwischen Helix 3 und 4, dem β-Faltblatt-Bereich und dem Ω-Loop mit großer 
Lösemittelexposition ausgebildet, wobei der Ligand über mehrere Wasserstoffbrückenbindungen stabi-
lisiert wird. Der Vergleich zum PPARγ:3 Kristall zeigte, dass durch eine Bewegung des Arg288 um 3,8 Å 
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zum einen die direkte Interaktion mit der Säurefunktion des allosterisch gebundenen 48 möglich wird 
und zum anderen das Chromanolmotiv des orthosterisch gebundenen 48 den hydrophoben Bereich 
nahe Helix 3 ausfüllen kann (Abbildung 29c). Im Gegensatz dazu ragt der lipophile Schwanz des ortho-
sterischen Liganden 3 (gelb) in den Bereich der allosterischen Bindestelle. Die Ergebnisse einer  
Dockingstudie von 3 in der orthosterischen Bindestelle von 48 (PDB: 7AWD) deuten jedoch darauf hin, 
dass beide Liganden auch gleichzeitig die PPARγ-LBD binden könnten, wodurch sich die kooperative 
Aktivität eines synthetischen Agonisten mit 48 im zellulären System erklären ließe. 

 
Abbildung 29: Co-Kristallstrukturen der PPARγ-LBD im Komplex mit Garcinolsäure (48) und Rosiglitazon (3). (a) Der PPARγ:48 
Komplex (PDB: 7AWD) zeigt die gleichzeitige Bindung von zwei Molekülen 48: orthosterisch (orange) und allosterisch (rosa).  
(b) Der PPARγ:3 Komplex (PDB: 7AWC) weist eine ähnliche Anordnung der sauren Kopfgruppe von 3 (gelb) im Vergleich zu 48 
(orange) innerhalb der orthosterischen Bindungsstelle auf. (c) Die Überlagerung der 48- und 3-gebundenen Komplexe zeigt eine 
Konformationsänderung des Arg288, das sich dreht, um mit dem Carbonsäurerest des allosterisch gebundenen 48 zu interagieren. 

Um die Auswirkung der beachtlichen mechanistischen Unterschiede in der PPARγ-Modulation durch 
48 und 2 im zellulären Kontext zu studieren, wurde die Genexpression von humanen Hepatozyten 
(HepG2) 8 h nach der Behandlung mit einem der Agonisten, der Kombination beider und der gleich-
zeitigen Inkubation von 48 mit dem irreversiblen Antagonisten 13 untersucht (Abbildung 30). Dafür 
wurde die gesamte mRNA aus den Zellen extrahiert und mittels RNA-Sequencing (durch die Firma  
Novogene) analysiert. Bemerkenswert war dabei besonders der quantitative Unterschied signifikant  
regulierter Gene mit 5578 Genen bei 48 und 439 Genen bei 2 (Abbildung 30a,b). Mit 158 ähnlich in der 
Expression veränderten Genen beeinflusste 48 in etwa ein Drittel der von 2 regulierten Gene, wodurch 
PPARγ als Target, aber auch eine differenzierte PPARγ-Modulation durch beide Substanzen bestätigt 
wurde. So induzierte 2 selektiv nur Gene, die mit dem PPAR-Signalweg zusammenhängen und vor allem 
an Lipidspeicherung (PLINs), Gluconeogenese und Fettsäureoxidation beteiligt sind. 48 veränderte dar-
über hinaus auch die Expression von Fettsäuretransportern, induzierte Gene der Lipogenese, sowie den 
Wachstumsfaktor 3-Phosphoinositid-abhängige Proteinkinase 1 (PDPK1), welche ebenfalls mit PPAR-
Aktivität assoziiert werden120,480,481. Durch die gleichzeitige Inkubation mit 13 wurden insgesamt 51 % 
der signifikanten Effekte von 48 aufgehoben, wodurch die Regulation dieser 2817 Gene als PPARγ- 
vermittelt angenommen werden kann (Abbildung 30b). Darunter befanden sich zusätzlich wichtige 
Gene des Insulin-Signalweges, des Glucose-Stoffwechsels und der oxidativen Phosphorylierung, welche 
nicht von 2 reguliert wurden und somit 48-spezifische PPARγ-Modulation darstellen. Die anderen 49 % 
der durch 48 regulierten Gene, die zusammen mit 13 noch signifikant waren, zeigten aber auch, dass 
weitere Targets und Signalwege an der Aktivität des Vitamin-E-Metaboliten beteiligt sind, obwohl auch 
spezifische Effekte durch die ausschließliche allosterische PPARγ-Bindung von 48 trotz Anwesenheit 
des Antagonisten 13 denkbar wären256. Erstaunlich war, dass durch die gleichzeitige Inkubation der 
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Zellen mit 48 und 2 deutlich weniger Gene reguliert wurden als durch 48 allein (740 vs. 5578 Gene, 
Abbildung 30b), was für eine gegenseitige Beeinflussung der beiden Wirkungsweisen auf die PPARγ-
Modulation spricht. Auch eine Analyse der Anreicherung von Pfaden nach der Kyoto-Enzyklopädie der 
Gene und Genome (KEGG)482,483 veranschaulichte die großen Unterschiede zwischen den Genexpres-
sionsprofilen durch 48 und 2 (Abbildung 30c). Dabei zeigte 2 nur eine selektive und hochsignifikante 
Induktion des PPAR-Signalwegs, während Auswirkungen auf den Kohlenhydrat- und Lipidmetabolis-
mus gering waren. Im Gegensatz dazu beeinflusste 48 deutlich mehr KEGG-Pfade mit Bezug zu PPARγ-
Aktivität signifikant wie die Thermogenese, oxidative Phosphorylierung und den Insulin-Signalweg. 
Auch die signifikante Regulation von Genen, die mit neurodegenerativen Erkrankungen wie AD, PD 
oder Chorea Huntington in Verbindung gebracht werden, deutet auf ein therapeutisches Potenzial der 
allosterischen PPARγ-Modulation hin. Allerdings war unter der Behandlung mit 48 allein der PPAR-
Signalweg nicht signifikant angereichert, obwohl 27 zugehörige Gene reguliert wurden. 

 
Abbildung 30: Einfluss von 48 auf die Genexpression in HepG2-Zellen. Die Zellen wurden mit 48 (10 μM), 2 (1 μM), 48 (10 μM) 
+ 2 (1 μM), oder 48 (10 μM) + 13 (10 μM) behandelt; n = 4. (a) Gesamtverteilung der differenziell exprimierten Gene für 48 bzw. 
2 vs. DMSO. Vulkan-Diagramme zeigen den log2 der vielfachen Änderung in den Genexpressionslevels (x-Achse) vs. statistische 
Signifikanz (−log10 (p-Wert); y-Achse). (b) Venn-Diagramme für die unterschiedlichen Genexpressionen (vs. DMSO). (c) Anrei-
cherung von KEGG-Pfaden zeigt den Einfluss von 48 bzw. 2 auf verschiedene Signalwege. Gezeigt sind die statistischen  
Signifikanzniveaus (−log10(padj)) der regulierten KEGG-Pfade. Die Zahlen beziehen sich auf die Anzahl der differenziell  
exprimierten Gene, die mit dem Pfad verbunden sind. *p < 0,05, **p < 0,01, ***p < 0,001. 

Insgesamt trägt die Entdeckung und Charakterisierung von 48 als einem natürlichen PPARγ- 
Liganden287 zu einem umfassenderen Bild der komplexen Modulation des Rezeptors bei. So lieferte die 
Co-Kristallstruktur mit ihrer eindeutig aktiven Konformation ein strukturelles Fundament für die allo-
sterische Bindung eines PPARγ-Agonisten256 und bestätigte außerdem, dass ein allosterischer Ligand 
die Aktivität eines orthosterischen Agonisten steigern kann484,485. Des Weiteren deuten die Ergebnisse 
darauf hin, dass die klassischen Co-Repressoren NCoR1 und SMRT die agonistische Aktivität von 48 
an PPARγ vermitteln. Daher sind mit dem additiven Effekt der allosterischen Bindung und dem unge-
wöhnlichen Einfluss auf die Co-Regulator-Rekrutierung zwei potenzielle neue Aktivierungsmechanis-
men von PPARγ identifiziert, die das differenzierte Genexpressionsprofil von 48 erklären können.  
Obwohl bislang keine endogenen Gewebespiegel und pharmakokinetischen Untersuchungen zu 48  
vorliegen, lässt die Detektion von 46 und 48 im Plasma472,486,487 sowie die Tatsache, dass der hepatische 
Stoffwechsel von Vitamin E eine hohe Verfügbarkeit der oxidativen Metabolite in der Leber bewirkt488, 
eine pharmakologische Relevanz der Erkenntnisse vermuten. Durch selektives Adressieren der allo- 
sterischen Bindestelle könnte der Einfluss auf das Co-Regulator-Netzwerk und die transkriptionellen 
Effekte gezielter untersucht werden, um mögliche therapeutische Anwendungen daraus abzuleiten. 
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3.3 Identifikation von nichtsteroidalen Antirheumatika als Nurr1-Modulatoren 

Da sich validierte Nurr1-Liganden zu Beginn dieser Arbeit auf die synthetischen Agonisten AQ (19) 
und CQ (25) sowie die Fettsäure DHA (26) beschränkten346,389, war die Veröffentlichung der ersten  
ligandengebundenen Nurr1-Co-Kristallstrukturen mit den Prostaglandinen A1419 (20) und A2420 ein 
vielversprechender Anhaltspunkt für die Suche nach neuen Nurr1-Modulatoren. Als Entzündungs- 
mediatoren mit vornehmlich antientzündlichen Effekten gehen PGA1 und PGA2 aus der Arachidon-
säure und weiteren mehrfach ungesättigten Fettsäuren mittels Umwandlung durch die Cyclooxy- 
genasen (COX) 1 oder 2 hervor489,490. Basierend auf diesen Erkenntnissen sollten synthetische COX- 
Inhibitoren, auch bekannt als nichtsteroidale Antirheumatika (NSARs), auf ihre Nurr1-modulato- 
rischen Aktivitäten untersucht werden.  

Dazu wurde ein zelluläres Testsystem in humanen HEK293T-Zellen etabliert, welches analog zu den 
zuvor beschriebenen Gal4-Reportergenassays ein Rezeptor-Konstrukt aus der humanen Nurr1-LBD  
fusioniert mit der Gal4-DBD der Hefe verwendet. Hierbei zeigte sich bereits die hohe konstitutive  
Aktivität des Rezeptors ohne weitere Aktivierung durch einen Agonisten im Vergleich zu den Gal4-
basierten Testsystemen anderer NRs wie bspw. der PPARs. Um stabile Testergebnisse zu ermöglichen, 
wurden die transfizierten Plasmid-Mengen an Rezeptor- und Firefly-Konstrukt deutlich reduziert.  
Validiert wurde das Testsystem mit den publizierten Agonisten AQ (19) und CQ (25) und lieferte ver-
gleichbare EC50-Werte389 im mikromolaren Bereich mit 36 ± 4 μM (19) und 47 ± 5 μM (25) sowie einer 
Effizienz von 3,6 (19)- bzw. 2,0 (25)-facher Aktivierung. Die hohe konstitutive Aktivität des Rezeptors 
erklärt zum einen die moderate Aktivierungseffizienz der bekannten Agonisten, ermöglicht zum  
anderen aber auch eine bidirektionale Rezeptor-Modulation. Um unspezifische zelluläre Effekte sowohl 
auf die Luciferasen als auch auf die Transkription im Allgemeinen ausschließen zu können, wurde ein 
Kontrollexperiment entwickelt, das die Transkription ebenfalls ligandenunabhängig induziert und  
dafür ein Gal4-VP16-Konstrukt (ein Protein aus dem Herpes-simplex-Virus) anstelle des Rezeptor- 
Konstruktes im gleichen System verwendet491,492. Zusätzlich sind für die verwandten Rezeptoren Nur77 
und NOR-1 in gleicher Weise Testsysteme etabliert worden, die die gleichen Rezeptorplasmid-Mengen 
verwenden, um einen direkten Vergleich innerhalb der NR4A-Familie zu ermöglichen. 

Mithilfe dieser Reportergenassays wurden insgesamt 39 strukturell diverse NSARs, die alle Untergrup-
pen dieser Arzneistoffklasse abdeckten, auf ihre Aktivität an den NR4A-Rezeptoren bei zwei Konzent-
rationen (10 & 30 μM) untersucht (Abbildung 31). Dieses erste Screening brachte sowohl aktivierende 
(> 1,5-fache Aktivierung) als auch inhibierende Substanzen (< 0,8 verbleibende Aktivität) hervor, was 
auf eine mögliche bidirektionale Modulation von Nurr1 hindeutete. Im Anschluss wurden die aktiven 
NSARs im VP16-Kontrollassay untersucht und bei validierter NR4A-vermittelter Aktivität umfassend 
charakterisiert. Von den vier agonistischen Kandidaten Meclofenaminsäure (49), Clonixin, Nabumeton 
und Tiaprofensäure konnte nur 49 als Agonist an allen drei NR4A-Subtypen im Gal4-Hybridsystem 
bestätigt werden (Abbildung 32), die anderen Substanzen zeigten unspezifische Aktivität an VP16. Bei 
den anfänglichen neun invers agonistischen Kandidaten war das Bild etwas differenzierter. Meloxicam 
(50), Oxaprozin (51) und Parecoxib (52) zeigten an allen drei Rezeptoren signifikante Inhibition, wäh-
rend Valdecoxib (53) lediglich Nurr1 inhibierte (Abbildung 32), Lornoxicam und Mofezolac hingegen 
die beiden verwandten Rezeptoren Nur77 und NOR-1. Die restlichen inhibierenden Effekte von 53, 
Aceclofenac (54), Celecoxib und Lumiracoxib stellten sich als unspezifisch heraus und sind vermutlich 
zum Teil auf eine Inhibition der Firefly-Luciferase zurückzuführen. Nach näherer Untersuchung zeigte 
54 jedoch eine schwache, aber signifikante Aktivierung von Nurr1 bei niedrigeren Konzentrationen 
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(Abbildung 32). Auch die Referenzsubstanzen 19 und 25 aktivierten die beiden verwandten NR4A- 
Subtypen Nur77 und NOR-1, im Falle von 19 sogar effizienter als Nurr1, was bisher nicht bekannt war. 

Zusammengenommen deutete dieses NSAR-Screening darauf hin, dass es eine große Herausforderung 
sein wird, neue Liganden für die NR4A-Rezeptoren zu entwickeln, die selektiv nur einen der drei  
Rezeptoren modulieren. Doch 53 und 54, die ausschließlich die Nurr1-Aktivität modulierten, und 
Lornoxicam und Mofezolac, die trotz naher struktureller Verwandtschaft zu den pan-NR4A inversen 
Agonisten 50 und 51 nur zwei der drei Subtypen inhibierten, könnten auf eine Möglichkeit der Sub-
typenselektivität hinweisen. Außerhalb der NR4A-Familie zeigten die Liganden Selektivität über andere 
NRs, die dafür bekannt sind durch Fettsäuremimetika aktiviert zu werden wie die PPARs, RXR und 
RAR10. Nur der inverse Agonist 51 wies eine signifikante Aktivierung an RXR auf, die bereits vorher 
beschrieben wurde493. Als tool compound für weitere mechanistische Studien wurde zum einen der 

Abbildung 32: Bidirektionale Modulation von Nurr1 durch NSARs. (a) Chemische Strukturen der neuen Nurr1-Modulatoren. 
(b, c) Dosis-Wirkungskurven der validierten NSARs als Nurr1-Agonisten (b) und inverse Nurr1-Agonisten (c) im zellulären Gal4-
Nurr1-Reportergenassay und zugehörige Aktivitäten (d). 19 und 25 zum Vergleich. Alle Werte sind MW ± S.E.M., n ≥ 3. 

Abbildung 31: Screening von strukturell diversen NSARs auf ihre Aktivität an NR4A-Rezeptoren in einheitlichen Gal4-Hybrid-
Reportergenassays. Gezeigt sind die MW der vielfachen Aktivierung (vs. 0,1 % DMSO); n ≥ 2. Agonisten > 1,5-fache Aktivierung, 
inverse Agonisten < 0,8-fache Aktivierung. Aktive Substanzen aus dem ersten Screening wurden nur weiter untersucht, wenn sich 
keine Aktivität im Gal4-VP16-Kontrollassay (n ≥ 4) zeigte. Mit dunklen Farben markierte Aktivitäten zeigen validierte NR4A-
vermittelte Effekte. Dargestellt sind nur Aktivitäten bei nicht-toxischen Konzentrationen (Kreis/Raute). 
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Agonist 49 aufgrund seiner hohen Aktivierungseffizienz für eine weitere Charakterisierung ausgewählt. 
Zum anderen dienten die inversen Agonisten 51 und 52 aufgrund ihrer strukturellen Diversität als  
Vertreter mit starker repressiver Effizienz (51) und höherer Potenz (52) für weitere Untersuchungen.  

Um eine direkte Modulation der Nurr1-Aktivität durch Interaktion mit 
der LBD orthogonal zu bestätigen, wurde in Zusammenarbeit mit  
Dr. W. Kilu/Dr. J. Heering die Rekrutierung von Co-Regulatoren im 
zellfreien System untersucht. Bisherige Studien deuteten jedoch darauf 
hin, dass sich die Regulationsmechanismen von Nurr1 von denen  
anderer NRs deutlich unterscheiden (siehe Kapitel 1.4). Daher wurde 
zunächst ein Screening mit 29 verschiedenen Co-Regulator-Peptiden in 
einem TR-FRET-Testsystem durchgeführt (Abbildung 33), um einer-
seits neue Co-Regulatoren zu identifizieren und andererseits den Einfluss von Liganden auf diese Inter-
aktionen zu untersuchen. In Übereinstimmung mit früheren Studien wurde je ein Motiv der Co-Repres-
soren NCoR1 und SMRT in Abwesenheit von Liganden rekrutiert343,349. Außerdem konnten NCoA6 und 
NRIP1 als neue Nurr1-Co-Regulatoren identifiziert werden. In diesem ersten Screening verdrängten 49 
und 51 alle vier Peptide von der Nurr1-LBD, wohingegen der inverse Agonist 52, und die Agonisten 19 
und 25 die Interaktionen nur wenig beeinflussten. Die klassischen Co-Aktivatoren wie die SRCs, CBP, 
PGC-1α und DRIP zeigten auch ligandenabhängig keine direkte Interaktion mit der Nurr1-LBD. Eine 
umfassende Evaluation der Dosis-Wirkungs-Beziehungen bestätigte, dass 49 und 51 alle vier Co-Regu-
lator-Peptide effektiv verdrängten (Abbildung 34). 52 konnte dosisabhängig nur die Rekrutierung von 
NCoR1 und SMRT reduzieren, während NCoA6 und NRIP1 kaum verdrängt wurden. Die beiden Ago-
nisten 19 und 25 erwiesen sich aufgrund ihrer photophysikalischen Eigenschaften414 als ungeeignet für 
dieses Testsystem, da sie bei steigenden Konzentrationen die Donor-Fluoreszenz beeinträchtigten und 
dadurch die Ergebnisse verfälschten. Ein veränderter Aufbau des Systems zeigte jedoch exemplarisch 
für NCoR1, dass 19 und 25 die Rekrutierung des Co-Repressors verstärken. Um hierbei Quenching-
Effekte zu minimieren, wurden die Liganden-Konzentrationen sowie die Menge an Tb3+-gekoppeltem 
Peptid konstant gehalten und die sGFP-gelabelte Nurr1-LBD in ihrer Konzentration variiert. 

 
Abbildung 34: Dosis-Wirkungskurven der Nurr1-Modulatoren 49, 51 und 52 zeigen die Verdrängung der Co-Regulatoren NCoR1, 
SMRT, NCoA6 und NRIP1 von der Nurr1-LBD. Die Interaktionen wurden in einem zellfreien TR-FRET-System mit Tb3+-gekop-
pelter Nurr1-LBD als FRET-Donor und Fluoreszein-gelabelten Co-Regulator-Peptiden als FRET-Akzeptoren untersucht. Gezeigt 
sind die dimensionslosen HTRF-Signale und zugehörige IC50-Werte [μM]; MW ± S.E.M.; N = 3. 

Abbildung 33: Schematische Dar-
stellung des Nurr1-Co-Regulator-
Rekrutierungsassays. 
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Da alle drei untersuchten NSARs ein ähnliches Verhalten bei der Verdrängung der Co-Regulatoren von 
der Nurr1-LBD zeigten, 49 jedoch im Gal4-Reportergenassay einen gegenteiligen Effekt aufwies, wurde 
im nächsten Schritt das Dimerisierungsverhalten des Rezeptors betrachtet. Dazu wurden weitere  
zelluläre (HEK293T) Reportergenassays etabliert, die die physiologische Situation genauer wiedergeben, 
indem der Volllängenrezeptor Nurr1 überexprimiert wird und entsprechend den drei möglichen Dime-
risierungs-Mechanismen (siehe Kapitel 1.4) jeweils ein Firefly-Reporter-Konstrukt unter Kontrolle der 
Response-Elemente für das Monomer (NBRE), das Nurr1-Homodimer (NurRE) oder das RXR-Nurr1-
Heterodimer (DR5) mit einfacher Wiederholung verwendet wird (Klonierung der Konstrukte erfolgte 
durch Dr. Jan Heering). Für letzteres wurde außerdem der Volllängenrezeptor RXRα als Heterodimer-
partner überexprimiert. Auch diese Systeme wurden mit den Agonisten 19 und 25 validiert, wobei 19 
die Rezeptoraktivität stark induzierte (50–100-fach) und 25 deutlich geringere Effizienz (2–3-fach)  
aufwies. 51 und 52 zeigten an allen drei Response-Elementen deutlichen inversen Agonismus in guter 
Übereinstimmung mit den Ergebnissen aus dem Gal4-Assay, sodass dieser Wirkmechanismus bestätigt 
werden konnte (Tabelle 3). 49 hingegen war inaktiv am Nurr1-Monomer und reduzierte die Aktivität 
beider Dimere dosisabhängig, wodurch sich ein komplexes Profil der Nurr1-Modulation ergab. 

Tabelle 3: Zusammengefasste Aktivitäten der NSARs in zellulären Nurr1-Reportergenassays. 19 und 25 zum Vergleich. EC50- und 
IC50-Werte sind MW ± S.E.M.; n ≥ 3. Max./min. vielfache Aktivierung bezieht sich auf mit DMSO (0,1 %) behandelte Zellen. 

 EC50 /IC50 [μM] (max./min. vielfache Aktivierung) 
Testsystem MFS (49) Oxaprozin (51) Parecoxib (52) AQ (19) CQ (25) 

Gal4-Nurr1 
4,7 ± 0,1 

(3,52 ± 0,05) 
40 ± 6 

(0,26 ± 0,08) 
13,4 ± 0,3 

(0,48 ± 0,01) 
36 ± 4 

(3,6 ± 0,1) 
47 ± 5 

(2,0 ± 0,1) 
Nurr1-  

Monomer (NBRE) 
inaktiv 12 ± 2 

(0,20 ± 0,05) 
15 ± 3 

(0,41 ± 0,05) 
92 ± 1 

(62 ± 2) 
38 ± 7 

(2,2 ± 0,2) 
Nurr1-  

Homodimer (NurRE) 
5,2 ± 0,1 

(0,70 ± 0,01) 
17 ± 3 

(0,27 ± 0,05) 
21 ± 6 

(0,4 ± 0,1) 
87 ± 2 

(109 ± 5) 
54 ± 7 

(3,1 ± 0,2) 
Nurr1-RXRα-  

Heterodimer (DR5) 
10,7 ± 0,1 

(0,79 ± 0,01) 
12 ± 2 

(0,27 ± 0,05) 
20 ± 8 

(0,5 ± 0,1) 
97 ± 3 

(59 ± 4) 
57 ± 8 

(2,6 ± 0,2) 
 
In Zusammenarbeit mit Dr. W. Kilu/Dr. J. Heering wurden auch zellfreie Experimente zur Dimerisie-
rung des Rezeptors durchgeführt, die ein ähnliches Profil zeigten. Im TR-FRET-System wurde bei  
konstanten Konzentrationen an Tb3+-gekoppelter Nurr1-LBD entweder sGFP-Nurr1-LBD oder sGFP-
RXRα hinzutitriert. In Abwesenheit eines Liganden zeigte Nurr1 stabile Dimerisierung in beiden Syste-
men, wobei die Affinität der Homodimerbildung etwa 600-mal höher war als die der Heterodimerisie-
rung. Agonist 19 förderte nur die Nurr1-Homodimerisierung, während 25 die Bildung beider Dimere 
steigerte. Durch die NSARs wurde die Dimerbildung hingegen beeinträchtigt, wobei 49 die stärksten 
Effekte zeigte und die Homodimerisierung des Rezeptors vollständig unterdrückte (Abbildung 35a). Der 
Einfluss von 51 auf die Heterodimerisierung mit RXRα ist durch den gleichzeitigen inversen Agonismus 
an Nurr1 und den Agonismus an RXR jedoch schwierig zu bewerten. Der starke Einfluss von 49 auf die 
Dimerisierung auf Proteinebene konnte durch weitere zelluläre Experimente untermauert werden. Im 
Gal4-Nurr1-Assay bewirkte die Co-Transfektion von zunehmenden Mengen an Gal4-RXRα eine signi-
fikante Reduktion der Reportergenaktivierung, sogar in Gegenwart des RXR-Agonisten Bexaroten, wo-
hingegen eine Veränderung der Gal4-Nurr1-Menge allein keinen signifikanten Effekt auf die Aktivität 
von 49 zeigte (Abbildung 35b). Zusammengenommen zeigten diese Analysen, dass das Dimerisierungs-
verhalten von Nurr1 eine entscheidende Rolle für seine ligandenabhängige Modulation spielt. Obwohl 
im Volllängenassay am Monomer (NBRE) für 49 keine Aktivität zu erkennen war, deuteten diese 
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mechanistischen Studien auf eine Monomerpräferenz des Liganden hin. Möglicherweise sind hier wei-
tere, ggf. noch nicht identifizierte Co-Regulatoren und die spezifische zelluläre Ausstattung von Bedeu-
tung, die die Diskrepanz zwischen den verschiedenen zellulären Systemen erklären. Allerdings erscheint 
durch gezielte Verschiebung der Dimer-Equilibria eine genselektive Nurr1-Modulation denkbar. 

 
Abbildung 35: Einfluss der NSARs auf das Dimerisierungsverhalten von Nurr1. (a) Nurr1-Homodimerisierung und -Heterodime-
risierung mit RXRα wurden im zellfreien TR-FRET-System in Abwesenheit von Liganden (DMSO) und in Gegenwart von NSARs 
(100 μM) untersucht. Gezeigt sind die MW ± S.E.M. der dimensionslosen HTRF-Signale, N = 3. (b) Co-Transfektion steigender 
Mengen (0,125–6 ng/well; 0 ng/well zum Vergleich) Gal4-RXRα im Gal4-Nurr1 (6 ng/well) -Reportergenassay reduzierte die  
Aktivierungseffizienz von 49 (vs. DMSO) und 49 + Bexaroten (vs. Bexaroten). Veränderte Mengen (0,22–18 ng/well) an Gal4-
Nurr1 beeinträchtigten die Aktivierungseffizienz von 49 nicht. Die Werte sind MW ± S.E.M.; n ≥ 3. 

Die neuen ligandengebundenen Kristallstrukturen des Rezeptors347,390 im Vergleich zu den Studien der 
AQ-Bindestelle389 deuten darauf hin, dass es zwei potenzielle Bindestellen in der Nurr1-LBD gibt (siehe 
Kapitel 1.4.2). Daher wurden die neuen tool compounds auf eine mögliche gleichzeitige Modulation des 
Rezeptors zusammen mit dem bekannten Agonisten 19 untersucht. Im Gal4-Nurr1-Reportergenassay 
wurde dafür bei konstanter aktiver Konzentration eines Liganden (> EC90) der jeweils andere hinzu-
titriert. Für 49 und 19 zeigten sich in beiden Richtungen synergistische Effekte, die in Dosis-Wirkungs-
kurven mit deutlich erhöhtem Plateau im Vergleich zur Inkubation mit nur einem der Liganden resul-
tierten (Abbildung 36a,b). Der Kurvenverlauf wurde dabei fast ausschließlich auf der y-Achse nach oben 
verschoben, während sich die EC50-Werte kaum veränderten. Auch das gleichzeitige Titrieren beider 
Substanzen im Verhältnis 1:10, entsprechend ihres etwa 10-fachen Unterschiedes in der Potenz, zeigte 
den additiven Effekt in der maximalen Aktivierung (Abbildung 36c). Auf allen drei Response-Elementen 
in den Nurr1-Volllängenassays konnten 49 und 52 außerdem die Effizienz des Agonisten 19 reduzieren, 
sodass das Plateau der Dosis-Wirkungs-Kurve von 19 deutlich niedrigerer lag und auch hohe Konzen-
trationen des Agonisten 19 die inversen Agonisten nicht verdrängen konnten. 

Abbildung 36: Gleichzeitige Modulation der Nurr1-Aktivität durch 49 und 19 im zellulären Gal4-Nurr1-Reportergenassay deutete 
auf unterschiedliche Bindestelle hin, nicht auf Kompetition. Kreuztitrationskurven sowie gleichzeitige Titration im Verhältnis 1:10 
(49:19). Die Daten sind MW ± S.E.M. der Reporteraktivierung vs. 0,1 % DMSO; n ≥ 3. 
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Insgesamt deuteten diese Ergebnisse also darauf hin, dass die NSARs und AQ (19) nicht um die gleiche 
Bindestelle konkurrieren und somit die These von zwei potenziellen Bindestellen innerhalb der Nurr1-
LBD gestützt wird. Ob die NSARs allerdings die gleiche Bindetasche nahe Helix 12 adressieren wie die 
Prostaglandine, bleibt noch fraglich, würde aber das differenzierte Bild des inversen Agonismus durch 
einen direkten Einfluss auf die Position der Helix 12 unterstreichen. Mit den NSARs als den ersten  
inversen Nurr1-Agonisten konnte somit gezeigt werden, dass die hohe konstitutive Aktivität des  
Rezeptors bidirektional moduliert werden kann und Rekrutierung von Co-Regulatoren sowie auch  
Rezeptordimerisierung einen entscheidenden Einfluss auf die Interaktion mit Liganden haben. 

3.4 Fragment-basierter Ansatz zur Entwicklung von Nurr1-Agonisten  

Als zweiter Ansatz zur Entwicklung neuer Nurr1-Modulatoren wurde eine Fragment-basierte Strategie 
verfolgt, die auf den strukturellen Gemeinsamkeiten der bekannten Nurr1-Agonisten AQ (19), CQ (25) 
und Glafenin aufbaut389. Alle drei Substanzen teilen als gemeinsames Grundgerüst eine 7-Chloro- 
chinolin-4-amin-Struktur, die daher als vielversprechender und durch die Aktivität von 19 und 25  
validierter Startpunkt für die Entwicklung neuer Nurr1-Agonisten erschien400. Dies ist insbesondere von 
Bedeutung, da 19 und 25 aufgrund unspezifischer Effekte nicht für eine verlässliche Anwendung zur 
Targetvalidierung in vitro und in vivo dienen können400,404–414. 

Für die Fragment-basierte Entwicklung neuer aus 19 und 25 abgeleiteter Nurr1-Agonisten diente  
wiederum der zelluläre Gal4-Nurr1-Reportergenassay in HEK293T-Zellen als primäres Testsystem, um 
direkte Aussagen über die Art der Nurr1-Aktivierung neuer Liganden treffen zu können. Alle Aktivitä-
ten wurden zusätzlich im Gal4-VP16-Kontrollexperiment validiert. Der dritte Nurr1-Agonist Glafenin 
aus der Originalpublikation389 konnte aufgrund von Toxizität nicht vollständig charakterisiert werden. 

Die Chinolin-Derivate 56, 74 und 77–80 wurden durch nukleophile aromatische Substitution des 
entsprechenden Dichlorochinolins 62 und 81 mit den jeweiligen Aminen 82–87 nach einer publizierten 
Synthese zu 56494 mit geeigneten Änderungen erhalten (Schema 1).  

Die Erweiterung des Naphthalin-Fragments 
71 zu den CQ-Analoga 75 und 76 erfolgte 
durch reduktive Aminierung von 71 mit den 
entsprechenden Ketonen 88 und 89 (Schema 
2). Die restlichen Derivate dieser Untersu-
chung waren kommerziell erhältlich. 

Schema 2: Synthesen der Naphthalin-Derivate 75 und 76.  
(a) Essigsäure, 1,2-Dichlorethan, Raumtemperatur, 30 min; dann
NaB(OAc)3H, 1,2-Dichlorethan, 50 °C, 24 h, 25−45 %. 

Schema 1: Synthesen der Chinolin-Derivate 56, 74 und 77–80.  
(a) KI, Ethanol, 2 N HCl, 90 °C, 14−20 h, 51−98 %; (b) Ethanol, Mikrowelle, 140 °C, 36−48 h, 4−54 %. 
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Zunächst wurden die Strukturelemente 
von 19 einzeln hinsichtlich ihrer Aktivität 
an Nurr1 evaluiert (Tabelle 4). Ein Fehlen 
der phenolischen Hydroxylgruppe in 55 
reduzierte die Potenz, während ein Ent-
fernen der basischen Seitenkette in 56 
zum kompletten Aktivitätsverlust führte. 
Das 7-Chlorochinolin-4-amin (57) als  
gemeinsames Grundgerüst dieser Sub-
stanzklasse hingegen war allein ausrei-
chend, um den Rezeptor mit moderater 
Potenz im hohen mikromolaren Bereich 
zu aktivieren. Um das Optimierungs- 
potenzial dieses Fragmentes abzustecken, 
wurden vier weitere Substitutionen der 
Seitenkette getestet. Der Austausch zur 
Buttersäure (58) führte zur Aktivitäts- 
umkehr und brachte einen inversen  
Agonisten mit moderater Potenz hervor. 
Die lipohile Isopentyl-Seitenkette (59) ergab einen Agonisten mit beachtlicher Potenz (EC50 = 1,8 μM), 
jedoch geringer Aktivierungseffizienz. Größere lipophile Gruppen wie ein 4-Methylcyclohexyl-Rest und 
ein Benzyl-Rest zeigten hingegen keine Aktivität an Nurr1. Diese erste grobe Evaluation der Struktur-
Wirkungs-Beziehung (SAR) des Chemotyps zeigte, dass die Modifikation der Seitenkette einen erheb-
lichen Einfluss auf die Aktivität an Nurr1 hat, ließ aber noch keine klare Präferenz für bestimmte Motive 
erkennen, da zum einen die basische Seitenkette essenziell erschien, aber mit einer lipophilen Erweite-
rung des Grundgerüstes ebenfalls eine Nurr1-Aktivierung erreicht wurde. Dass das Chinolingrund- 
gerüst (57) jedoch für eine Aktivierung des Rezeptors ausreichend ist und für die Aktivität der Agonisten 
19 und 25 hauptverantwortlich zu sein scheint, motivierte zur Optimierung dieser Teilstruktur in einem 
Fragment-basierten Ansatz. 

Dazu wurde als Erstes der Einfluss des Substitutionsmusters am Chinolingerüst untersucht (Tabelle 5). 
Das Fehlen der 4-Amino-Funktion in 60 führte abermals zu einer Umkehr der Aktivität und brachte 
mit einer verbleibenden Rezeptoraktivität von 29 % einen effizienten inversen Agonisten hervor. Durch 
die fehlende 7-Chlor-Substitution in 61 ging die Nurr1-Modulation dagegen vollständig verloren. Auch 
ein Austausch der Aminofunktion in 4-Position durch ein Chloratom (62) führte zu einem inaktiven 
Fragment, was zusätzlich die Relevanz beider Substituenten unterstrich. Eine systematische Variation 
des Substitutionsmusters zeigte, dass beim Verschieben der Amino-Funktion nur die 5-Position (65) 
toleriert wurde und eine erhebliche 14-fache Steigerung der Potenz bewirkte. Auch das Verschieben der 
Chlor-Substitution in 6 (66)- oder 8 (67)-Position steigerte die Potenz im Vergleich zum Ausgangsfrag-
ment 57. Die Kombination der bevorzugten Modifikationen in 68 und 69 wurde jedoch nicht toleriert 
und das Chloratom in 67 schien eine besonders wichtige Rolle zu spielen, da der Austausch zur sperrigen 
Trifluormethyl-Gruppe sowie zum kleineren Fluoratom nicht toleriert wurde. Das zusätzliche Einfüh-
ren einer Methylgruppe in 2-Position (70) brachte eine 8-fache Steigerung der Potenz im Vergleich zum 
Ausgangsfragment 57. Außerdem bewirkte die Modifikation des Grundgerüsts zum Naphthalin (71) 

Tabelle 4: SAR der Seitenkette im AQ/CQ-Chemotyp. 19 zum Vergleich.
Die Aktivität wurde im Gal4-Nurr1-Reportergenassay 
bestimmt. EC50/IC50-Werte sind MW ± S.E.M.; n ≥ 3. 
Max./min. vielfache Aktivierung bezieht sich auf 0,1% 
DMSO. a Inaktiv: kein signifikanter Effekt der Re-
porteraktivität (verglichen mit Gal4-VP16 bei der an-
gegebenen höchsten nicht-toxischen Konzentration). 

ID R1 
Art der  

Aktivierung 

EC50 /IC50 [μM] 
(max./min. vielfache 

Aktivierung)

19 Agonist 36 ± 4 (3,6 ± 0,1) 

55 Agonist 116 ± 4 (3,1 ± 0,2) 

56 inaktiv (30 μM)a 

57  -H Agonist 259 ± 70 (2,5 ± 0,4)

58  
Inverser  
Agonist 132 ± 1 (0,59 ± 0,00) 

59 Agonist 1,8 ± 0,3 (1,47 ± 0,03) 
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mit gleichem Substitutionsmuster wie 67 nochmals eine deutliche Verbesserung der Aktivität an Nurr1 
sowohl in Bezug auf Potenz als auch Aktivierungseffizienz, sodass ein agonistisches Fragment mit  
beachtlicher Aktivität im unteren mikromolaren Bereich erhalten wurde. Ein Isochinolin-Grundgerüst 
mit gleichem Substitutionsmuster (72) zeigte dagegen keine Nurr1-modulatorische Aktivität mehr. Als 
letzter Optimierungsschritt wurden die bevorzugten Substituenten des Chinolin-Fragmentes aus 67 und 
70 in einem Molekül (73) vereint, was nochmals eine Steigerung der Potenz hervorbrachte, während die 
Aktivierungseffizienz etwas reduziert wurde. Diese systematische Analyse der SAR des gemeinsamen 
Strukturmotivs bekannter Nurr1-Liganden zeigte großes Potenzial zur Optimierung des Fragmentes 
durch kleine Änderungen im Substitutionsmuster und brachte mit 71 und 73 zwei Analoga hervor, die 
sogar die wesentlich größeren Ausgangssubstanzen 19 und 25 in ihrer Aktivität übertreffen. 

Tabelle 5: SAR der Substituenten am Chlorochinolinamin-Grundgerüst und Optimierung der Nurr1-Aktivität. 57 zum Vergleich. 

 
Die optimierten Fragmente boten sich für eine Rekombination mit den Seitenketten der Leitstrukturen 
19 und 25 an, um dadurch möglicherweise weiter optimierte Nurr1-Agonisten zu erhalten. Jedoch war 
die aliphatische CQ-Seitenkette an beiden Fragmenten (74 und 75) nicht in der Lage die Nurr1-Aktivität 
zu erhalten. Auch ein Verkürzen der CQ-Seitenkette zum Dimethyl-Analog 76, um sterische Probleme 
auszuschließen, war nicht zielführend. Da bei beiden Naphthalin-Derivaten (75 und 76) Toxizität die 
vollständige Charakterisierung verhinderte, wurde die Kombination mit der aromatischen Seitenkette 
von AQ nur für das Chinolin-Fragment in 77 untersucht. Jedoch zeigte auch diese Verbindung keine 
Aktivität an Nurr1. Inspiriert von 59 wurden zusätzlich noch verschiedene kleine lipophile Reste als 
Erweiterung des Chinolin-Fragmentes 73 getestet. Mit diesen Derivaten (78–80) konnte die Aktivität 
am Rezeptor wieder zurückerlangt werden, doch eine weitere Steigerung der Potenz wurde nicht er-
reicht, sodass sich die Rekombination der optimierten Fragmente mit bekannten Strukturmotiven für 
die Seitenkette nicht als additiv erwies. 

 

Die Aktivität wurde im Gal4-Nurr1-Reportergenassay bestimmt. EC50/IC50-Werte sind MW ± S.E.M.; 
n ≥ 3. Max./min. vielfache Aktivierung bezieht sich auf mit DMSO (0,1 %) behandelte Zellen. a Inaktiv: 
kein signifikanter Effekt der Reporteraktivität (≥ 1,5-fache Akt. oder verglichen mit Gal4-VP16 bei der 
angegebenen höchsten nicht-toxischen Konzentration). 

ID R2 R3 R4 R5 R6 R7 R8 X Y 
Art der  

Aktivierung 

EC50 /IC50 [μM] 
(max./min. vielfache 

Aktivierung) 
57 H H NH2 H H Cl H N C Agonist 259 ± 70 (2,5 ± 0,4) 
60 H H H H H Cl H N C Inverser Agonist 89 ± 14 (0,29 ± 0,08) 
61 H H NH2 H H H H N C inaktiv (300 μM)a 
62 H H Cl H H Cl H N C inaktiv (300 μM)a 
63 NH2 H H H H Cl H N C inaktiv (100 μM)a 
64 H NH2 H H H Cl H N C inaktiv (300 μM)a 
65 H H H NH2 H Cl H N C Agonist 19 ± 4 (3,4 ± 0,3) 
66 H H NH2 H Cl H H N C Agonist 117 ± 24 (2,8 ± 0,3) 
67 H H NH2 H H H Cl N C Agonist 49 ± 5 (2,6 ± 0,1) 
68 H H H NH2 Cl H H N C inaktiv (100 μM)a 
69 H H H NH2 H H Cl N C inaktiv (100 μM)a 
70 CH3 H NH2 H H Cl H N C Agonist 33 ± 5 (2,3 ± 0,2) 
71 H H NH2 H H H Cl C C Agonist 7,3 ± 0,5 (5,3 ± 0,2) 
72 H H NH2 H H H Cl C N inaktiv (200 μM)a 
73 CH3 H NH2 H H H Cl N C Agonist 17 ± 6 (1,71 ± 0,11) 
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Somit gingen aus Fragment-basierten SAR-Untersuchungen die Fragmente 71 und 73 als vielverspre-
chendste und potenteste Nurr1 Agonisten hervor, die anschließend hinsichtlich ihrer Aktivität und ihres 
Wirkmechanismus näher charakterisiert wurden. In Kooperation mit Dr. W. Kilu/Dr. J. Heering wurde 
im zellfreien System der Einfluss der beiden Liganden auf die Co-Regulator-Rekrutierung und Homo-
dimerisierung der Nurr1-LBD untersucht. Da bereits die Leitstrukturen 19 und 25 durch ihre photo-
physikalischen Eigenschaften im TR-FRET-System problematisch zu beurteilen waren (siehe Kapitel 
3.3), wurde hier das Setting gewählt, bei dem die Konzentration des Liganden und des Tb3+-gekoppelten 
Peptids als FRET-Donor konstant bleibt, während die sGFP-gelabelte Nurr1-LBD als FRET-Akzeptor 
titriert wird. So wurde die Rekrutierung der beiden Co-Repressoren NCoR1 und SMRT durch die  
Anwesenheit der Fragmente 71 und 73 deutlich gefördert und die Bildung des Nurr1-Homodimers  
gesteigert (Abbildung 37), was den agonistischen Charakter dieser Liganden im Vergleich zu den NSARs 
als inversen Agonisten bestätigte.  

 
Abbildung 37: Effekte der Fragmente 71 und 73 im zellfreien TR-FRET-System. (a, b) Rekrutierung der Tb3+-gekoppelten Co-
Repressoren NCoR1 (a) und SMRT (b) zur sGFP-gelabelten Nurr1-LBD. (c) Homodimerisierung der Tb3+- und sGFP-gelabelten 
Nurr1-LBD. Gezeigt sind die dimensionslosen ΔHTRF-Werte in Bezug auf die interne DMSO (1 %) Kontrolle; MW ± SD; N = 3. 

Darüber hinaus aktivierten beide Fragmente den Volllängenrezeptor Nurr1 im weniger artifiziellen 
Testsystem in HEK293T-Zellen an allen drei nativen Response-Elementen (NBRE, NurRE und DR5) für 
das Nurr1-Monomer, -Homodimer und -RXR-Heterodimer (Abbildung 38a). Dabei waren die Aktivi-
täten in guter Übereinstimmung mit den Daten aus dem Gal4-Nurr1-Reportergenassay und zeigten  
höhere Potenzen für 71 im unteren mikromolaren Bereich, während 73 insgesamt höhere Effizienzen 
aufwies. Vor allem das Homodimer-Response-Element NurRE wurde von beiden Fragmenten mit der 
höchsten Effizienz aktiviert, was die Beobachtungen zur Homodimerisierung im zellfreien System  
widerspiegelt. Auch in einem orthogonalen nativen zellulären System konnten die neuen agonistischen 
Tools überzeugen. Dafür wurden humane Astrozyten der T98G-Zelllinie mit den Fragmenten 71 und 
73 für 8 h behandelt. Anschließend wurde die mRNA der Zellen extrahiert, in cDNA transkribiert und 
mittels quantitativer Echtzeit-Polymerase-Kettenreaktion (quantitative real time polymerase chain  
reaction, qRT-PCR) die Expression der Nurr1-abhängigen Gene VMAT2 und TH bestimmt. 71 und 73 
zeigten dabei dosisabhängig eine starke Induktion der dopaminergen Gene (Abbildung 38b), was das 
Nurr1-agonistische Profil der Fragmente nochmals unterstrich. 

Insgesamt haben die neuen Nurr1 Agonisten 71 und 73 gegenüber den Leitstrukturen AQ (19) und CQ 
(25) an Potenz gewonnen und überzeugen vor allem durch ihren Fragment-Charakter mit geringerem 
Molekulargewicht und niedriger Lipophilie. Auch nachteilige zelluläre Effekte auf die Transkriptions-
aktivität konnten mit 73 reduziert werden, während 71 gegenteilige (potenziell zytotoxische) Effekte auf 
das Kontrollgen bewirkte, wodurch die effektive Aktivierungseffizienz dieses Liganden vermutlich etwas 
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geringer ist. Beide Fragmente zeigten ein gutes Profil als neue agonistische Tools für Nurr1 und können 
gleichzeitig als attraktiver Startpunkt für die Entwicklung neuer Nurr1 Liganden dienen. 

3.5 In vitro Screening als Ausgangspunkt für neue Nurr1-Liganden 

Als dritter Ansatz zur Identifikation und Entwicklung neuer Nurr1-Liganden wurde ein breit angelegtes 
Screening einer Fragment-Bibliothek im zellulären Gal4-Nurr1-Reportergenassay durchgeführt. Die 
Kollektion der 480 getesteten Fragmente bestand dabei aus bekannten Strukturmotiven von zugelasse-
nen Arzneistoffen und stammte von Prestwick. Eine computergestützte Analyse der Fragment-Struk-
turen im Vergleich zur Drugbank495, welche Arzneistoffe in Zulassung und klinischer Forschung enthält, 
zeigte, dass die Fragmente, trotz der geringen Molekulargewichte im Bereich von 80 bis 300 g/mol, die 
große chemische Diversität der Drugbank in Bezug auf die Anzahl an Ringsystemen, Wasserstoff- 
brücken-Donor- und -Akzeptor-Funktionen sowie Lipophilie und polarer Oberfläche gut abbilden 
konnten. Die hohe strukturelle Vielfalt konnte zusätzlich durch eine Analyse der zugrunde liegenden 
Murcko Scaffolds496 belegt werden (Abbildung 39a). Aufgrund des Fragment-Charakters der getesteten 
Substanzen wurden die Fragmente bei einer Konzentration von 100 μM auf ihre Nurr1-modulatorische 
Aktivität in Ein-Punkt-Messungen mit zwei biologischen Replikaten im Gal4-Nurr1-Reportergenassay 
getestet (Abbildung 39b). 24 Fragmente mit einer Reporter-Aktivierung von ≥ 1,50 oder -Repression 
auf ≤ 0,60 der Aktivität wurden als primäre Treffer bewertet und weiter auf ihre Nurr1-modulatorische 
Aktivität überprüft. Dabei stellten sich die Effekte von 17 Substanzen als unspezifisch oder toxizitäts-
bedingt heraus und sieben Substanzen (90-96), welche kein gemeinsames bevorzugtes Grundgerüst auf-
wiesen, konnten als Nurr1-Modulatoren im Gal4-Testsystem validiert werden (Abbildung 39c). Dazu 
diente der Vergleich mit der Aktivität im Gal4-VP16-Kontrollsystem als Entscheidungskriterium für 
signifikante Nurr1-vermittelte Effekte auf die Reporteraktivität. Um die verwandten Arzneistoffe zu 
identifizieren, von denen die jeweiligen Fragmente abgeleitet waren, wurde eine computergestützte 
Struktursuche in KNIME innerhalb der Drugbank495 durchgeführt. Nur Fluvastatin (97) und die Anti-
biotika Sulfadoxin sowie Sulfadimethoxin der zugrunde liegenden Fragmente 91 und 96 zeigten eben-
falls Aktivität an Nurr1. Aus diesem Screening sind zwei Projekte hervorgegangen, die im Folgenden 

Abbildung 38: Nurr1-Agonismus von 71 und 73 in zellulären Settings. (a) Aktivität am Volllängenrezeptor Nurr1 als Monomer 
(NBRE), Homodimer (NurRE), und RXR-Heterodimer (DR5). Zugehörige EC50-Werte [μM] und maximale vielfache Aktivierun-
gen (vs. 0,1 % DMSO) sind in der Tabelle unterhalb dargestellt. Alle Werte sind MW ± S.E.M., n ≥ 3. (b) Effekte auf die mRNA-
Expression der Nurr1-abhängigen Gene VMAT2 und TH in T98G-Zellen. 25 zum Vergleich. Die gezeigten Werte sind MW ± 
S.E.M.; n = 4. mRNA-Level wurden über qRT-PCR bestimmt und durch die 2‑ΔΔCt-Methode in Bezug auf das Referenzgen GAPDH 
und unbehandelte Zellen (0,1 % DMSO) analysiert. * p < 0,05, ** p < 0,01, *** p < 0,001 vs. 0,1 % DMSO (t-Test). 
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vorgestellt werden. Zum einen wurde der inverse Nurr1-Agonismus von Fragment 95 näher analysiert 
und optimiert (Kapitel 3.5.1), zum anderen die Arzneistoffklasse der Statine als neue Nurr1-Agonisten 
identifiziert und die mögliche klinische Relevanz dieser Aktivität untersucht (Kapitel 3.5.2). 

 
Abbildung 39: Arzneistoff-Fragment-Screening zur Identifikation neuer Nurr1-Modulatoren. (a) Graphische Repräsentationen 
der Strukturen in der untersuchten Bibliothek nach Murcko Scaffolds496 und deren Häufigkeiten. (b) Primäre Screening-Ergebnisse 
zeigen die Aktivität der Fragmente bei 100 μM in einem zellulären Gal4-Nurr1-Reportergenassay. Gezeigt sind die MW der Re-
porteraktivität vs. 0,4 % DMSO; n = 2. Die Farben korrelieren mit dem strukturellen Aufbau der Fragmente in (a). Sterne mar-
kieren Fragmente, die im Gal4-VP16-Kontrollexperiment validiert werden konnten. Die grauen Linien zeigen MW ± SD des ge-
samten Screenings an. (c) Zugehörige Aktivitäten der validierten Fragmente. Die gezeigten Werte sind MW ± S.E.M.; n ≥ 3.  

3.5.1 Inverse Nurr1-Agonisten mit Indol-Grundgerüst 

Da die 5-HT3-Rezeptor-Antagonisten Dolasetron und Ondansetron als Arzneistoff-Analoga des  
Screeninghits Indol-3-carbonsäure-methylester (95) keine Aktivität an Nurr1 zeigten, bot sich das  
Indol-Derivat als günstiger Startpunkt für eine klassisch systematische Analyse der SAR des inversen 
Agonismus an Nurr1 an. Durch die geringe Größe des Fragments bestanden optimale Voraussetzungen 
zur strukturellen Erweiterung des Grundgerüstes. Dieses Projekt wurde in Zusammenarbeit mit Daniel 
Zaienne durchgeführt, der maßgeblich für die Synthesen verantwortlich war, welche daher nicht Gegen-
stand dieses Kapitels sind (siehe Kapitel 16.6). Im ersten Schritt wurden die freien Positionen des stick-
stoffhaltigen Zweiringsystems in 95 systematisch durch Substitution mit je entweder einer Methyl-
gruppe oder einem Chloratom untersucht, um die günstigsten Positionen zur Erweiterung des Grund-
gerüsts zu identifizieren (Tabelle 6). Beide Erweiterungen wurden in 2-Position (98 und 99) toleriert, 
zeigten jedoch nur wenig Änderung der Aktivität. In 4-Position führte die Methyl-Gruppe (100) zu  
einem kompletten Verlust der Nurr1-repressiven Aktivität, während auch die Einführung des Chlor-
substituenten (101) nicht begünstigt war und die Repressions-Effizienz stark reduzierte. Die Einführung 
von Substituenten in 5-Position (102 und 103) führte hingegen zu einer zweifachen Verbesserung der 
Potenz im Vergleich zum Ausgangsfragment 95, wobei der Chlorsubstituent in 103 zusätzlich auch die 
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Repressions-Effizienz steigern konnte. In 6-Position wurden beide Substituenten (104 und 105) tole-
riert, wobei für den Chlorsubstituenten (105) eine Potenzsteigerung, aber auch ein Verlust an Repressi-
ons-Effizienz zu verzeichnen war. Die 7-Position tolerierte ebenfalls die Einführung einer Methylgruppe 
(106) und bevorzugte ein Chloratom (107), wodurch die Potenz zweifach gesteigert und die gute Re-
pressions-Effizienz der Leitstruktur erhalten werden konnte. Somit erschienen die 5- und 7-Position als 
die Vielversprechendsten zur Erweiterung des Indolgerüstes und wurden durch Einführung einer Me-
thoxy-Funktion in beiden Positionen weiter untersucht (Tabelle 6). Während die Methoxy-Gruppe in 
5-Position (108) eine vergleichbare Aktivität wie das Chlor-Derivat 103 zeigte, wurde die Methoxy- 
Erweiterung in 7-Position (109) nicht toleriert und die Aktivität am Rezeptor ging gänzlich verloren. 
 
Tabelle 6: Systematische Untersuchung von Substitutionen am Indol-Grundgerüst. Leitstruktur 95 zum Vergleich. 

 

Die Aktivität wurde im Gal4-Nurr1-Reportergenassay bestimmt. EC50/IC50-Werte sind MW ± S.E.M.; 
n ≥ 3. Maximale/minimale verbleibende Aktivierung bezieht sich auf mit DMSO (0,1 %) behandelte 
Zellen. a Inaktiv: kein signifikanter Effekt auf die Reporteraktivität (≤ 0,8-fache Akt. bei der angegebe-
nen höchsten nicht-toxischen Konzentration). Ph = Phenylrest, Bn = Benzylrest, tBu = tertiär Butylrest.

ID R1 R2 R3 R4 R5 R6 R7 
EC50/IC50 [μM] (max./min. 

vielfache Aktivierung) 
  95 H H H H H H OCH3 48 ± 11 (0,31 ± 0,08) 
98 CH3 H H H H H OCH3 53 ± 20 (0,29 ± 0,18) 
99 Cl H H H H H OCH3 34 ± 10 (0,39 ± 0,09) 

100 H CH3 H H H H OCH3 inaktiv (100 μM)a 
101 H Cl H H H H OCH3 55 ± 7 (0,72 ± 0,03) 
102 H H CH3 H H H OCH3 20 ± 4 (0,61 ± 0,03) 
103 H H Cl H H H OCH3 24 ± 5 (0,18 ± 0,06) 
104 H H H CH3 H H OCH3 57 ± 7 (0,49 ± 0,05) 
105 H H H Cl H H OCH3 8,9 ± 0.1 (0,73 ± 0,01) 
106 H H H H CH3 H OCH3 35 ± 6 (0,46 ± 0,07) 
107 H H H H Cl H OCH3 19 ± 9 (0,30 ± 0,15) 
108 H H OCH3 H H H OCH3 23 ± 3 (0,28 ± 0,04) 
109 H H H H OCH3 H OCH3 inaktiv (100 μM)a 
110 H H Br H H H OCH3 15 ± 3 (0,16 ± 0,07) 
111 H H Ph H H H OCH3 2,5 ± 0,5 (0,56 ± 0,02) 
112 H H Bn H H H OCH3 inaktiv (150 μM)a 
113 H H H H H CH3 OCH3 21 ± 2 (0,31 ± 0,04) 
114 H H H H H CH2CH3 OCH3 31 ± 2 (0,73 ± 0,02) 
115 H H H H H Ph OCH3 81 ± 3 (1,90 ± 0,08) 
116 H H H H H Bn OCH3 inaktiv (30 μM)a 
117 H H H H H H OCH2CH3 inaktiv (30 μM)a 
118 H H H H H H OtBu inaktiv (30 μM)a 
119 H H H H H H OPh 11 ± 1 (1,93 ± 0,02) 
120 H H Ph H H CH3 OCH3 2,3 ± 0,7 (0,58 ± 0,04) 
121 H H Ph H H CH3 NHCH3 14 ± 3 (0,08 ± 0,05) 
122 H H 2-furyl H H CH3 OCH3 1,5 ± 0,5 (0,36 ± 0,06) 
123 H H 3-furyl H H CH3 OCH3 8 ± 2 (0,01 ± 0,01) 
124 H H 2-thiophenyl H H CH3 OCH3 4 ± 1 (0,39 ± 0,05) 
125 H H 3-thiophenyl H H CH3 OCH3 2,5 ± 0,7 (0,53 ± 0,04) 
126 H H 4-pyridyl H H CH3 OCH3 9 ± 4 (0,1 ± 0,2) 
127 H H 3-pyridyl H H CH3 OCH3 3,8 ± 0,6 (0,06 ± 0,05) 
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Daher wurden anschließend weitere Modifikationen in 5-Position untersucht (Tabelle 6). Die  
Einführung eines Brom-Substituenten (110) verbesserte die Potenz nochmals leicht im Vergleich zum 
Chlor-Derivat 103, während die Erweiterung mit einem Phenyl-Rest (111) die Potenz um das 10-fache 
steigern konnte. Die Verlängerung des Linkers zum Benzyl-Rest (112) in 5-Position hingegen wurde 
nicht toleriert, was auf die Präferenz eines starren Biarylsystems hindeutete.  

Des Weiteren wurden Substituenten am Stickstoff im Indol-Gerüst untersucht (Tabelle 6), wobei eine 
zweifache Steigerung der Potenz durch Einführung einer Methyl-Funktion (113) im Vergleich zum  
unsubstituierten Ausgangsfragment 95 beobachtet wurde. Die Verlängerung zum Ethyl-Analog (114) 
hingegen war nicht bevorzugt. Ein Phenyl-Rest in 1-Position (115) kehrte sogar die Aktivität am Rezep-
tor um und führte zu schwacher Aktivierung von Nurr1, wohingegen auch hier die Verlängerung des 
Linkers zum Benzyl-Derivat 116 nicht toleriert wurde. Außerdem wurde die Rolle des metabolisch  
instabilen Methylesters in 3-Position des Fragments 95 näher analysiert (Tabelle 6). Der Austausch zur 
freien Carbonsäure, sowie zum Aldehyd und dem Methyl- bzw. Ethylketon führte jedoch zu inaktiven 
Derivaten. Auch die Expansion zum Ethyl- (117) und tert-Butyl-Ester (118) wurde nicht toleriert. Wie 
auch im N-Phenyl-Derivat 115, bewirkte die Einführung eines Phenyl-Restes (119) als Erweiterung des 
Esters eine Umkehr zu agonistischer Aktivität an Nurr1 und erinnert an das Substitutionsmuster des 
Chinolins im Agonisten 19. Nach der systematischen Untersuchung aller Strukturelemente und Positi-
onen des inversen Nurr1-Agonisten 95 wurden die bevorzugten Modifikationen des Phenyl-Restes in 
5-Position (111) und der N-Methyl-Substitution (113) in Derivat 120 kombiniert (Tabelle 6), was  
jedoch keine weitere Steigerung der Potenz brachte, in der Aktivität dem Analog 111 aber gleichwertig 
war. 120 diente daher als neuer Ausganspunkt für weitere Optimierungsversuche, wobei wiederum  
versucht wurde, den metabolisch instabilen Methylester zu ersetzen. Doch auch der Austausch des  
Ester-Motivs gegen Carbonsäureamide in 3-Position war nicht zielführend. Das Methylamid 121 wurde 
zwar toleriert, führte aber trotz hoher Repressions-Effizienz zu einer 10-fach verringerten Potenz. Ein 
zweifach substituiertes Dimethylamid-Derivat sowie der größere Ethylamid-Substituent führten hinge-
gen zu vollständigem Aktivitätsverlust an Nurr1. Somit konnte kein adäquater Ersatz für den Methyl-
ester gefunden werden. Abschließend wurde durch das Einführen von aromatischen Heterozyklen 
(122–127) anstelle des bevorzugten Phenyl-Restes in 5-Position versucht 120 weiter zu optimieren (Ta-
belle 6). Die Furan-Derivate 122 und 123 sowie die Thiophen-Analoga 124 und 125 zeigten vergleich-
bare Potenzen im unteren mikromolaren Bereich mit verbesserter Repressions-Effizienz gegenüber 120. 
Ebenso wurde das Einführen von Pyridin-Substituenten in 126 und 127 gut toleriert und zeigte mit dem 
3-Pyridyl-Derivat 127 eine sehr hohe Repressions-Effizienz mit lediglich 6 % verbleibender Rezeptorak-
tivität. Ein Versuch, die zuvor beobachteten günstigen Modifikationen durch den 7-Chlor-Substituen-
ten in 107 und den unsubstituierten Stickstoff im Indolgrundgerüst (111) mit dem bevorzugten Pyridin-
Derivat 127 zu kombinieren, erreichte keine weitere Steigerung der Aktivität. 

Somit gingen 120 und 127 als zwei potente inverse Nurr1-Agonisten mit unterschiedlicher Effizienz aus 
dieser umfangreichen SAR-Studie hervor, die die NSARs als erste Vertreter dieser Klasse an Nurr1- 
Liganden in ihrer Potenz etwa um den Faktor 10 überstiegen. Wie schon bei den NSARs, zeigte sich 
innerhalb der NR4A-Familie keine Selektivität gegenüber den verwandten Rezeptoren Nur77 und  
NOR-1 im Gal4-Hybrid-Reportergenassay, jedoch war für beide Substanzen die Repressions-Effizienz 
an Nurr1 am stärksten ausgeprägt. Außerhalb der NR4A-Subfamilie zeigten 120 und 127 keine Aktivität 
an weiteren NRs. In Kooperation mit Dr. Jan Heering wurde auch für diese Substanzklasse der moleku-
lare Wirkmechanismus anhand von 127 im zellfreien TR-FRET-System näher untersucht. Der inverse 
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Agonist verdrängte die Co-Repressoren NCoR1 und SMRT von der Nurr1-LBD (Abbildung 40a, b), war 
jedoch nicht in der Lage, die Rekrutierung des Co-Aktivators NCoA6 zu beeinflussen. Auch der Einfluss 
auf das Dimerisierungsverhalten des Rezeptors unterschied sich bei 127 von den NSARs. Während die 
Homodimerisierung dosisabhängig unterdrückt wurde (Abbildung 40c), zeigte sich kein Effekt auf die 
Bildung des Heterodimers mit der RXRα-LBD. Auch die Beobachtungen im zellulären Testsystem des 
Volllängenrezeptors Nurr1 sprechen für eine Monomerpräferenz dieser Substanzklasse, da sowohl 127 
als auch 120 bis 50 μM keinerlei Aktivität am Homodimer (NurRE)- und Heterodimer (DR5)-Response-
Element zeigten. Die Nurr1-Aktivität am Monomer Response-Element (NBRE) wurde jedoch von  
beiden Substanzen mit moderater Effizienz und IC50-Werten im unteren mikromolaren Bereich  
reduziert (Abbildung 40d). Somit ergaben sich einige mechanistische Unterschiede zu den NSARs als 
inversen Nurr1-Agonisten, die ein differenziertes Bild der Co-Regulator-Interaktion und der Modula-
tion der Monomer-Oligomer-Equilibria zeigen, wodurch die Entwicklung genselektiver Liganden  
möglich erscheint. Allerdings bedarf es für das umfassende Verständnis der inversen Nurr1-Agonisten 
noch eines besseren Verständnisses der molekularen Aktivierungsmechanismen von Nurr1. 

 
Abbildung 40: Charakterisierung von 127 und 120 in zellfreien und zellulären Systemen. (a–c) 127 verdrängte die Tb3+-gekoppel-
ten Co-Repressoren NCoR1 (a) und SMRT (b) von der sGFP-gelabelten Nurr1-LBD und konnte die Homodimerisierung (c) der 
Tb3+- und sGFP-gelabelten Nurr1-LBD dosisabhängig verhindern. Gezeigt sind die dimensionslosen HTRF-Werte als MW ± 
S.E.M.; N = 3. (d) Eine Aktivität von 120 und 127 am Volllängenrezeptor Nurr1 in HEK293T-Zellen konnte nur für das Mono-
mer-Response-Element (NBRE) festgestellt werden, nicht jedoch für das Homodimer (NurRE) und Heterodimer (DR5). IC50-Werte 
[μM] sind MW ± S.E.M.; n ≥ 3. 

Kreuztitrationen von 127 mit AQ (19) im Gal4-Nurr1-Reportergenassay deuteten ähnlich wie bei den 
NSARs (siehe Kapitel 3.3) darauf hin, dass die inversen Agonisten mit Indol-Grundgerüst mit einer  
anderen Bindestelle interagieren als AQ (19), da die Dosis-Wirkungskurven nur auf der y-Achse  
verschoben und gestaucht wurden, jedoch kein kompetitiver Effekt der beiden Liganden zu erkennen 
war. Abschließend wurde die Wirkung der neuen inversen Nurr1-Agonisten in einem nativen zellulären 
System validiert, wofür humane Astrozyten (T98G) für 8 h mit 120 und 127 inkubiert und anschließend 
der Einfluss auf die Expression Nurr1-abhängiger dopaminerger Gene mittels qRT-PCR untersucht 
wurden. Beide Substanzen bewirkten eine signifikante Reduktion der mRNA-Expression von DDC, TH 
und VMAT2 im Vergleich zu unbehandelten Zellen, wodurch der inverse Agonismus an Nurr1 auf  
zellulärer Ebene bestätigt werden konnte (Abbildung 41a). Die zuvor im Gal4-Nurr1-Testsystem  
beobachteten Unterschiede in der Repressions-Effizienz beider Substanzen waren allerding nicht  
erkennbar, was durch die zytotoxischen Effekten von 127 bedingt sein könnte, die sich auch durch einen 
Einfluss auf das Referenzgen GAPDH zeigten. Des Weiteren wurde die Freisetzung des proinflamma-
torischen Zytokins IL-6 von T98G-Zellen 24 h nach der Inkubation mit 120 mittels Enzyme-linked Im-
munosorbent Assay (ELISA) aus dem Medium der Zellen bestimmt. Dabei steigerte der inverse Agonist 
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dosisabhängig die IL-6-Level und ähnelte damit in seiner Wirkung dem Effekt des siRNA-vermittelten 
Knockdowns von Nurr1 (si-Nurr1) auf die IL-6-Ausschüttung (Abbildung 41b, c), was eine mögliche 
Beteiligung von Nurr1 an neuroinflammatorischen Prozessen unterstreicht (siehe Kapitel 3.5.2). 

 
Abbildung 41: Biologische Effekte von 120 und 127. (a) Effekte von 120 und 127 (je 30 μM) auf die mRNA-Expression der Nurr1-
abhängigen Gene DDC, TH und VMAT2 in T98G-Zellen vs. 0,1 % DMSO (ctrl). Die gezeigten Werte sind MW ± S.E.M.; n = 4. 
mRNA-Level wurden mittels qRT-PCR bestimmt und durch die 2‑ΔCt-Methode in Bezug auf das Referenzgen GAPDH analysiert. 
(b) T98G setzten nach Behandlung mit LPS (1 μg/mL) IL-6 frei, was durch si-Nurr1 (vs. Kontroll-siRNA, si-ctrl) deutlich gesteigert 
wurde. Die Werte sind MW ± S.E.M. der IL-6-Level; n = 3. (c) In gleicher Weise förderte 120 signifikant die Freisetzung von IL-6 
in LPS-behandelten T98G-Zellen. Die Werte sind MW ± S.E.M.; n = 4. # p < 0,1, * p < 0,05, ** p < 0,01 vs. 0,1 % DMSO (t-Test). 

Somit erweisen sich die aus einem Fragment Screening entwickelten, neuen, inversen Nurr1 Agonisten 
als hilfreiche tool compounds, um eine reduzierte Aktivität des konstitutiv aktiven Rezeptors zu  
untersuchen, wobei sich besonders 120 für zelluläre Studien eignet.  

3.5.2 Statine vermitteln neuroprotektive Effekte durch Nurr1 Agonismus 

Anders als bei den Indol-basierten inversen Agonisten (Kapitel 3.5.1) zeigte der Arzneistoff Fluvastatin 
(97), von dem sich der agonistische Treffer 91 im Fragment-Screening ableitet, ebenfalls Aktivität im 
Gal4-Nurr1-Reportergenassay, sogar mit gesteigerter Potenz (Abbildung 42a,b). Aufgrund dieser viel-
versprechenden Beobachtung wurden die übrigen Vertreter der Arzneistoffklasse der Statine, die als 
Lipidsenker vielfach klinisch angewendet werden, auf ihre Nurr1-modulatorische Aktivität untersucht, 
um zu sehen, ob es sich hierbei um einen Klasseneffekt handelt. Die strukturell verwandten synthe-
tischen Statine der zweiten Generation 128–130 zeigten ebenfalls agonistische Aktivität an Nurr1 mit 
großen Unterschieden in der Potenz und insgesamt geringerer Aktivierungseffizienz. Pitavastatin (128) 
war dabei das potenteste Statin mit einem EC50-Wert von 0,12 μM, während Rosuvastatin (130) die  
geringste Potenz zeigte (EC50 23 μM). Die Statine der ersten Generation Lovastatin (131) und  
Simvastatin (132) waren in Potenz und Effizienz mit Fluvastatin (97) vergleichbar, nur Pravastatin (133) 
zeigte als einziger Vertreter dieser Arzneistoffklasse keine Aktivität an Nurr1. Wie bereits bei der  
Aktivitätsumkehr durch den Phenylester in 119 der Indol-basierten Klasse von inversen Nurr1- 
Agonisten beobachtet wurde, weisen auch die Nurr1-Agonisten 97 und 128 strukturelle Verwandtschaft 
zum bekannten Liganden 19 auf, wie ein Alignment der Strukturen veranschaulicht (Abbildung 42c). 
Auch die synthetischen Statine 129 und 130 teilen ein ähnliches Grundgerüst des zentralen stickstoff-
haltigen Heterozyklus mit para-Fluor-substituiertem Phenylring in gleicher Orientierung. Die Statine 
131–133 sind dagegen als natürlich vorkommende Monacoline extrahiert oder von diesen abgeleitet 
und weisen daher keine aromatischen Ringsysteme auf. Da bei 131 und 132 die charakteristische  
Carbonsäure-Seitenkette in einer geschlossenen Lactonform vorliegt, scheint eine direkte Interaktion 
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der Säurefunktion mit Nurr1 für die Aktivierung nicht entscheidend zu sein, sondern andere  
Molekülmerkmale von Bedeutung. Dafür spricht auch, dass das offenkettige Statin 133 als einziger  
Vertreter keinerlei Aktivität an Nurr1 aufwies. 

 
Abbildung 42: Identifikation von Statinen als Nurr1-Modulatoren. (a) Aktivitäten der Statine im Gal4-Nurr1-Reportergenassay, 
Screeninghit 91 zum Vergleich. EC50-Werte sind MW ± S.E.M.; n ≥ 3. Max. vielfache Aktivierung bezieht sich auf 0,1 % DMSO. 
(b) Chemische Strukturen der zugelassenen Statine. Fragment 91 ist im davon abgeleiteten Fluvastatin (97) gekennzeichnet.  
(c) Das Alignment von Fluvastatin (97) und Pitavastatin (128) mit AQ (19) zeigt gemeinsame strukturelle Merkmale.  

Um die Aktivität der Statine an Nurr1 näher zu charakterisieren, wurden die beiden effizientesten  
Substanzen, 97 und 132, als Vertreter aus beiden Gruppen dieser Arzneistoffklasse für tiefgreifende  
mechanistische Studien ausgewählt. Ein wichtiger Vorteil für Untersuchungen im TR-FRET-System 
ergab sich dabei auch aufgrund des fehlenden Chromophors in Statinen der ersten Generation. Alle vier 
zuvor untersuchten Interaktionen der Nurr1-LBD mit Peptiden der Co-Regulatoren NCoR1, SMRT, 
NCoA6 und NRIP1 (vgl. Kapitel 3.3) wurden durch beide Statine im zellfreien System dosisabhängig 
blockiert (Abbildung 43a–d). In Kooperation mit Dr. W. Kilu/Dr. J. Heering wurde auch der Einfluss 
auf das Dimerisierungsverhalten des Rezeptors im TR-FRET-Setting untersucht (Abbildung 43e,g) und 
zeigte, dass 132 die Homodimerisierung fast vollständig unterdrückte, während 97 einen schwächeren 
Effekt zeigte. Anders als bei den NSARs 49 und 51 beobachtet, zeigten die Statine allerdings keinen 
Effekt auf die Heterodimerisierung mit der RXRα-LBD. Die Effekte von 132 auf das Co-Regulator- 
Interaktionsprofil und die Homodimerisierung von Nurr1 waren insgesamt stärker ausgeprägt und 
zeigten höhere Potenz (Abbildung 43g). Obwohl das Profil im zellfreien System den inversen Agonisten 
(Kapitel 3.3 und 3.5.1) ähnelte, konnte 132 in den nativen Reportergenassays den Volllängenrezeptor 
Nurr1 an allen drei Response-Elementen mit Potenzen im unteren mikromolaren bis nanomolaren  
Bereich aktivieren (Abbildung 43f,g) und eignete sich damit gut als Nurr1-agonistische Modellsubstanz 
für weitere zelluläre Untersuchungen. 
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Abbildung 43: Charakterisierung von 97 und 132 in zellfreien und zellulären Systemen. (a–d) 97 und 132 verdrängten die  
Fluoreszein-gelabelten Co-Regulatoren NCoR1 (a), SMRT (b), NCoA6 (c) und NRIP1 (d) von der Tb3+-gekoppelten Nurr1-LBD. 
(e) Die Homodimerisierung der Tb3+- und sGFP-gelabelten Nurr1-LBD wurde von 132 verhindert und von 97 beeinträchtigt.  
(a–e) Dargestellt sind die dimensionslosen HTRF-Werte als MW ± S.E.M.; N = 3. (f) 132 aktivierte den Volllängenrezeptor Nurr1 
in zellulären Reportergenassays (HEK293T) für das Monomer (NBRE), das Homodimer (NurRE) und das RXR-Heterodimer 
(DR5). Die Werte sind MW ± S.E.M., n ≥ 3. (g) Zusammengefasste Aktivitäten im TR-FRET-Setting (oben) und den Volllängen- 
Reportergenassays (unten); EC50-Werte als MW ± S.E.M.; max. vielfache Aktivierung bezogen auf 0,1 % DMSO; n ≥ 3. 

Um eine mögliche klinische Relevanz der Nurr1-Aktivierung durch Statine vorläufig bewerten zu  
können, wurde zunächst in humanen Astrozyten (T98G) ihr Effekt auf eine LPS-induzierte Neuro- 
inflammation anhand der Freisetzung von IL-6 mittels ELISA untersucht. Die Tatsache, dass sowohl 97 
als auch 132 die Freisetzung von IL-6 signifikant senken konnten und 133 als einziges inaktives Statin 
an Nurr1 keinen Effekt zeigte, deutete darauf hin, dass diese Reduktion der inflammatorischen Antwort 
Nurr1-vermittelt stattfindet (Abbildung 44a). Durch Knockdown des Rezeptors, der mittels Trans- 
fektion von T89G-Zellen mit Nurr1-gerichteter siRNA (si-Nurr1) erzielt wurde (Kontroll-siRNA zum 
Vergleich, si-ctrl), konnte diese Vermutung für 132 im gleichen Versuchsaufbau weiter bestätigt werden 
(Abbildung 44b). Die Knockdown-Effizienz wurde anhand der relativen Nurr1-mRNA-Expression  
mittels qRT-PCR über die 2-ΔCt-Methode mit GAPDH als Referenzgen bestimmt und zeigte eine 63 %ige 
Reduktion des Rezeptorgens im Vergleich zu Zellen, die mit si-ctrl behandelt wurden. Der Nurr1-
Knockdown steigerte die Freisetzung von IL-6 erheblich, Simvastatin (132) bewirkte jedoch kaum eine 
Reduktion der IL-6-Freisetzung in mit si-Nurr1 behandelten Zellen. 

Basierend auf diesen sehr vielversprechenden Beobachtungen wurden die möglichen Nurr1-vermittel-
ten antineuroinflammatorischen und neuroprotektiven Effekte durch differenzielle Genexpressions-
analyse in Astrozyten näher untersucht. Dazu wurden ebenfalls T98G-Zellen mit si-Nurr1 und si-ctrl 
transfiziert und nach 24 h entweder mit oder ohne LPS als Entzündungsstimulus für 12 h mit DMSO 
(0,1 %) inkubiert. Die gesamte mRNA wurde anschließend aus den Zellen extrahiert und mittels RNA-
Sequencing (durch die Firma Novogene) analysiert. Dabei bestätigte sich die Vermutung, dass allein der 
Nurr1-Knockdown in Astrozyten Neuroinflammation induzierte. Er veränderte in beiden Fällen  
(+/- LPS) signifikant die Expression von knapp 8000 Genen (Abbildung 44c,d). Die veränderte 
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Expression von 5868 Genen war hierbei unabhängig von der Inkubation mit LPS nur auf den Knock-
down des Rezeptors zurückzuführen und bei jeweils knapp 2000 Genen zeigten sich Unterschiede im 
Kontext der LPS-induzierten Neuroinflammation (Abbildung 44d). So wurden zahlreiche Interferone 
und Chemokine, Zytokinrezeptoren, Gene des JAK-STAT-Signalweges und der TNF-Superfamilie teils 
deutlich durch den Nurr1-Knockdown induziert. Außerdem zeigte eine Analyse der KEGG-Pfade482,483, 
dass vor allem Gene, die mit PD und AD assoziiert werden, sowie an oxidativer Phosphorylierung, 
Apoptose und dem p53-Signalweg beteiligt sind, verändert exprimiert wurden (Abbildung 44e). 

 
Abbildung 44: Beteiligung von Nurr1 an Neuroinflammation. (a) Mit LPS (1 μg/mL) behandelte T98G-Zellen setzen nach  
Behandlung mit 97 und 132 signifikant weniger IL-6 frei. 133 diente als Negativkontrolle und zeigte keinen Einfluss auf die IL-6-
Freisetzung. Die Werte sind MW ± S.E.M., n = 4. (b) Der Effekt von 132 auf die IL-6-Freisetzung von LPS-behandelten  
T98G-Zellen ist mit si-Nurr1 nicht mehr signifikant. Die Werte sind MW ± S.E.M., n = 3. (c–e) Differenzielle Genexpressions-
analyse in T98G behandelt mit si-Nurr1 oder si-ctrl; n = 3 (c) Vulkan-Diagramm zeigt den log2 der vielfachen Änderung in den 
Genexpressionslevels (x-Achse) vs. statistische Signifikanz (−log10 (p-Wert); y-Achse) ohne LPS. (d) Venn-Diagramm der gleichen 
Analyse für Zellen, die ohne oder mit LPS behandelt wurden. (e) Anreicherung von KEGG-Pfaden zeigt die Beteiligung von Nurr1 
an neurodegenerativen Erkrankungen und Neuroinflammation. Gezeigt sind die statistischen Signifikanzniveaus (−log10(padj)) 
der regulierten KEGG-Pfade. Die Zahlen beziehen sich auf die Anzahl der differenziell regulierten Gene, die mit dem Pfad  
verbunden sind. #p < 0,1, *p < 0,05, **p < 0,01, ***p < 0,001 (a,b,e). 

Um die möglichen Nurr1-vermittelten neuroprotektiven Effekte von 132 näher zu untersuchen, wurden 
T98G in gleicher Weise für 12 h mit 132 (10 μM) behandelt und dessen Effekte auf die Genexpression 
mit denen des Nurr1-Knockdown verglichen (Abbildung 45). Dabei wurden 405 durch den Knockdown 
herunterregulierte Gene durch 132 induziert und 363 durch den Knockdown induzierte Gene von 132 
signifikant herunterreguliert (Abbildung 45a). Unter diesen fiel besonders die Häufung von Genen auf, 
die mit der Regulation metabolischer Pfade assoziiert werden (Abbildung 45b). So wurden Gene, die an 
der Glukose-Verwertung (PGM1, SLC2A6) und Energiegewinnung (ACSS2) beteiligt sind, entgegen-
gesetzt reguliert. Interessanterweise induzierte der Cholesterinsenker 132 auch Gene der Cholesterol- 
Biosynthese (z. B. MVD, TM7SF2, MVK, DHCR7, LSS), die durch den Nurr1-Knockdown herunter-
reguliert wurden. Außerdem zeigte 132 ein antientzündliches und antiapoptotisches Genexpressions-
profil, indem 132 beispielsweise den NFκB-Inhibitor α (NFKBIA) induzierte und die Expression der 
NFκB-induzierenden Kinase MAP3K14 sowie des Interferon-alpha-induzierbaren Proteins 27 (IFI27) 
herunterregulierte (Abbildung 45c). Der Nurr1-Knockdown hingegen zeigte die gegenteilige Wirkung, 
was auf zytoprotektive Effekte der Nurr1-Aktivierung durch 132 hindeutet. 

Auch in Nurr1-defizienten Zellen (si-Nurr1) wurde der Einfluss von 132 auf die Genexpression unter-
sucht. Somit konnte die Regulation von 1948 Genen (1058 induziert, 890 herunterreguliert) durch 132 
als Nurr1-vermittelt angenommen werden, da diese Effekte mit 132 in Nurr1-defizienten Zellen nicht 
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signifikant waren (Abbildung 45d,e). 1067 weitere Gene, die sowohl in Zellen mit si-Nurr1 als auch mit 
si-ctrl von 132 beeinflusst wurden, deuten auf die Beteiligung anderer Signalwege hin. Die gleichen 
Untersuchungen wurden außerdem in LPS-behandelten Zellen durchgeführt, um den Nurr1-
vermittelten Einfluss von 132 auf neuroinflammatorische Prozesse zu analysieren. Hierbei war die Zahl 
der durch 132 Nurr1-vermittelt regulierten Gene mit 1389 (709 induziert, 680 herunterreguliert) etwas 
geringer (Abbildung 45d,e). Eine Analyse der KEGG-Pfade482,483 der mit si-ctrl im Vergleich zu si-Nurr1 
behandelten Zellen zeigte, dass 132 Nurr1-vermittelte Effekte auf Gene hatte, die mit PD, AD, oxidativer 
Phosphorylierung, Zellzyklus und DNA-Replikation zusammenhängen (Abbildung 45f). Bei LPS-
behandelten Zellen waren zusätzlich Effekte auf Apoptose und p53-Signalwege zu erkennen. Eine 
genauere Untersuchung dieser Effekte ergab mehrere neuroprotektive Wirkungen, darunter bspw. eine 
Induktion der Hexokinasen, welche zu einer verbesserten Glucoseverwertung im Gerhin betragen 
könnten497–499. Außerdem zeigte 132 Nurr1-vermittelte Effekte auf Neurotransmitter-Rezeptoren und  
-Transporter sowie auf Entzündungsgene. So wurde bspw. in beiden Fällen der GABA-Rezeptor A3 

Abbildung 45: Simvastatin (132) beeinflusste die Genexpression von Astrozyten (T98G) in Abhängigkeit von Nurr1. (a–c) Die 
Heatmaps zeigen gegenteilige signifikante Effekte (p < 0,05) von 132 (vs. DMSO, in Gegenwart von si-ctrl) und si-Nurr1-vermit-
teltem Knockdown (vs. si-ctrl, in Gegenwart von DMSO) als log2 der vielfachen Änderung; n = 3. Insgesamt wurden 768 Gene 
entgegengesetzt reguliert (a), wobei besonders Gene des Glukose- und Cholesterol-Stoffwechsels (b) betroffen waren, sowie Gene, 
die in Entzündungs- und Apoptose-Prozesse eingreifen (c). (d–f) Nurr1-vermittelte Effekte von 132 wurden zusätzlich durch 
gleichzeitige Behandlung der Zellen mit 132 (vs. DMSO) und si-Nurr1 oder si-ctrl analysiert; n = 3. (d) Vulkan-Diagramme zeigen 
den log2 der vielfachen Änderung in den Genexpressionslevels (x-Achse) vs. statistische Signifikanz (−log10 (p -Wert); y-Achse) mit 
si-ctrl und +/- LPS. Effekte von 132, die auch mit si-Nurr1 signifikant waren, sind grau dargestellt. (e) Venn-Diagramme der 
gleichen Analysen zeigen den Anteil der Nurr1-vermittelten Effekte von 132. (f) Die Nurr1-vermittelte Auswirkung von 132 auf 
die Regulation von KEGG-Pfaden ist anhand der statistischen Signifikanzniveaus (−log10(padj)) gezeigt. Die Zahlen beziehen sich 
auf die Anzahl der differenziell regulierten Gene, die mit dem Pfad verbunden sind. *p < 0,05, **p < 0,01, ***p < 0,001. 
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(GABRA3) herunterreguliert und interzelluläre Adhäsionsmoleküle (ICAMs) sowie NFKBIA induziert. 
Insgesamt bestätigte die differenzielle Genexpressionsanalyse, dass Nurr1 an den neuroprotektiven 
Wirkungen von 132 mit metabolischen, antientzündlichen und antiapoptotischen Komponenten 
beteiligt ist. 

Dass Statine als 3-Hydroxy-3-Methylglutaryl-Coenzym-A(HMG-CoA)-Reduktase-Inhibitoren über  
einen verbesserten Cholesterol Haushalt neuroprotektive Wirkungen erzielen, ist nicht verwunderlich. 
Doch deuten zahlreiche Untersuchungen von Statinen im Kontext neurodegenerativer Erkrankungen 
darauf hin, dass Cholesterol-abhängige Mechanismen diese Wirkung nicht alleine erklären können500–

502. Da für die lipophilen Statine in Laktonform (131 und 132) bereits gezeigt wurde503, dass sie die Blut-
Hirn-Schranke überwinden können, und für Statine in der freien Säure-Form aktive Transport- 
Mechanismen vermutet werden504, ist die Aktivierung von Nurr1 durch Statine im ZNS potenziell  
klinisch relevant. Vor allem 132 konnte im Kontext neurodegenerativer Erkrankungen in vitro und  
in vivo überzeugen und führte zu einer Reduktion proinflammatorischer Moleküle und einer verringer-
ten Aktivierung der Mikroglia, zeigte antioxidative Effekte, verhinderte die Aggregation von  
α-Synuclein und schützte vor dem Untergang dopaminerger Neurone501,505. Bemerkenswert ist auch, 
dass eine Studie allen Statinen außer 133 eine protektive Wirkung gegen PD zuschreibt506, da 133 auch 
das einzige Statin ist, das keine Aktivität an Nurr1 zeigte. Die zahlreichen vielversprechenden Unter-
suchungen zum möglichen therapeutischen Nutzen der Statine bei neurodegenerativen Erkrankungen 
motivierten bereits mehrere klinische Studien mit 132 zur Behandlung von PD, AD und MS. So deutete 
eine retrospektive Beobachtungstudie bei PD-Patienten im Frühstadium, die über vier Jahre ein Statin 
einnahmen, auf eine verlangsamte Progression der Erkrankung hin und zeigte geringere motorische 
Beeinträchtigungen im Vergleich zu Patienten ohne Statin-Therapie505. Die vorläufigen Ergebnisse einer 
zweijährigen Phase-2-Interventionsstudie zur Behandlung von moderater PD mit 132 (PD-STAT)507 
konnten noch keinen signifikanten Einfluss auf das Fortschreiten der Erkrankungen feststellen508,  
weshalb weitere Studien zur Klärung dieser Diskrepanz benötigt werden. Eindeutig waren hingegen die 
Ergebnisse der Phase-2-Studie MS-STAT, die über zwei Jahre die tägliche Einnahme von 132 (80 mg) 
bei sekundär progredienter MS untersuchte. Sie zeigten eine signifikante Reduktion der Hirnatrophie 
und verbesserte Funktion des Frontallappens im Vergleich zu Placebo mit zusätzlich gesteigerter  
körperlicher Lebensqualität502,509. Diese bemerkenswerten Erkenntnisse unterstützten die Fortführung 
der Untersuchungen in einer Phase-3-Studie510 trotz bislang ungeklärten molekularen Mechanismus der 
Neuroprotektion. Die Aktivierung von Nurr1 scheint daher, neben anderen bekannten Mechanis-
men511–515 möglicherweise maßgeblich an der neuroprotektiven und antineuroinflammatorischen  
Wirkung der Statine beteiligt zu sein.  

Somit sind aus dem Fragment-Screening zwei entscheidende Fortschritte zur Identifikation,  
Entwicklung und Charakterisierung neuer Nurr1-Liganden hervorgegangen. Auf einem klassisch  
medizinal-chemischen Weg gelang es, neue inverse Nurr1-Agonisten als wertvolle tool compounds zu 
entwickeln und die Entdeckung des Nurr1 Agonismus von Statinen liefert eine potenziell klinisch  
relevante Erklärung der neuroprotektiven Wirkung dieser Arzneistoffklasse. 
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4. Zusammenfassung 

Nukleäre Rezeptoren (NRs) sind eine Familie von 48 ligandenaktivierten Transkriptionsfaktoren, die an 
der Regulation unzähliger (patho-)physiologischer Prozesse im Körper beteiligt sind, wie Zell-Prolife-
ration, -Differenzierung, Metabolismus und Entzündungen, wodurch sie interessante therapeutische 
Zielstrukturen darstellen1,2,15. Etwa die Hälfte der NRs ist inzwischen gut erforscht, ihre Funktionen und 
endogenen Liganden weitestgehend bekannt und synthetische Liganden dieser NRs zum Teil als  
Arzneistoffe zugelassen3–5,9. Hierzu zählen die Peroxisomen-Proliferator-aktivierten Rezeptoren 
(PPARs) α, γ und δ, die als Lipidsensoren vor allem metabolische Funktionen im Glukose- und Lipid-
stoffwechsel haben, denen aber auch eine Beteiligung an Entzündungsprozessen und neurodegenera-
tiven Erkrankungen zugeschrieben wird12–14. Mit den Fibraten (PPARα) zur Behandlung von Dyslipidä-
mien und Glitazonen (PPARγ) bei Diabetes mellitus Typ 2 haben bereits mehrere PPAR-Agonisten eine 
Arzneistoffzulassung erhalten14,125,126. Sie sind in ihrer Wirksamkeit jedoch anderen Therapieoptionen 
unterlegen und ihre Anwendung ist zusätzlich aufgrund von Nebenwirkungen, die sich aus dem  
primären Wirkmechanismus dieser Substanzklassen ableiten lassen, begrenzt6,14. Daher ist der Bedarf an 
neuen Konzepten zur selektiven Modulation der PPARs unter Vermeidung der klassenspezifischen  
Nebenwirkungen groß und neben neuen potenziellen Indikationsgebieten für PPAR-Liganden in den 
Fokus der aktuellen Forschung gerückt14. Demgegenüber steht die andere Hälfte der NRs, deren Funk-
tionen noch nicht umfassend verstanden sind und deren endogene Liganden meist noch nicht identifi-
ziert werden konnten, weshalb sie auch Waisenrezeptoren genannt werden9,15,16. Nurr1 ist ein solcher 
NR, dem großes therapeutisches Potential bei neurodegenerativen Erkrankungen wie dem Morbus  
Parkinson, der Alzheimer-Demenz und der Multiplen Sklerose zugeschrieben wird19–21. Als konstitutiv 
aktiver NR wird Nurr1 hauptsächlich im ZNS, und dort vor allem in dopaminergen Neuronen,  
exprimiert, wo er nach aktuellen Erkenntnissen neuroprotektive und antientzündliche Effekte  
vermittelt19. Die Funktionen des Rezeptors sind bislang allerdings überwiegend durch Knockout-Studien 
untersucht worden, da geeignete chemische Tools zur spezifischen pharmakologischen Kontrolle der 
Nurr1-Aktivität fehlen. Die strukturellen Kenntnisse über die Ligandenbindungsstellen innerhalb der 
Nurr1-Ligandenbindedomäne (LBD) sind begrenzt und das Wissen über molekulare Mechanismen und 
Interaktionspartner ist unvollständig, was die Entwicklung von Nurr1-Liganden erschwert. Trotz der 
jüngsten Entdeckungen potenzieller endogener Liganden347,390,416 und der Erkenntnisse zu einer direkten 
Interaktion der Nurr1-LBD mit kleinen, wirkstoffartigen Molekülen389,400,422, mangelt es daher an  
ausreichend potenten und selektiven synthetischen Nurr1-Agonisten und inversen Agonisten, um die 
Nurr1-Modulation als neues therapeutisches Konzept zu validieren. Ziel dieser Arbeit war daher die 
Identifikation, Entwicklung und Charakterisierung neuer tool compounds für die PPARs und Nurr1.  

Das Konzept der Photopharmakologie eröffnet neue Möglichkeiten in der zeitlichen und räumlichen 
Auflösung und Präzision der biologischen Effekte von wirkstoffartigen Molekülen26,27. Dieses Prinzip 
erschien für die Anwendung auf die PPARs sehr attraktiv, um neue Wege in der Modulation dieser NRs 
zu beschreiten. Zwei Projekte dieser Arbeit befassten sich daher mit der Anwendung dieses Prinzips auf 
PPAR-Liganden. Mit Hilfe computergestützten Designs wurden photoschaltbare PPAR-Agonisten, sog. 
Photohormone, entwickelt, die die Möglichkeit zur zeitlichen und räumlichen Kontrolle der Rezeptor-
aktivität mit sich bringen. Durch das Einführen eines Azobenzens in den lipophilen Teil bekannter 
PPAR-Agonisten erhielten die Moleküle die Eigenschaft durch Licht verschiedener Wellenlängen rever-
sibel von dem energetisch begünstigten trans-Isomer in das entsprechende cis-Isomer umwandelbar zu 
sein. Die auf diese Weise erhaltenen Photohormone wurden anschließend durch geeignete aus Docking-
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Studien abgeleitete Modifikationen in Bezug auf die Selektivität für einen der drei PPAR-Subtypen und 
die präferierte Aktivität einer der beiden Konfigurationen optimiert. Als Leitstruktur für PPARγ diente 
dabei der potente Arzneistoff Rosiglitazon293 (3). Für PPARα und -δ wurde der pan-PPAR-Agonist 
GL479466 (29) als Startpunkt verwendet, welcher bereits über eine Azogruppe verfügte (Abbildung 46). 
Durch die terminale Erweiterung des Rosiglitazon-Azologs (32) in p-Position konnte aus drei Derivaten 
ein selektiver PPARγ-Agonist (36) erhalten werden, dessen cis-Isomer den Rezeptor in vitro 3-fach  
effizienter aktivierte als das entsprechende trans-Isomer und somit durch Licht aktiviert werden konnte. 
Die Potenzen waren dabei vergleichbar und lagen im unteren mikromolaren Bereich (Abbildung 46). 
Mittels isothermer Titrationskalorimetrie (ITC) konnte bestätigt werden, dass nur das cis-Isomer die 
PPARγ-LBD bindet, während trans-36 keine Bindungsaffinität aufwies. Die dennoch im zellulären Sys-
tem beobachtete Aktivität lässt sich daher möglicherweise auf verstärkte Isomerisierung zurückführen. 

Aus dem molekularen Docking von 29 in geeigneten Kristallstrukturen der PPARα- und -δ-LBDs erga-
ben sich drei verschiedene Optimierungsansätze, die anhand von zehn Derivaten in vitro analysiert wur-
den. Aus diesen Untersuchungen ging durch gezielte strukturelle Modifikationen ein hochpotenter und 
selektiver PPARα-Agonist (38) hervor, der in seiner trans-Konfiguration 35-mal potenter war als das 
entsprechende cis-Isomer. Außerdem wurde ein dualer PPARα- und -δ-Agonist (41) mit ausgegliche-
nen Aktivierungseffizienzen und Potenzen an beiden Rezeptoren erhalten, dessen trans-Präferenz sich 
vor allem im Unterschied der Aktivierungseffizienzen zeigte (Abbildung 46). Das Potenzial der photo-
schaltbaren Liganden, wurde in einem neuen Testsystem unter Beweis gestellt, indem im zellulären  
Assay Fluoreszenzreporter statt der Luciferase-Reporter verwendet wurden und somit die Rezeptor- 
aktivität in lebenden Zellen im zeitlichen Verlauf bestimmt werden konnte. Das ermöglichte eine spatio-
temporale Auflösung der PPAR-Aktivierung, die durch konstitutiv aktive Modulatoren nicht möglich 
wäre und somit den Nutzen der neuen Liganden als wertvolle photopharmakologische Tools belegte. 

 
Abbildung 46: Optimierung der Leitstrukturen 3 und 29 zu photoschaltbaren PPAR-Agonisten. Die Aktivitäten wurden in Gal4-
PPAR-Reportergenassays bestimmt. EC50-Werte sind MW ± S.E.M.; n ≥ 3. Rel. max. Aktivierung vs. 1 μM 1 (α), 2 (γ) und 16 (δ). 

Neben der Photopharmakologie als neuem Modulations-Konzept für NRs ist auch die Identifikation 
und Charakterisierung endogener Liganden für die Entwicklung neuartiger tool compounds von großer 
Relevanz, da sie Aufschluss über den Nutzen und die Möglichkeiten einer pharmakologischen Rezeptor-
modulation geben können259. Mit der Entdeckung der PPARγ-Aktivierung durch oxidierte Vitamin-E-
Metaboliten und den verwandten Naturstoff Garcinolsäure (48) konnte ein neuer Aktivierungsmecha-
nismus aufgedeckt und anhand von 48 näher analysiert werden. In vitro führte die gleichzeitige  
Inkubation mit 48 und dem orthosterischen Agonisten Pioglitazon (2) zu einer additiven PPARγ- 
Aktivierung und deutete auf die Bindung verschiedener Bindestellen hin. Eine Analyse des PPARγ- 
Co-Regulator-Interaktionsprofils in Gegenwart der beiden Agonisten im zellfreien System zeigte  
erstaunliche Effekte, indem durch den Agonisten 48 die Co-Repressoren NCoR1 und SMRT rekrutiert 
und die Co-Aktivatoren CBP, PGC-1α, NCoA6 und DRIP-2 verdrängt wurden, während 2 sich genau 
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gegensätzlich verhielt. Das Lösen einer Co-Kristallstruktur der PPARγ-LBD im Komplex mit 48 lieferte 
eine Erklärung für dieses ungewöhnliche Verhalten. Die PPARγ-LBD zeigte dabei eine typisch aktive 
Konformation wie im Komplex mit dem Agonisten 3, wobei ein Molekül 48 in der orthosterischen  
Bindetasche mit seiner Säurefunktion die kanonische Aktivierungstetrade koordinierte. Zusätzlich war  
allerdings noch ein zweites Molekül 48 in einer allosterischen Bindetasche vorzufinden, welche den  
ausgedehnten lipophilen Raum im Anschluss an die klassische orthosterische Tasche ausfüllte. Eine  
Genexpressionsanalyse in humanen Hepatozyten zeigte, dass sich dieser besondere Aktivierungs- 
mechanismus von 48 auch in der Modulation der PPARγ-regulierten Genexpression widerspiegelte und  
erheblich differenzierter war als das Profil von 2. Möglicherweise lässt sich aus dem selektiven Adressie-
ren dieser allosterischen Bindestelle zukünftig eine therapeutische Anwendung ableiten, die das Poten-
zial der PPARγ Aktivierung besser ausschöpft als es bisherige orthosterische PPARγ-Agonisten tun. Mit 
der Entwicklung von Photohormonen für PPARs und der umfassenden molekularen Charakterisierung 
der PPARγ-Modulation durch das Vitamin-E-Mimetikum 48 hat die vorliegende Arbeit somit wichtige 
neue Erkenntnisse und chemische Tools für diese vermeintlich umfassend studierte Familie nukleärer 
Rezeptoren hervorgebracht, die neue Wege zu selektiver PPAR-Modulation eröffnen. 

Aufgrund der wenigen bekannten Nurr1-Liganden, die als Anhaltspunkte zu Beginn dieser Arbeit zur 
Verfügung standen, sollten verschiedene Strategien zur Identifikation und Entwicklung neuer tool  
compounds verfolgt werden, um den Strukturraum schnell und divers erweitern zu können. Der erste 
Ansatz wurde inspiriert von den ersten ligandengebundenen Co-Kristallstrukturen der Nurr1-LBD im 
Komplex mit den Prostaglandinen A1419 und A2420. Die potenziell endogenen Nurr1-Liganden sind  
Entzündungsmediatoren, die aus mehrfach ungesättigten Fettsäuren mittels Umwandlung durch die 
Cyclooxygenasen (COX) 1 und 2 hervorgehen489,490. Daher entstand die Hypothese, dass synthetische 
COX-Inhibitoren, auch bekannt als nichtsteroidale Antirheumatika (NSARs), Nurr1 modulieren  
könnten. In vitro Untersuchungen (Gal4-Testsystem) bestätigten diese Vermutung und aufgrund der 
hohen konstitutiven Nurr1-Aktivität konnte eine bidirektionale Modulation beobachtet werden. Aus 39 
strukturell diversen NSARs wurden zwei aktivierende (Meclofenaminsäure (49) und Aceclofenac (54)) 
und vier inhibierende (Meloxicam (50), Oxaprozin (51), Parecoxib (52) und Valdecoxib (53)) Substan-
zen identifiziert, wovon die potentesten und effizientesten Vertreter (49, 51 und 52) verwendet wurden, 
um Co-Regulator-Interaktionen und Dimerisierungsverhalten von Nurr1 zu studieren (Abbildung 47). 
Neben zwei bekannten Interkationen343,349 mit den Co-Repressoren NCoR1 und SMRT, konnten NCoA6 
und NRIP1 als weitere Co-Regulatoren von Nurr1 identifiziert werden. Überraschenderweise zeigten 
49, 51 und 52 im zellfreien System ein ähnliches Profil, indem alle vier Co-Regulatoren von der Nurr1-
LBD verdrängt wurden. Diese Diskrepanz wurde am Volllängenrezeptor Nurr1 anhand der drei nativen 
Response-Elemente (REs) entsprechend den Aktivitäten als Monomer, Homodimer und RXR-Hetero-
dimer näher analysiert. Damit konnten 51 und 52 als inverse Nurr1-Agonisten an allen drei REs bestä-
tigt werden. 49 hingegen zeigte ein differenzierteres Aktivitätsprofil, da kein Effekt am Nurr1-Monomer 
zu erkennen war, während die Aktivität beider Dimere dosisabhängig reduziert wurde. Trotz der feh-
lenden Aktivität am Monomer-RE deuteten weitere Untersuchungen auf eine Monomerpräferenz von 
49 hin. Durch die gleichzeitige Inkubation mit einem der NSARs und dem publizierten Nurr1-Agonis-
ten Amodiaquin (AQ, 19) in den verschiedenen Nurr1-Reportergenassays konnte schließlich die These 
von zwei unabhängigen Bindestellen innerhalb der Nurr1-LBD gestützt werden. Mit den NSARs als den 
ersten inversen Nurr1-Agonisten konnte somit gezeigt werden, dass die hohe konstitutive Nurr1-Akti-
vität bidirektional moduliert werden kann, und dass sowohl das Co-Regulator-Rekrutierungsprofil als 
auch das Dimerisierungsverhalten an der Vermittlung von Ligand-Effekten entscheidend beteiligt sind. 
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Der zweite Ansatz zur Identifikation neuer Nurr1-Liganden beruhte auf den synthetischen Liganden 
AQ (19) und Chloroquin (25)389,400. Bekannt als alte Antimalariawirkstoffe, sind beide Substanzen  
moderate Nurr1-Agonisten (EC50 Nurr1: 36 μM (19), 47 μM (25))444 mit zahlreichen unspezifischen  
Effekten400,404–414, die den Einsatz als tool compounds für Nurr1 erschweren. Eine Evaluation der einzel-
nen Strukturmerkmale dieses Chemotyps zeigte, dass das gemeinsame 7-Chlorochinolin-4-amin (57) 
Grundgerüst von 19 und 25 ausreichend ist, um Nurr1 zu aktivieren (EC50 Nurr1: 259 μM). Daraufhin 
wurde 57 in einem Fragment-basierten Ansatz durch systematische Veränderungen im Substitutions-
muster und Zweiringsystem in seinem Nurr1-Agonismus optimiert. Die beiden potentesten Fragmente 
71 und 73 zeigten dabei eine 35- bzw. 15-fach gesteigerte Potenz im Vergleich zum Startfragment 57 
und übertrafen damit sogar 19 und 25 (Abbildung 47). Der agonistische Charakter bestätigte sich durch 
eine vermehrte Rekrutierung der Co-Regulatoren NCoR1 und SMRT und gesteigerte Bildung des 
Nurr1-Homodimers im zellfreien System. Außerdem aktivierten beide Fragmente den Volllängen- 
rezeptor Nurr1 an allen drei nativen REs und induzierten deutlich die Genexpression Nurr1-abhängiger 
dopaminerger Gene in humanen Astrozyten. Die Nurr1-Agonisten 71 und 73 zeigten damit ein  
geeignetes Profil, um als neue Tools für Nurr1 zu dienen, und sind gleichzeitig durch ihren Fragment-
Charakter attraktive Startpunkte für die Entwicklung neuer Nurr1-Liganden.  

Die dritte Strategie der Suche nach Nurr1-Liganden umfasste ein breitangelegtes in vitro Screening 
(Gal4-Assay), bei dem eine Bibliothek von 480 Arzneistoff-Fragmenten auf ihre Nurr1-modulatorische 
Aktivität getestet wurde. Aus 24 primären Treffern (Reporteraktivität ≥ 1,50 oder ≤ 0,60) konnten  
sieben Fragmente (90–96; vier aktivierende, drei inhibierende) als Nurr1-Modulatoren im Gal4-Test-
system validiert werden. Aus den Ergebnissen des Screenings gingen anschließend zwei Projekte hervor, 
wobei zum einen inverse Nurr1-Agonisten mit Indol-Grundgerüst aus Fragment 95 entwickelt und  
charakterisiert wurden, und zum anderen die Arzneistoffklasse der Statine als neue Nurr1-Agonisten 
identifiziert und diese Aktivität auf ihre mögliche biologische Relevanz hin untersucht werden konnte. 

Der Indol-3-carbonsäure-methylester (95) bot sich aufgrund seiner geringen Größe als günstiger Start-
punkt für eine klassisch systematische Analyse der SAR des inversen Agonismus an Nurr1 an. Durch 
schrittweise Substitution aller freien Positionen am Indol-Grundgerüst wurden anhand von 28 Deriva-
ten die 1- und 5-Position als vielversprechend für strukturelle Erweiterungen identifiziert. Dabei zeigte 
sich anschließend eine Präferenz für starre Biarylsysteme für die Erweiterung in 5-Position und ein  
N-Methyl-Substituent konnte die Potenz zusätzlich um das 2-Fache steigern. Die Suche nach einem 

Abbildung 47: Modell der Nurr1-Modulation durch niedermolekulare Liganden. Die Aktivitäten wurden im Gal4-Nurr1-
Reportergenassay bestimmt. EC50/IC50-Werte sind MW ± S.E.M.; n ≥ 3. Max./min. vielfache Akt. vs. DMSO (0,1 %). 
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adäquaten Ersatz für den metabolisch labilen Methylester anhand von zehn weiteren Derivaten war  
jedoch nicht erfolgreich. Mit 120 und 127 gingen zwei potente inverse Nurr1-Agonisten aus dieser  
umfangreichen SAR-Studie hervor, die die NSARs etwa um den Faktor 10 in ihrer Potenz überstiegen 
(Abbildung 47). Auch die Indol-basierten inversen Agonisten scheinen eine andere Bindestelle zu  
adressieren als die Liganden vom AQ-Chemotyp, was Kreuztitrationsexperimente im Gal4-Assay  
andeuteten. Der inverse Agonismus von 127 wurde durch Verdrängung der Co-Repressoren NCoR1 
und SMRT von der Nurr1-LBD im zellfreien System charakterisiert, während kein Einfluss auf NCoA6 
zu erkennen war. Außerdem wurde die Bildung des Homodimers durch 127 dosisabhängig verhindert. 
Erstaunlich war jedoch, dass 120 und 127, im Unterschied zu den NSARs, nur die Aktivität des Mono-
mers im Nurr1-Volllängenassay reduzieren konnten. Am Homo- und Heterodimer-RE zeigte sich keine 
Aktivität. Durch reduzierte Expression Nurr1-abhängiger Gene in humanen Astrozyten und gesteigerte 
Freisetzung von Interleukin (IL) 6 nach LPS-Stimulation von Astrozyten konnten die inversen Nurr1-
Agonisten 120 und 127 zusätzlich als hilfreiche tool compounds für in vitro Studien validiert werden.  

Der agonistische Screeninghit 3-(4-Fluorophenyl)-1H-indol (91), welcher sich von dem Arzneistoff 
Fluvastatin (97) ableitet, inspirierte dazu alle sieben zugelassenen Statine auf ihre Aktivität an Nurr1 im 
Gal4-Testsystem zu untersuchen. Dabei wiesen sechs Statine einen Nurr1-Agonismus mit teils beacht-
lichen Potenzen im unteren mikromolaren bis nanomolaren Bereich auf. Nur Pravastatin (133) zeigte 
keine Aktivität an Nurr1 in vitro. Anhand der beiden effizientesten Vertreter, 97 und Simvastatin (132), 
wurde der Einfluss der Statine auf das Co-Regulator-Interaktionsprofil und Dimerisierungsverhalten 
von Nurr1 analysiert (Abbildung 47). Im zellfreien System verdrängten beide Statine die Co-Regula-
toren NCoR1, SMRT, NCoA6 und NRIP1 von der Nurr1-LBD und unterdrückten die Homodimerisie-
rung, wobei 132 jeweils größere Effekte zeigte als 97. Im Unterschied zu den zuvor dargestellten inversen 
Agonisten, die vergleichbare Einflüsse auf die Co-Regulator-Interaktionen aufwiesen, aktivierten 97 und 
132 jedoch den Volllängenrezeptor Nurr1 an allen drei nativen REs, wodurch abermals eine neue  
Variante der Nurr1-Modulation beobachtet werden konnte. Da zahlreiche Untersuchungen in vitro und 
in vivo den Statinen, und besonders 132, bereits neuroprotektive Effekte bescheinigen konnten505–510, 
Cholesterol-abhängige Mechanismen diese Wirkungen aber nicht alleine erklären können500–502, wurden 
die biologischen Effekte und eine mögliche Relevanz des Nurr1-Agonismus durch 132 näher untersucht. 
In humanen Astrozyten konnte mittels Nurr1-Knockdown (siRNA-vermittelt), welcher nach LPS- 
Stimulation eine erhebliche Steigerung der IL-6-Freisetzung bewirkte, die Reduktion des IL-6-Spiegels 
durch 132 als Nurr1-vermittelt angenommen werden. Basierend darauf wurde eine umfassende Genex-
pressionsanalyse in der gleichen Zelllinie durchgeführt. Dabei bestätigte sich die Vermutung, dass allein 
der Nurr1-Knockdown in Astrozyten Neuroinflammation induzierte. Außerdem zeigte sich, dass 132, 
neben Wirkungen auf andere Signalwege, auch zahlreiche neuroprotektive Effekte in Abhängigkeit von 
Nurr1 vermitteln konnte. Zum einen fiel die Regulation von Genen auf, die an Glukose-Verwertung und 
Energiegewinnung beteiligt sind. Zum anderen zeigte sich ein antientzündliches und antiapoptotisches 
Genexpressionsprofil durch 132, sowie ein Einfluss auf Gene der Zellzyklus-Kontrolle. Somit scheint 
der Nurr1-Agonismus der Statine, neben anderen bekannten Mechanismen511–515, möglicherweise maß-
geblich für die neuroprotektiven und antineuroinflammatorischen Wirkungen verantwortlich zu sein. 

Mit der Entwicklung und Charakterisierung von Liganden für den neuroprotektiven Transkriptions-
faktor Nurr1 hat die vorliegende Arbeit daher wichtige chemisch diverse Tools und neue Erkenntnisse 
zum molekularen Mechanismus der Nurr1-Modulation hervorgebracht, die entscheidend zur Validie-
rung dieses vielversprechenden Targets bei neurodegenerativen Erkrankungen betragen können. 
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5. English Summary 

Nuclear receptors (NRs) are ligand-activated transcription factors involved in the regulation of  
numerous (patho)physiological processes, such as cell differentiation, metabolism, and inflammation, 
thus representing attractive therapeutic targets1,2,15. Among them, the peroxisome proliferator-activated 
receptors (PPARs) α, γ, and δ belong to the well-studied NRs. As lipid sensors, they mainly exert  
metabolic functions in glucose and lipid metabolism and synthetic PPAR agonists (PPARα: fibrates, 
PPARγ: glitazones) have received drug approval14. However, their therapeutic application is limited due 
to lower efficacy compared to alternative options and undesirable side effects caused by their primary 
mode of action6,14. New concepts to selectively modulate the PPARs while avoiding the class-specific side 
effects are therefore urgently needed14. 

For the second half of the NR family, the so-called orphan receptors, roles and functions are not com-
prehensively studied, yet9,15,16. Among them, Nurr1 is considered to have great therapeutic potential in 
neurodegenerative diseases such as Parkinson's disease, Alzheimer's disease, and multiple sclerosis19–21. 
The constitutively active NR is mainly expressed in the central nervous system – especially in dopami-
nergic neurons – where it seems to mediate neuroprotective and anti-inflammatory effects19. Despite 
recent findings of potential endogenous ligands347,390,416 and evidence for a direct interaction of the Nurr1 
ligand-binding domain (LBD) with small, drug-like molecules389,400,422, there is a lack of suitable chemical 
tools to validate Nurr1 modulation as a novel therapeutic approach. Accordingly, the aim of this thesis 
was to identify, develop, and characterize new tool compounds for the PPARs and Nurr1. 

The concept of photopharmacology opens new possibilities in the temporal and spatial control of bio-
logical effects of drug-like molecules26,27, which made it attractive for application to PPARs. Computer-
aided design was used to develop azobenzene-based photoswitchable PPAR agonists from the PPARγ 
agonist rosiglitazone293 (3) and the pan-PPAR agonist GL479466 (29), which were subsequently optimized 
for subtype selectivity and preferred activity of either configuration. The rosiglitazone azolog 36 was 
obtained by terminal extension as a cis-preferential PPARγ selective agonist that could be activated by 
light. Based on 29, targeted structural modifications resulted firstly in 38 as a highly potent and selective 
PPARα agonist, whose trans configuration exhibited 35-fold higher potency than the cis-counterpart. 
Secondly, a dual trans-preferential PPARα- and -δ-agonist (41) with balanced activation efficiencies and 
potencies at both receptors was developed. In a dedicated fluorescent reporter gene assay, these new 
photopharmacological tools allowed for the control of PPAR activity in living cells over time. 

In addition to photopharmacology as a new strategy in the field of NRs, the identification and charac-
terization of endogenous ligands is also of great relevance259. The discovery of PPARγ activation by the 
vitamin E metabolite garcinoic acid (48) revealed a new activation mechanism with a distinct co- 
regulator interaction profile. A co-crystal structure of the PPARγ LBD in complex with 48 demonstrated 
that 48 addresses the orthosteric as well as an allosteric binding site. Gene expression analysis in human 
hepatocytes showed that the special PPAR activation mechanism of 48 was also reflected in differential 
modulation of PPARγ-regulated gene expression, potentially suggesting therapeutic implications for  
selectively addressing this allosteric binding site.  

Nurr1 appears to hold great therapeutic potential but there is a lack of Nurr1 ligands as tools. The search 
for new Nurr1 modulators by various strategies was hence a major topic of this thesis. The first approach 
to Nurr1 ligand discovery was inspired by the prostaglandins A1419 and A2420 as potential endogenous 
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Nurr1 ligands, which are inflammatory mediators generated by cyclooxygenase (COX) 1 and 2  
activity489,490. Therefore, it was hypothesized that synthetic COX inhibitors, also known as nonsteroidal 
anti-inflammatory drugs (NSAIDs), might modulate Nurr1, and screening of 39 structurally diverse 
NSAIDs for Nurr1 activity confirmed this assumption. Meclofenamic acid (49) was discovered as a  
differential Nurr1 modulator, oxaprozin (51) and parecoxib (52) emerged as the first-in-class inverse 
Nurr1 agonists demonstrating that the high constitutive Nurr1 activity can be modulated bidirection-
ally. Further studies with NSAIDs as tools showed that both the co-regulator recruitment profile and 
dimerization equilibria of Nurr1 are critically involved in mediating ligand effects. 

The second approach to Nurr1 modulators was based on the old antimalarials amodiaquine (19) and 
chloroquine (25), which have been reported as weak Nurr1 agonists389,400 (EC50 Nurr1: 36 μM (19), 
47 μM (25))444 but are inappropriate as tool compounds for Nurr1 due to numerous nonspecific  
effects400,404–414. Evaluation of the individual structural features of this chemotype showed that the shared 
7-chloroquinoline-4-amine (57) scaffold of 19 and 25 is sufficient to activate Nurr1 (EC50 Nurr1: 
259 μM). Structural modifications of the scaffold resulted in 71 and 73 as potent Nurr1 agonists  
(EC50 Nurr1: 7.3 μM (71), 17 μM (73)), even exceeding the lead structures 19 and 25 in potency. Nurr1 
agonism by both tools has been confirmed in several orthogonal systems. 71 and 73 hence are useful 
Nurr1 agonist tools and attractive leads for the development of Nurr1 ligands but also enabled important 
insights in Nurr1 activation mechanisms. 

The third strategy in the search for Nurr1 ligands involved a broad in vitro screening in which 480 drug 
fragments were assayed for their Nurr1 modulatory activity. From this, indole-3-carboxylic acid methyl 
ester (95) emerged as an inverse agonist hit and, because of its low molecular weight, presented as  
attractive starting point for systematic structure-activity relationship and optimization. By successive 
substitution of every free position on the indole scaffold, the 1- and 5-positions were identified as  
promising for structural extensions. Further optimizations resulted in the rigid biaryl systems 120 and 
127 as potent inverse Nurr1 agonists that exceed NSAIDs in potency by a factor of 10. Both caused a  
co-regulator interaction profile similar to the NSAIDs, but interestingly revealed differences in their 
activity on the three Nurr1 response elements. Evaluation of 120 and 127 in human astrocytes showed 
biological effects mimicking Nurr1 knockdown thus validating the inverse agonists as useful tool  
compounds for in vitro studies. 

In addition to the inverse agonists, the fluvastatin (97) fragment 3-(4-fluorophenyl)-1H-indole (91) 
emerged as a Nurr1 agonist from the screening. Of the seven approved statins subsequently studied, six 
showed Nurr1 agonism in the Gal4 assay with considerable potencies (EC50 0.12–23 μM). The mecha-
nistic evaluation of the two most efficient representatives, 97 and simvastatin (132), revealed another 
variety of Nurr1 activation in terms of effects on the co-regulator interaction profile and dimerization 
equilibria. Moreover, in-depth analysis of the effects of 132 or siRNA-mediated Nurr1 knockdown in 
astrocytes demonstrated anti-inflammatory and anti-apoptotic effects on gene expression as well as a 
regulation of metabolic pathways as Nurr1 mediated neuroprotective effects505–510 of 132. These findings 
provide improved understanding of the attractive therapeutic potential of statins in neurodegeneration. 

Using various strategies and techniques, this thesis has yielded diverse chemical tools for the nuclear 
receptors PPAR and Nurr1 and with their help elucidated the molecular mechanisms of PPAR and 
Nurr1 modulation. The results importantly contribute to the validation of the transcription factors as 
promising therapeutic targets especially in neurodegenerative diseases.  
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7. Abkürzungsverzeichnis 

13'COOH 13'-Carboxylat-Tocopherol 

13'OH  13'-Hydroxylat-Tocopherol 

13-S-HODE (S)-13-Hydroxy-9,11-octa-
decadiensäure 

15d-PGJ2 15-Deoxy-Δ12,14-prostaglandin 
J2 

15-HETE 15-Hydroxyeicosatetraensäure  

5-HT  5-Hydroxytryptamin,  
= Serotonin 

6-OHDA 6-Hydroxydopamin 

A  Adenin 

ACAT2  Acetyl-Coenzym-A-Acetyl-
transferase 2 

ACSS2  kurz-kettige Acyl-Coenzym-A-
Synthetase 2  
(engl. Acyl-Coenzyme A  
Synthetase short-chain family 
member 2) 

AD  Alzheimer-Demenz 
(engl. Alzheimer's disease) 

AF  Aktivierungsfunktion 

AMP  Adenosin-5'-monophosphat 

AMPK  AMP-aktivierte Proteinkinase 

ANGPTL4 Angiopoetin-ähnliches Protein 4 
(engl. Angiopoetin-like  
protein 4) 

AQ  Amodiaquin 

Arg  Arginin  

Asp  Asparaginsäure  

Aβ  β-Amyloid 

BACE1  β-Sekretase  
(engl. β-site amyloid precursor 
protein cleaving enzyme) 

 

BCL6  B-Zell-Lymphom 6 Protein
 (engl. B-cell lymphoma 6  
protein) 

Bn  Benzylrest 

bspw.  beispielsweise 

bzw.  beziehungsweise 

C  Cytosin  

ca.  circa 

cAMP  cyclisches Adenosinmono-
phosphat 

CAR  Konstitutiver Androstan 
Rezeptor 

CBP  CREB bindendes Protein  

CD  Unterscheidungsgruppen 
immunphänotypischer Ober-
flächenmerkmale von Zellen 
(engl. cluster of differentiation) 

CDK6  Cyclin-abhängige Kinase 6 
(engl. cyclin-dependent kinase 6) 

CDKN  Inhibitor Cyclin-abhängiger 
Kinasen  
(engl. cyclin-dependent kinase 
inhibitor) 

cDNA  komplementäre DNA 

ChEMBL engl. Chemical database of the  
European Molecular Biology 
Laboratory 

CoREST Co-Repressor-Komplex  

COX  Cyclooxygenase  

CPT1  Carnitin-Acyltransferase 1 

CQ  Chloroquin 

CREB  cAMP-Response-Element-
bindendes Protein 
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CTE  C-terminale Verlängerung
  (engl. C-terminal extension) 

ctrl  Kontrolle 

Cys  Cystein 

DAT  Dopamintransporter 

DBD  DNA-Bindedomäne 

DDC  DOPA-Decarboxylase 

DHA  Docosahexaensäure  
  (engl. docosahexaenoic acid) 

DHCR7 7-Dehydrocholesterol- 
Reduktase 

DHI  5,6-Dihydroxyindol 

DLK1  Delta-like Protein 1 

DMSO  Dimethylsulfoxid 

DNA  Desoxyribonukleinsäure
  (engl. deoxyribonucleic acid) 

DOPA  Levodopa 

DR  direkte Wiederholung  
(engl. direct repeat) 

DRIP  Vitamin-D-Rezeptor-interagie-
rendes Proteins  

EAE  Experimentelle autoimmune 
Enzephalomyelitis 

EBP  Cholestenol delta-Isomerase 
(engl. Emopamil binding  
protein) 

EC50  mittlere effektive  
Konzentration 
(engl. half maximal effective 
concentration) 

eGFP  grün-fluoreszierendes Protein 
 (engl. enhanced green flu-
orescent protein) 

EIF2AK2 Eukaryotische Translations- 
Initiations-Faktor-2-alpha-
Kinase 2, = Proteinkinase R 

ELISA  engl. Enzyme-linked Immuno-
sorbent Assay  

EP2  Prostaglandin-E2-Rezeptor 

ER  auswärtsgedrehte  
Wiederholung 
(engl. everted repeat) 

ERs  Estrogen-Rezeptoren  
(ERα und ERβ) 

FABP4  Fettsäure-Bindungs-Protein 4  

FADS2  Fettsäure-Desaturase 2 
(engl. Fatty acid desaturase 2) 

FAT  Fettsäure-Translokase 

FATP  Fettsäure-Transport-Protein  

FDFT1  Farnesyl-diphosphat Farnesyl-
transferase 1 

Flu  Fluoreszein 

FXR  Farnesoid X Rezeptor 

G  Guanin 

G6Pase  Glucose-6-Phosphatase 

GABRA3 GABA-Rezeptor A3 

GAPDH Glyzerylaldehyd-3-phosphat-
Dehydrogenase  

GDNF   von Gliazellen stammender 
neurotropher Faktor 
(engl. Glial cell-derived  
neurotrophic factor) 

Gln  Glutamin 

Glu  Glutaminsäure 

GLUT  Glukosetransporter 

GTP  Guanosintriphosphat 

H  Helix 

HAT  Histon-Acetyltransferase 

HDAC  Histon-Deacetylase 

HDL  Lipoprotein hoher Dichte 
  (engl. high density lipoprotein) 
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His  Histidin 

HMG-CoA 3-Hydroxy-3-Methylglutaryl-
Coenzym-A  

HSQC engl. Heteronuclear Single 
Quantum Coherence  

HTRF  Homogener zeitaufgelöster 
Fluoreszenz-Resonanz- 
Energietransfer  
(engl. homogeneous time- 
resolved fluorescence resonance 
energy transfer) 

HZF-3  hippocampaler Zinkfinger 3  

IC50  mittlere inhibitorische  
Konzentration  
(engl. half maximal inhibitory 
concentration) 

ICAM  interzelluläres Adhäsions- 
molekül 

IDE  Insulin-abbauendes Enzym
 (engl. Insulin-degrading  
enzyme) 

IFI27  Interferon-alpha-induzierbares 
Protein 27 

IL  Interleukin 

Ile  Isoleucin 

iNOS  induzierbare Stickstoff- 
monoxid-Synthase  

IR  invertierte Wiederholung
  (engl. inverted repeat) 

ITC  isothermer Titrations- 
Kalorimetrie  

IUPHAR engl. The International Union 
of Basic and Clinical  
Pharmacology 

JAK  Januskinase 

KD  Dissoziationskonstante  

 

KEGG  Kyoto-Enzyklopädie der Gene 
und Genome 

KLHL1  Kelch-like Protein 1  

KNIME  engl. Konstanz Information  
Miner 

Konf.  Konfiguration 

LBD  Ligandenbindedomäne 

LDHB  Lactatdehydrogenase B 

LDL  Lipoprotein niedriger Dichte 
  (engl. low density lipoprotein) 

LED  Leuchtdiode 
(engl. light-emitting diode) 

Leu  Leucin 

LPL  Lipoproteinlipase  

LPS  Lipopolysaccharide 

LSS  Lanosterol-Synthase 

LTB4  Leukotrien B4 

LXR  Leber X Rezeptor 

Lys  Lysin 

MAP3K14 NFκB-induzierende Kinase 

max.  maximal 

Met  Methionin 

min.  minimal 

MOE  engl. Molecular Operating  
Environment  

MPTP  1-Methyl-4-phenyl-1,2,3,6- 
tetrahydropyridin 

mRNA  Boten-RNA 
(engl. messenger RNA) 

MS  Multiple Sklerose 

MST  Thermophorese  
(engl. microscale thermo- 
phoresis) 
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MVD  Mevalonat-Diphosphat- 
Decarboxylase 

MVK  Mevalonat-Kinase 

MW  Mittelwert 

n  biologische Replikate 

N  technische Replikate 

NAFLD nicht-alkoholischer Fettleber-
erkrankung  
(engl. non-alcoholic fatty liver 
disease) 

NASH  nicht-alkoholische  
Steatohepatitis  

NBRE  NGFI-B-Response-Element  

NCoA6 Nukleärer Rezeptor Co- 
Aktivator 6, = PRIP 

NCoR1  Nukleärer Co-Repressor 1 

NFKBIA NFκB Inhibitor α  

NFκB engl. nuclear factor 'kappa-
light-chain-enhancer' of acti-
vated B-cells 

NGFI-B Nervenwachstumsfaktor- 
induziertes Gen B, = Nur77 

NLS  Sequenzen zur  
Kernlokalisierung  
(engl. nuclear localization  
signal) 

NMR  Kernresonanzspektroskopie 

NOR-1  Neuronen-abgeleiteter  
Orphan-Rezeptor 1 

NOT  nukleärer Rezeptor der  
T-Zellen 

NR  nukleärer Rezeptor 

NRIP1  Nukleäre-Rezeptoren- 
interagierendes Protein 1 

NSAR  Nichtsteroidales  
Antirheumatikum 

Nurr1  Nuklären-Rezeptoren-ver-
wandtes Protein 1  
(engl. nuclear receptor related 1 
protein) 

NurRE  Nur-Response-Element 

OAS3  2'-5'-Oligoadenylat  
Synthetase 3 

OLR1  engl. oxidized LDL receptor 1 

p  Signifikanzniveau 

p300  300 kDA Protein, = eine 
  Histon-Acetyltransferase 

p53  Tumorsuppressorprotein 

padj  angepasstes Signifikanzniveau
  (engl. adjusted p value) 

PAINS  engl. pan assay interference 
compounds 

PBC  primäre biliäre Cholangitis  

PC  Pyruvatcarboxylase 

PD  Morbus Parkinson 
(engl. Parkinson's disease) 

PDB  Proteindatenbank 
(engl. Protein Data Bank) 

PDPK1  3-Phosphoinositid-abhängige 
Proteinkinase 1   

PEPCK  Phosphoenolpyruvate- 
Carboxykinase   

PG  Prostaglandin 

PGC-1α PPARγ-Co-Aktivator 1α 

PGM1  Phosphoglucomutase 1 

Ph  Phenylrest 

Phe  Phenylalanin 

PIASγ  SUMO-E3-Ligase  
(engl. protein inhibitor of  
activated STATγ) 

PLIN  Perilipin 
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POMC  Proopiomelanocortin  

PPAR  Peroxisomen-Proliferator- 
aktivierter Rezeptor 

PPRE  PPAR-Response-Element 

PRIP  PPAR-interagierendes Protein, 
= NCoA6 

PSC  primäre sklerosierende  
Cholangitis   

PTPRU Protein-Tyrosin-Phosphatase 
vom Rezeptor-Typ U  

qRT-PCR quantitative Echtzeit- 
Polymerase-Kettenreaktion 
(engl. quantitative real time 
polyermase chain reaction) 

RAR  Retinsäure-Rezeptor 

RE  Erkennunssequenz 
  (engl. response element) 

Ret  Rezeptor-Tyrosinkinase Ret 

RNA  Ribonukleinsäure 

RNAi  RNA-Interferenz 

RNR-1  regenerierender nukleärer  
Rezeptor der Leber 

RXR  Retinoid X Rezeptor 

S.E.M.  Standardfehler  
(engl. standard error of the 
mean) 

SAR  Struktur-Wirkungs-Beziehung
 (engl. structure-activity  
relationship) 

SC5D  Sterol-C5-desaturase 

SD  Standardabweichung 

(engl. standard deviation) 

Ser  Serin 

sGFP  engl. superfolder GFP 

si-ctrl  Kontroll-siRNA  
(engl. non-targeting siRNA) 

si-Nurr1 Nurr1-siRNA 

siRNA  engl. Small interfering RNA 

SLCs  Membran-Transportproteine
  (engl. solute carrier) 

SMRT  =NCoR2, dämpfender Media-
tor der Retinoid- und Thyroid-
hormonrezeptoren  
(engl. silencing mediator of  
retinoid and thyroid hormone 
receptor) 

SNP  Punktmutation  
(engl. single nucleotide poly-
morphism) 

SOD  Superoxid-Dismutase 

sog.  sogenannt 

sPPARM selektiver PPAR-Modulator 

SPR  Oberflächenplasmonen-
 resonanzspektroskopie  
(engl. surface plasmon reso-
nance spectroscopy) 

SRC  Steroidrezeptor-Co-Aktivator 

SSTR2  Somatostatin-Rezeptor 2 

STAT engl. Signal Transducers and 
Activators of Transcription 

SUMO = eine posttranslationale  
Modifikation  
(engl. Small Ubiquitin-Related 
Modifier) 

T  Thymin 

Tb  Terbium 

TETRAC Tetraiodthyroacetat  

TH  Tyrosinhydroxylase  

Th  T-Helfer-Zelle 

THR  Thyroidhormon-Rezeptor 

Thr  Threonin 
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TINUR  transkriptionell induzierbarer 
nukleärer Rezeptor  

TM7SF2 Delta(14)-Sterol-Reduktase
 (engl. transmembrane 7 
 superfamily member 2) 

TNFRSF12A TNF-Rezeptor-Superfamilien-
Mitglied 12A 

TNFSF10 TNF-Superfamilien- 
Mitglied 10 

TNFα  Tumornekrosefaktor α  

tox.  toxisch  

TP73  Tumorprotein p73 

TRAP  Thyroidhormon-Rezeptor- 
assoziiertes Protein 

TR-FRET zeitlich aufgelöster Fluores-
zenz-Resonanz-Energietransfer 
 (engl. time-resolved fluorescence 
resonance energy transfer) 

TSFM  mitochondrialer Elongations-
faktor T 

Tyr  Tyrosin  

 

u. a.  unter anderem  

UCP1  Thermogenin 
(engl. uncoupling protein 1) 

VCAM1 vaskuläreres Zelladhäsions-
molekül 1  
(engl. vascular cell adhesion 
molecule 1) 

VDR  Vitamin-D-Rezeptor 

vgl.  vergleiche 

VIP  vasoaktives intestinales Peptid 

VMAT2 vesikulärer Monoamin- 
transporter 2, = SLC18A2 

VP16  Herpes-simplex-Virus-Protein 
vmw65  

vs.  versus 

XDH  Xanthin-Dehydrogenase 

z. B.  zum Beispiel 

z. T.  zum Teil 

ZNS  zentrales Nervensystem  

λ  Wellenlänge  
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lären Fluoreszenz-Reportergenassays und bildgebende Analyse. Konzeption und Verfassen des 
Manuskripts. 
‡ Hier liegt eine geteilte Erstautorenschaft zwischen S.W. und J.M. vor. 

Synthese und photophysikalische Charakterisierung der Photohormone durch J. M. und K. H. 
Computergestütztes Design der Photohormone, sowie Konzeption und Verfassen des Manuskripts 
in Zusammenarbeit mit D. M. Leitung der Studie durch D. T. und D. M. 

 Willems, S.‡; Zaienne, D.‡; Merk, D. Targeting nuclear receptors in neurodegeneration and neu-
roinflammation. J. Med. Chem. 2021, 64 (14), 9592–9638. https://doi.org/10.1021/acs.jmed-
chem.1c00186 

Eigener Beitrag: Literaturrecherche und Verfassen des Manuskripts, Kapitel zu Nur77 und Nurr1. 
‡ Hier liegt eine geteilte Erstautorenschaft zwischen S.W. und D.Z. vor. 

Literaturrecherche und Verfassen des Manuskripts zusammen mit D. Z. (RXR, NOR-1) und D. M. 
(PPAR, revERB, LXR, VDR, TLX, ER). Konzeption und Leitung der Studie durch D. M. 
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 Zaienne, D.‡; Willems, S.‡; Schierle, S.; Heering, J.; Merk, D. Development and profiling of inverse 
agonist tools for the neuroprotective transcription factor Nurr1. J. Med. Chem. 2021, 64 (20), 
15126-15140. https://doi.org/10.1021/acs.jmedchem.1c01077 

Eigener Beitrag: Charakterisierung der synthetisierten Substanzen 1–30 in einem zellulären 
Nurr1-Gal4-Reportergenassay, sowie Durchführung der Nurr1-Volllängen-Experimente, des 
Nurr1-Knockdown in humanen Astrozyten, der IL-6-Freisetzung mittels ELISA und der Quanti-
fizierung der Nurr1-regulierten mRNA-Expression. Computergestützte Analyse der Konversion 
zum Nurr1-Agonismus. Verfassen des Manuskripts. 
‡ Hier liegt eine geteilte Erstautorenschaft zwischen D. Z. und S. W. vor. 

Synthese der neuen Verbindungen durch D. Z. und S. S. Charakterisierung der synthetisierten  
Substanzen 31–42 in einem zellulären Nurr1-Gal4-Reportergenassay, sowie Toxizitätsmessung,  
Selektivitätsscreening und Kreuztitrationen durch D. Z. Durchführung der HTRF-basierten  
zellfreien Assays durch J. H. Verfassen des Manuskripts zusammen mit D. Z. und D. M. Konzeption 
und Leitung der Studie durch D. M. 

 Willems, S.; Kilu, W.; Faudone, G.; Heering, J.; Merk, D. Nurr1 modulation mediates neuropro-
tective effects of statins. bioRxiv 2021. 2021.09.15.460433.  
https://doi.org/10.1101/2021.09.15.460433 

Eigener Beitrag: Durchführung des Drug-Fragment-Screenings und Charakterisierung daraus  
abgeleiteter Arzneistoffe in einem zellulären Nurr1-Gal4-Reportergenassay. Durchführung der 
Nurr1-Volllängen-Experimente, des Nurr1-Knockdown in humanen Astrozyten, der IL-6-Frei-set-
zung mittels ELISA und Generieren der mRNA-Proben. Durchführung der HTRF-basierten 
Nurr1-Peptid-Rekrutierungsassays. Computergestützte Analyse der Screening-Datenbank.  
Analyse und Darstellung der RNAseq-Daten. Konzeption und Verfassen des Manuskripts. 

Durchführung des Drug-Fragment-Screenings in Zusammenarbeit mit G. F. Durchführung der 
HTRF-basierten Nurr1-Dimerisierungsassays durch W. K. und J. H. Analyse der RNAseq-Daten, 
sowie Konzeption und Verfassen des Manuskriptes zusammen mit D. M. Leitung der Studie durch 
D. M. 
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Weitere peer-reviewed Publikationen: 

 Schierle, S.; Flauaus, C.; Heitel, P.; Willems, S.; Schmidt, J.; Kaiser, A.; Weizel, L.; Goebel, T.; Kahnt, 
A. S.; Geisslinger, G.; Steinhilber, D.; Wurglics, M.; Rovati, G. E.; Schmidtko, A.; Proschak, E.; Merk, 
D. Boosting Anti-Inflammatory Potency of Zafirlukast by Designed Polypharmacology. J. Med. 
Chem. 2018, 61 (13), 5758–5764. https://doi.org/10.1021/acs.jmedchem.8b00458 

Eigner Beitrag: Etablierung der Synthesen zu den Vorstufen 11, 14–17, 21 und 24. 

 Morstein, J.; Trads, J. B.; Hinnah, K.; Willems, S.; Barber, D. M.; Trauner, M.; Merk, D.; Trauner, 
D. Optical Control of the Nuclear Bile Acid Receptor FXR with a Photohormone. Chem. Sci. 2020, 
11, 429–434. https://doi.org/10.1039/c9sc02911g 

Eigner Beitrag: Molekulares Docking von trans- und cis-AzoGW in die FXR-LBD. Durchführung 
der Reportergenassays für das Selektivitässcreening und der ITC-Experimente. 

 Schierle, S.; Neumann, S.; Heitel, P.; Willems, S.; Kaiser, A.; Pollinger, J.; Merk, D. Design and 
Structural Optimization of Dual FXR/PPARδActivators. J. Med. Chem. 2020, 63 (15), 8369–8379. 
https://doi.org/10.1021/acs.jmedchem.0c00618 

Eigener Beitrag: Computergestütztes Design der dualen Leitstruktur 5 und molekulares Docking 
der Substanzen 21 und 25 zur Untersuchung des Bindemodus in den FXR- und PPARδ-LBDs.  

 Meijer, I.; Willems, S.; Ni, X.; Heering, J.; Chaikuad, A.; Merk, D. Chemical Starting Matter for 
HNF4α Ligand Discovery and Chemogenomics. Int. J. Mol. Sci. 2020, 21 (21), 7895. 
https://doi.org/10.3390/ijms21217895 

Eigener Beitrag: Durchführung der ITC-Experimente für die Substanzen 6 und 10. Quantifizie-
rung der HNF4α-regulierten mRNA aus humanen Hepatozyten durch qRT-PCR. 

 Helmstädter, M.; Vietor, J.; Sommer, J.; Schierle, S.; Willems, S.; Kaiser, A.; Schmidt, J.; Merk, D. 
A New FXR Ligand Chemotype with Agonist/Antagonist Switch. ACS Med. Chem. Lett. 2021, 12 
(2), 267–274. https://doi.org/10.1021/acsmedchemlett.0c00647 

Eigener Beitrag: Molekulares Docking zur Untersuchung des Bindemodus der Substanzen 14 und 
18 in der FXR-LBD. 

 Faudone, G.; Bischoff-Kont, I.; Rachor, L.; Willems, S.; Zhubi, R.; Kaiser, A.; Chaikuad, A.; Knapp, 
S.; Fürst, R.; Heering, J.; Merk, D. Propranolol Activates the Orphan Nuclear Receptor TLX to 
Counteract Proliferation and Migration of Glioblastoma Cells. J. Med. Chem. 2021, 64 (12), 8727–
8738. https://doi.org/10.1021/acs.jmedchem.1c00733 

Eigener Beitrag: Durchführung des Fragment Screenings in Zusammenarbeit mit G. F. 
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 Lillich, F.; Willems, S.; Ni, X.; Borkowsky, C.; Kilu, W.; Brodsky, M.; Kramer, J.; Brunst, S.; Her-
nandez-Olmos, V.; Heering, J.; Schierle, S.; Kestner, R.; Mayser, F.; Helmstädter, M.; Göbel, T.; 
Weizel, L.; Namgaladze, D.; Kaiser, A.; Steinhilber, D.; Pfeilschifter, W.; Kahnt, A.; Proschak, A.; 
Chaikuad, A.; Knapp, S.; Merk, D.; Proschak, E. Structure-Based Design of Dual Partial Peroxisome 
Proliferator Activated Receptor γ Agonists/Soluble Epoxide Hydrolase Inhibitors. J. Med. Chem. 
2021, 64 (23), 17259–17276. https://doi.org/10.1021/acs.jmedchem.1c01331 

Eigener Beitrag: Charakterisierung der Substanzen in einem zellulären PPARγ-Gal4-Reporter- 
genassay. 

 Willems, S.‡; Müller, M.‡; Ohrndorf, J.; Heering, J.; Proschak, E.; Merk, D. Scaffold hopping from 
amodiaquine to novel Nurr1 agonist chemotypes via microscale analogue libraries. ChemMedChem 
2022, e202200026. https://doi.org/10.1002/cmdc.202200026 

Eigener Beitrag: Computergestütztes Design der Substanz-Bibliotheken A und B. Durchführung 
der Synthesen im Mikromaßstab und der Synthese von Substanz 4. Charakterisierung der generier-
ten Substanz-Bibliotheken A und B in einem zellulären Nurr1-Gal4-Reportergenassay, sowie der 
daraus abgeleiteten Verbindungen 3j, 4 und 4e. Verfassen des Manuskripts. 
‡ Hier liegt eine geteilte Erstautorenschaft zwischen S. W. und M. M. vor. 

 

Sonstige Publikationen: 

 Willems, S.; Merk, D. Innovative Pharmacological Strategies in Osteoporosis Treatment.  
Pharmakon 2019, 7 (4), 287–294. 
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12. Kooperationspartner 

Sofern nicht anders durch Quellenangabe oder Danksagung angegeben, wurde die vorgelegte Arbeit von 
mir unter der Aufsicht meiner Betreuer während meines Promotionsstudiums erstellt. Alle Beiträge von 
Kollegen sind explizit in dieser Dissertation gekennzeichnet. 

Für die Erstellung einiger Abbildungen wurde Material von https://smart.servier.com/ genutzt und 
bearbeitet. Die Nutzung dieses Materials geschah mit erteilter Genehmigung: “Servier Medical Art by 
Servier is licensed under a Creative Commons Attribution 3.0 Unported License. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/3.0/”. 

Für die Erstellung einiger Abbildungen wurde Material von https://app.biorender.com/ genutzt. Die 
Nutzung dieses Materials geschah mit erteilter Genehmigung: „The Figure was exported under a paid 
subscription. Created with BioRender.com” 

Für die Erstellung der Abbildungen von Kristallstrukturanalysen wurde die Software Molecular 
Operating Environment (MOE 2020.09) der Chemical Computing Group (Montreal, Kanada) genutzt. 

Nachfolgend aufgelistetes Material/Ergebnisse/Daten wurde im Zuge kollaborativer Forschung 
erhalten: 

Photohormone als licht-abhängige PPAR-Agonisten 

 Synthese und photophysikalische Charakterisierung der Substanzen 29–41: Dr. Johannes 
Morstein und Konstantin Hinnah, AK Prof. Trauner, Department of Chemistry, New York 
University, New York, USA.  

 ITC Experimente: rekombinante PPARγ-LBD bereitgestellt durch Dr. Jan Heering, Fraunhofer-
Institut für Translationale Medizin und Pharmakologie ITMP, Frankfurt. 

 Bestimmung der metabolischen Stabilität: Astrid Kaiser, AK Prof. Schubert-Zsilavecz, Institut 
für Pharmazeutische Chemie, Goethe-Universität Frankfurt. 

 Fluoreszenz-Mikroskopie: Anleitung und Bereitstellung durch Dr. Eric Kowarz, AK Prof. 
Marschalek, Institut für Pharmazeutische Biologie, Goethe-Universität Frankfurt. 

Vitamine E Metabolite sind endogene PPARγ-Liganden 

 Substanzen 44–48: zur Verfügung gestellt von Dr. Stefan Kluge und Prof. Dr. Stefan Lorkowski, 
Institut für Ernährungswissenschaften, Friedrich-Schiller-Universität Jena. 

 Gal4-Reportergenassays: Durchführung und Auswertung durch Dr. Leonie Gellrich, AK Prof. 
Schubert-Zsilavecz, und Prof. Dr. Daniel Merk, Institut für Pharmazeutische Chemie, Goethe-
Universität Frankfurt. 

 ITC-Experimente: Durchführung und Auswertung durch Dr. Leonie Gellrich, AK Prof. 
Schubert-Zsilavecz, Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt; 
rekombinante PPARγ-LBD bereitgestellt durch Dr. Jan Heering, Fraunhofer-Institut für 
Translationale Medizin und Pharmakologie ITMP, Frankfurt. 

 TR-FRET Experimente: rekombinante gelabelte PPARγ-LBD bereitgestellt durch Dr. Jan 
Heering, Fraunhofer-Institut für Translationale Medizin und Pharmakologie ITMP, Frankfurt. 
Eigener Beitrag: Durchführung der PPARγ-Peptid-Rekrutierungsassays. 
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 Lösen der Kristallstrukturen der PPARγ-LBD im Komplex mit 3 und 48: Dr. Apirat Chaikuad, 
AK Prof. Knapp, Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt. 

 Genexpressionsanalyse: RNA Sequencing wurde von der Firma Novogene (Cambridge, 
England) durchgeführt. Eigener Beitrag: Generieren der mRNA Proben sowie Analyse und 
Darstellung der Daten. 

Identifikation von nichtsteroidalen Antirheumatika als Nurr1-Modulatoren 

 TR-FRET Experimente: Etablierung und Durchführung der Nurr1-Peptid-Rekrutierungsassays 
für die Substanzen 19, 49, und 51, sowie der Nurr1-Dimerisierungsassays und Nurr1-NCoR1 
Bindungsassays; Bereitstellung der rekombinanten gelabelten Nurr1-LBD durch Dr. Whitney 
Kilu, AK Prof. Proschak, Institut für Institut für Pharmazeutische Chemie, Goethe-Universität 
Frankfurt, und Dr. Jan Heering, Fraunhofer-Institut für Translationale Medizin und 
Pharmakologie ITMP, Frankfurt. Eigener Beitrag: Durchführung der Nurr1-Peptid-
Rekrutierungsassays für die Substanzen 25 und 52, und Erstellung der Abbildungen. 

 Klonieren der Plasmide pFA-CMV-hNurr1-LBD, pFA-CMV-hNur77-LBD, pFA-CMV-
hNOR1-LBD, pFRLuc-NBRE, pFR-Luc-NurRE, und pFRLuc-DR5 durch Dr. Jan Heering, 
Fraunhofer-Institut für Translationale Medizin und Pharmakologie ITMP, Frankfurt. 

Fragment-basierter Ansatz zu Entwicklung von Nurr1-Agonisten 

 Synthese der Substanzen 74–80: Julia Ohrndorf, AK Prof. Schubert-Zsilavecz, Institut für 
Pharmazeutische Chemie, Goethe-Universität Frankfurt. Eigener Beitrag: Erstellung der 
Syntheseschemen. 

 Bestimmung der Reinheit: Astrid Kaiser und Julia Ohrndorf, AK Prof. Schubert-Zsilavecz, 
Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt. 

 TR-FRET Experimente: Dr. Whitney Kilu, AK Prof. Proschak, Institut für Institut für 
Pharmazeutische Chemie, Goethe-Universität Frankfurt, und Dr. Jan Heering, Fraunhofer-
Institut für Translationale Medizin und Pharmakologie ITMP, Frankfurt. 

Inverse Nurr1 Agonisten mit Indol-Grundgerüst 

 Synthese der Substanzen 98–127: Daniel Zaienne, unterstützt durch Dr. Simone Schierle, AK 
Prof. Schubert-Zsilavecz, Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt.  

 Bestimmung der Reinheit: Astrid Kaiser und Julia Ohrndorf, AK Prof. Schubert-Zsilavecz, 
Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt. 

 Gal4-Reportergenassays: Charakterisierung der Substanzen 120–127 in einem zellulären Gal4-
Nurr1-Reportergenassay, Toxizitätsmessung und Selektivitätsscreening der Substanzen 120 
und 127, sowie Kreuztitrationen von 19 und 127 durch Daniel Zaienne, AK Prof. Schubert-
Zsilavecz, Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt. Eigener Beitrag: 
Charakterisierung der Substanzen 95 und 98–119 in einem zellulären Gal4-Nurr1 
Reportergenassay und Betreuung der Masterarbeit von Daniel Zaienne. 

 TR-FRET Experimente: Dr. Jan Heering, Fraunhofer-Institut für Translationale Medizin und 
Pharmakologie ITMP, Frankfurt. 
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Statine vermitteln neuroprotektive Effekte durch Nurr1 Agonismus 

 Drug Fragment Screening in einem Gal4-Nurr1 Reportergenassay: in Zusammenarbeit mit 
Giuseppe Faudone, AK Prof. Schubert-Zsilavecz, Institut für Pharmazeutische Chemie, Goethe-
Universität Frankfurt. 

 TR-FRET Experimente: Durchführung der Nurr1-Dimerisierungsassays und Bereitstellen der 
rekombinanten gelabelten Nurr1-LBD durch Dr. Whitney Kilu, AK Prof. Proschak, Institut für 
Institut für Pharmazeutische Chemie, Goethe-Universität Frankfurt, und Dr. Jan Heering, 
Fraunhofer-Institut für Translationale Medizin und Pharmakologie ITMP, Frankfurt. Eigener 
Beitrag: Durchführung der Nurr1-Peptid-Rekrutierungsassays. 

 Genexpressionsanalyse: RNA Sequencing wurde von der Firma Novogene (Cambridge, 
England) durchgeführt. Eigener Beitrag: Generieren der mRNA Proben sowie Analyse und 
Darstellung der Daten. 

Die folgenden Teile der Dissertation wurden zuvor veröffentlicht: 

 Abbildung 2, 6, 8, 13, 16, 22: bearbeitet nach [66], Genehmigung erteilt durch American 
Chemical Society (2021). 

 Abbildung 24: bearbeitet nach [452], Genehmigung erteilt durch American Chemical Society 
(2020). 

 Abbildung 25 und 26: bearbeitet nach [453], Genehmigung erteilt durch American Chemical 
Society (2021). 

 Abbildung 27, 28, 30: bearbeitet nach [454], Genehmigung erteilt durch Elsevier Ltd. (2021). 

 Abbildung 35: bearbeitet nach [444], keine Genehmigung notwendig. 

 Schema 1 und 2, Abbildung 38: bearbeitet nach [455], Genehmigung erteilt durch American 
Chemical Society (2021). 

 Abbildung 39 und 44: bearbeitet nach [460], keine Genehmigung notwendig. 

 Abbildung 40 und 41: bearbeitet nach [461], Genehmigung erteilt durch American Chemical 
Society (2021). 

Die Rechte zum Nachdruck aller Originalpublikationen wurden eingeholt: [444] und [460] keine 
Genehmigung notwendig; [452] Copyright (2020) American Chemical Society; [455], [66], [453] und 
[461] Copyright (2021) American Chemical Society; [454] Copyright (2021) Elsevier Ltd. 
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ABSTRACT: Photopharmacology aims at the optical control of protein
activity using synthetic photoswitches. This approach has been recently
expanded to nuclear hormone receptors with the introduction of “photo-
hormones” for the retinoic acid receptor, farnesoid X receptor, and estrogen
receptor. Herein, we report the development and profiling of photoswitchable
agonists for peroxisome proliferator-activated receptor γ (PPARγ). Based on
known PPARγ ligands (MDG548, GW1929, and rosiglitazone), we have
designed and synthesized azobenzene derivatives, termed AzoGW1929 and
AzoRosi, which were confirmed to be active in cell-based assays. Subsequent
computer-aided optimization of AzoRosi resulted in the photohormone
AzoRosi-4, which bound and activated PPARγ preferentially in its light-
activated cis-configuration.

■ INTRODUCTION

Nuclear hormone receptors (NHRs) are ligand-inducible
transcription factors that interact with specific DNA response
elements to elicit a transcriptional response of their target
genes.1,2 They control a wide variety of biological processes,
ranging from cell proliferation and differentiation to metabo-
lism, homeostasis, and morphogenesis.3 This receptor class is
modulated by a broad spectrum of endogenous molecules,
including thyroid and steroid hormones, bile acids and fatty
acids, retinoids, and vitamin D.4

Peroxisome proliferator-activated receptors (PPARs) belong
to the class I subfamily of NHRs and comprise three isoforms
(PPARα, PPARδ, and PPARγ), which exhibit different tissue
localizations.5,6 PPARs form a heterodimer with the retinoid X
receptor (RXR), and upon ligand binding, they regulate
transcription levels of genes involved, e.g., in metabolic balance
and inflammatory processes.7 The PPARγ subtype is mainly
expressed in adipose tissue and also found in the liver, heart,
brain, and macrophages. It controls insulin secretion, lipid, and
glucose metabolism, and is considered the master regulator of
adipogenesis.8 PPARγ is linked to diverse pathological
conditions, such as diabetes, cardiovascular disorders,
Alzheimer’s and Parkinson’s disease, multiple sclerosis, stroke,
and cancer.9−14

In photopharmacology, photoswitchable small molecules are
used to control biological processes with light.15−18 This
approach has proven to be especially successful with lipophilic
or amphiphilic molecules that can control GPCRs, ion
channels, enzymes, or biophysical aspects of lipids.19−26

Amphiphilic agonists of NHRs could therefore be ideally

suited for this approach. This was first exemplified with a
photoswitchable retinoic acid derivative targeting the retinoic
acid receptor α (RARα).27 Subsequently, we developed a
photohormone for the bile acid receptor farnesoid X receptor
(FXR) that allows for the optical control of gene regulation in
liver cells. In addition, a photoswitchable estrogen receptor
(ER) agonist was recently reported by Tsuchiya.28,29 Here, we
disclose the development of photohormones for PPARγ,
extending the reach of photopharmacology to another
important member of the NHR superfamily.

■ RESULTS AND DISCUSSION
In our search for photoswitchable PPARγ modulators, we
screened various drug databases (DrugBank, PDB, ChEMBL,
IUPHAR) for known PPARγ modulators to identify promising
chemotypes that could be modified with an azobenzene
photoswitch. Molecules containing lipophilic segments that
can be substituted with an azobenzene (“azologization”) are
particularly amenable to this approach.27,30 Most PPARγ
agonists share the common structure of fatty acid mimetics31

that are comprised of a polar, usually acidic, headgroup that
engages in hydrogen bonding with the ligand-dependent
activation function (AF-2), an aliphatic linker, and a bulky
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aromatic tail that contributes to their function and potency
(effector module).32 Based on this structural information, we
envisioned that optical control over PPARγ could be achieved
by the incorporation of an azobenzene photoswitch into the
hydrophobic taila strategy that has been very successful for a
number of bioactive lipids. Photoisomerization of the tail
should lead to a steric clash in the ligand binding site that
significantly decreases the affinity of one isomer to the
receptor. Initial hits were further assessed based on previous
SAR studies, crystal structure data, and molecular dock-
ing.33−37 Based on these considerations, we selected three
chemotypes (MDG548, GW1929, and rosiglitazone) as leads
to develop of PPARγ-targeting photohormones (Figure 1).

The potential of the lead azolog scaffolds to act as
photoswitchable PPARγ ligands was studied by molecular
docking. The X-ray complex structures of the PPARγ ligand
binding domain with bound rosiglitazone (PDB ID: 5YCP36)
or GW1929 (PDB ID: 6D8X37) served as templates.
Structures were prepared and docking was performed in the
molecular operating environment (MOE). For each azolog, cis-
and trans-isomer were individually docked and the resulting
predicted binding modes were evaluated considering partic-
ipation in the canonical H-bond network with the PPARγ
activation triad His323, His449, and Tyr473, additional direct
contacts to the binding site, absence or presence of clashes,
and similarity to the binding mode of the cocrystallized ligands.
The design of candidate derivatives of AzoGW1929 and

Figure 1. Molecular docking guides the design of photohormones for PPARγ. Docking was performed in MOE38 using X-ray crystal structures of
PPARγ complexed with the template ligands rosiglitazone (A, C, green, PDB ID: 5YCP36) and GW1929 (B, green, PDB ID: 6D8X37). (A)
Incorporation of an azo group in MDG548 (green) to AzoMDG548 (magenta) allowed minimal changes to the structure. (B) In AzoGW1929
(magenta), the azo group replaces the aminoethoxy linker of GW1929. (C) Azologization of rosiglitazone by replacement of the aminoethoxy
linker region (AzoRosi, magenta) resulted in favorable predicted binding modes of both (cis-/trans-) isomers.
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AzoRosi was similarly supported by molecular docking to
computationally assess their potential to act as optimized
photohormones.
AzoMDG548 (Figure 1A) was derived from the PPARγ

agonist MDG548 (EC50 = 215 nM)35 featuring a benzyl
phenyl ether moiety, which is a common motif for
azologization.27 The predicted binding mode of trans-
AzoMDG548 aligned well with the docked pose of
MDG548 and with rosiglitazone suggesting the potential of
the azolog for PPARγ modulation. AzoGW1929 was derived
from the potent (EC50 = 1.47 nM) and selective PPARγ

agonist GW192939 (Figure 1B). Crystallographic data of the
parent compound bound to PPARγ showed that the
benzophenone motif is bound in a lipophilic subpocket deep
inside the ligand binding domain (LBD) (PDB ID: 6D8X),
providing little space and flexibility for structural variation.
Therefore, we reasoned that the aliphatic linker was more
suitable for azologization. Docking studies on GW1929-
derived azologs agreed with this hypothesis since predicted
binding modes for analogues bearing the azo group in the
benzophenone region did not align with the cocrystallized
ligand but partly placed the designed structure outside the

Scheme 1. Synthesis of Photohormones for PPARγa

aReagents and conditions: (A) (a) Thiobarbituric acid, EtOH, 80 °C, 2 h (46%); (B) (b) Pd/C, MeOH, rt, 16 h (quant.) (c) (i) Aniline/4-
chloroaniline, oxone, CH2Cl2, H2O, rt, 16 h, (ii) 3, MeOH, rt 16 h (70% R = H, 34% R = Cl), (d) (i) (2-Bromophenyl)(phenyl)methanone,
Cs2CO3, Pd(OAc)2, BINAP, toluene, 110 °C, 3 h (ii) LiOH, H2O, ACN, rt, 3 h (56% R = H, 31% R = Cl over 2 Steps); (C) (e) (i) 4-
Nitrobenzaldehyde, piperidine, AcOH, EtOH, μw 150 °C, 20 min (ii) Hantzsch ester, SiO2, toluene, 110 °C, 20 h (iii) Pd/C, MeOH, rt, 16 h (24%
over 3 Steps) (f) (i) Aniline/4-chloroaniline/4-trifluoromethylaniline/2′-methyl-[1,1′-biphenyl]-4-amine 9, oxone, CH2Cl2, H2O, rt, 16 h (ii) 7,
MeOH, rt, 16 h (72% R = H, 71% R = Cl, 57% R = CF3, 49% R = o-toluyl) (D) Crystal structure of thiazolidinedione 6 and trans-AzoRosi-3.
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canonical binding pocket. In contrast, the predicted binding
modes of AzoGW1929, where the azo motif replaces the
aminoethoxy linker, aligned well with the cocrystallized ligand
GW1929. Favorable poses were observed for both the cis- and
trans-configuration of AzoGW1929, however. The preferred
absolute configuration of GW1929 was retained in our azolog
design, and the (S)-enantiomer of AzoGW1929 was prepared
through an enantioselective synthesis.32 The clinically
approved PPARγ agonist rosiglitazone40 served as a template
for our third azolog design. Multiple SAR studies demonstrate
the importance of the thiazolidinedione headgroup and
methylene linker of rosiglitazone (EC50 = 43 nM)41,42 for
potency. Therefore, we proposed to incorporate the
azobenzene photoswitch into the hydrophobic tail of
rosiglitazone (Figure 1C). Docking of the azolog, termed
AzoRosi, to a rosiglitazone-bound PPARγ crystal structure
(PDB ID: 5YCP) resulted in favorable binding modes for both
cis- and trans-AzoRosi that aligned with the crystal bound
template ligand and revealed participation in the canonical H-
bond network with the activation triad (His323, His449,
Tyr473).
The synthesis of AzoMDG548 was achieved by the coupling

of 4-phenylazobenzaldehyde 1 to thiobarbituric acid via
Knoevenagel-type condensation under reflux in ethanol
(Scheme 1A). The synthesis route for AzoGW1929 and
derivative AzoGW1929-2 started from (S)-4-nitrophenylala-
nine methyl ester hydrochloride 2, which was reduced to the
corresponding amino compound using palladium on charcoal
and hydrogen (Scheme 1B). Baeyer−Mills coupling of methyl
(S)-2-amino-3-(4-aminophenyl)propanoate 3 with the corre-
sponding aniline (unsubstituted aniline for AzoGW1929 or 4-
chloroaniline for AzoGW1929-2) and subsequent Buchwald−
Hartwig cross-coupling to the free amine of the amino acid
afforded the methyl ester derivatives of the corresponding
photohormones. Cleavage of the methyl esters with lithium
hydroxide yielded AzoGW1929 and AzoGW1929-2. Photo-

switchable derivatives of rosiglitazone (AzoRosi, AzoRosi-2-4)
were obtained in four steps (Scheme 1C), starting with the
coupling of para-nitrobenzaldehyde to thiazolidinedione 6 in a
Knoevenagel-type reaction. Two subsequent reduction steps
with Hantzsch ester and palladium on charcoal under a
hydrogen atmosphere gave 5-(4-aminobenzyl)thiazolidine-2,4-
dione 7. The final step comprised Baeyer−Mills coupling with
the corresponding (para-substituted) anilines to afford
AzoRosi and derivatives AzoRosi-2 to AzoRosi-4. The
required aniline 9 for AzoRosi-4 was synthesized in a Suzuki
reaction from para-aminoboronic acid 8 and 2-bromotoluene
(Scheme S1). The X-ray structure of the thiazolidinedione 6
and of trans-AzoRosi-3 is shown in Scheme 1D.
The photophysical properties and photostationary states

(PSS) of AzoGW1929 and AzoRosi were determined by UV−
vis and 1H NMR spectroscopy (Figure 2). The absorption
spectra after illumination with λ = 460 nm (trans, blue) and λ
= 365 nm (cis, gray) demonstrated wavelength-dependent
switching as expected for “classical” unsubstituted azoben-
zenes. AzoGW1929 showed an additional local absorption
maximum at 400 nm, which is likely caused by additional
absorption of the benzophenone moiety. Photoswitching was
repeated over multiple cycles indicating good photostability of
these photohormones. Photostationary states could further be
titrated using different wavelengths of light (“color-dosing”).
Half-life times of the thermally unstable cis-isomer were
determined in dimethyl sulfoxide (DMSO) at room temper-
ature (Figure S1) and are t1/2 = 37.0 h (AzoGW1929) and t1/2
= 64.1 h (AzoRosi). The PSS after illumination with the
optimal wavelengths for photoisomerization (λ = 365 nm and
λ = 460 nm, respectively) are as follows: 95% trans-
AzoGW1929 (dark), 76% trans-AzoGW1929 (460 nm),
67% trans-AzoGW1929 (365 nm), and 100% trans-AzoRosi
(dark), 80% trans-AzoRosi (460 nm) and 4% trans-AzoRosi
(365 nm). These data revealed slow switching kinetics for

Figure 2. Photophysical evaluation. The UV−vis spectra of AzoGW1929 (A) and AzoRosi (E) (25 μM in DMSO) in the dark-adapted (trans,
black), 365 nm-adapted (cis, gray), and 460 nm-adapted (trans, blue) photostationary states. Reversible cycling of AzoGW1929 (B) and AzoRosi
(F) (25 μM in DMSO) with alternating illumination at 365 and 460 nm. Reversible cycling between photoisomers of AzoGW1929 (C) and
AzoRosi (G) (25 μM in DMSO) with alternating illumination at varying wavelengths between 320 and 420 nm and 460 nm. Photostationary states
of AzoGW1929 (D) in MeOD-d4 and AzoRosi (H) in CDCl3 of the dark-adapted state and after irradiation with 460 and 365 nm for 5 min.
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AzoGW1929, whereas illumination with 365 nm allows for
effective isomerization of AzoRosi.
The biological evaluation of the photohormones for

modulation of PPARγ was performed using hybrid Gal4
reporter gene assays in HEK293T cells. These test systems rely
on chimeric transcription factors composed of the respective
human nuclear receptor ligand binding domain and the DNA
binding domain of the yeast protein Gal4. Gal4-responsive
firefly luciferase was employed as a reporter gene, and a
constitutively expressed Renilla luciferase served for normal-
ization and to monitor test compound toxicity. Pioglitazone (1
μM) served as a reference agonist on every plate to calculate
the relative activation efficacy of the test compounds. To
individually characterize both isomers of the photohormones,
the assays were conducted with the trans-photohormones in
the dark and with the preilluminated cis-isomers using a Cell
Disco.43

Profiling of the three first-generation photohormones
AzoMDG548, AzoGW1929, and AzoRosi revealed no activity
for trans-AzoMDG548 on PPARγ up to 10 μM concentration,
while trans-AzoGW1929 and trans-AzoRosi were confirmed as
PPARγ modulators with promising potencies and activation
efficacies (Table 1). Preliminary evaluation of the cis-

counterparts revealed similar activity on PPARγ as for the
trans-isomers, which aligned with our observations in the
docking studies. Except for the weak activity of AzoRosi on
PPARα at 10 μM, all three photohormones were selective for
PPARγ over the closely related PPARα and PPARδ subtypes.
Due to the lack of activity of AzoMDG548, we did not further
characterize this compound and focused our further study on
the other two lead compounds.
Encouraged by the favorable PPARγ modulatory activity and

promising photophysical characteristics of AzoGW1929 and
AzoRosi, we selected both photohormones for further
structural refinement. Analysis of the predicted binding mode
of AzoGW1929 in the PPARγ ligand binding site indicated the
occupation of the subpocket accommodating the azobenzene
motif with little space for further derivatization. However, we
observed the potential for a chlorine substituent in position 4
of the azobenzene moiety to generate a preference for the
trans-configuration since docking simulation of AzoGW1929-2
in the GW1929-bound structure (PDB ID: 6D8X) revealed
favorable binding for the trans-isomer but no reasonable pose
for the cis-counterpart (Figure 3A). The docking pose of
AzoRosi suggested an opportunity for structural refinement,

too. As discussed above, the benzylthiazolidinedione motif has
been characterized as essential for activity, prompting us to
focus on the azobenzene part for optimization. In the docked
trans-configuration of AzoRosi, the azobenzene was bound in a
cavity with little space available for substituents. However,
AzoRosi analogues bearing bulky substituents in position 4 of
the azobenzene motif were observed to bind favorably to
PPARγ in cis-configuration, with the extra substituents
protruding into an unoccupied pocket of the Y-shaped
PPARγ ligand binding site (Figure 3B). This optimization
potential seemed particularly attractive as it suggested
preference for the cis-configurations of AzoRosi descendants.
The effect was observed in the molecular docking of AzoRosi-
2 bearing a chlorine atom in position 4 of the azobenzene
motif, and even more pronounced for the trifluoromethyl
analogue AzoRosi-3. AzoRosi-4 was designed as a maximally
cis-favoring structure according to our results in the molecular
docking. The cis-isomer of AzoRosi-4 formed a favorable
binding mode to the PPARγ ligand binding site (Figures 3B
and 5A) with H-bond interactions to the canonical activation
triad of PPARγ (His323, His449, Tyr473). The extended and
lipophilic biphenyl azobenzene protruded to a hydrophobic
tunnel in the Y-shaped PPARγ pocket formed by Ile281 and
the backbones of Gly284 and Cys285 from helix 3 as well as
Ile341 and Met348 from the β sheet near helix 6. In contrast,
the extended linear structure of trans-AzoRosi-4 could not be
reasonably placed in the angled PPARγ ligand binding site.
The second-generation azologs AzoGW1929-2 and AzoR-

osi-2 to AzoRosi-4 were prepared as described in Scheme 1.
Their photophysical properties are depicted in Figures 4 and
S1. The spectra of AzoGW1929-2 showed photophysical
properties similar to the unsubstituted parent azolog
AzoGW1929. Photophysical evaluation of AzoRosi-2 to
AzoRosi-4 also showed that these analogues behaved similar
to their predecessor AzoRosi, with respect to absorption
spectra for both isomers, switching kinetics, thermal stability of
the cis-isomer, and PSS (99% trans-AzoRosi-4 (dark), 83%
trans-AzoRosi-4 (460 nm), and 23% trans-AzoRosi-4 (365
nm)).
Biological evaluation of AzoGW1929-2 for PPARγ modu-

lation revealed neither improved potency nor a clear
preference for either isomer (Table 2). This chemotype,
therefore, seems to hold little promise for continued
refinement and was not further pursued. AzoRosi-2, which
bears a chlorine substituent on the azobenzene, was almost
equally active as trans-AzoRosi in its trans-configuration and
showed enhanced PPARγ activation in its cis-configuration
(Table 2). This agrees with our hypothesis that the extension
of AzoRosi in position 4 of the azobenzene would promote
preferential PPARγ agonism of the cis-isomer. Accordingly, the
cis-isomer of the trifluoromethyl derivative AzoRosi-3 was
more active than trans-AzoRosi-3. However, the maximum
activation efficacy of dark-adapted trans-AzoRosi-3 was also
higher than that of its parent azolog trans-AzoRosi. By
contrast, the o-toluyl derivative AzoRosi-4 was less active in its
trans-configuration than trans-AzoRosi (12 vs 21% maximum
activation), while the cis-isomer of AzoRosi-4 increased its
PPARγ agonism approximately threefold with 39% maximum
relative activation efficacy (Table 2). Therefore, AzoRosi-4 is a
photohormone for PPARγ that can be activated with light.
This relative dark inactivity and gain in potency upon
irradiation is a desirable functional feature in photopharmacol-
ogy.

Table 1. PPAR Modulatory Activity of Photohormones
AzoMDG548, AzoGW1929, and AzoRosi in a Gal4 Hybrid
Reporter Gene Assaya

ID PPARγ modulation
PPARα

modulation
PPARδ

modulation

trans-
AzoMDG548

inactive inactive inactive

trans-
AzoGW1929

EC50 = 1.0 ± 0.1 μM
(30 ± 2% max. rel. act.)

inactive inactive

trans-AzoRosi EC50 = 2.2 ± 0.2 μM
(21 ± 1% max. rel. act.)

8% activation
at 10 μM

inactive

aMaximum relative activation (max. rel. act.) refers to the activity of 1
μM pioglitazone. Data are the mean ± standard deviation (SD). Each
sample was tested in technical duplicates in at least two independent
biological repeats. Inactive: no statistically significant activity at 10
μM.
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Next, we determined the binding affinity of AzoRosi-4 for
both photoisomers by isothermal titration calorimetry (ITC,
Figure 5B). The light-activated cis-isomer is bound to the
recombinant PPARγ ligand binding domain with a KD value of
9.3 μM. Under identical conditions, no binding of dark-
adapted trans-AzoRosi-4 was detectable in ITC, corroborating
the predicted binding of cis-AzoRosi-4 (Figure 5A) and the
anticipated clashes of the trans-isomer with the PPARγ ligand
binding site.
Next, we probed cis-AzoRosi-4 for the ability to activate

endogenous PPARγ in a cellular setting. Given the complex
regulation of transcriptional control by various transcription
factors and potential compensatory effects on the expression

levels of PPARγ target genes, we aimed to analyze target
engagement in native liver cells with a reliable luminescent
readout. For this, we transiently transfected PPARγ expressing
HepG2 cells with a reporter construct comprising the human
full-length PPAR response element (PPRE) to control the
expression of a firefly luciferase reporter gene. PPARγ and its
heterodimer partner RXR were not overexpressed to enable
the observation of endogenous cellular PPARγ activation. The
light-activated photohormone cis-AzoRosi-4 activated the
PPRE reporter with an EC50 value of 0.9 ± 0.2 μM and 2.4
± 0.1-fold maximum activation efficacy. Interestingly, despite
the absence of binding affinity for trans-AzoRosi-4 in the ITC,

Figure 3.Molecular docking study to design optimized AzoGW1929 (A, magenta) and AzoRosi (B, magenta) derivatives. Docking was performed
in MOE using X-ray crystal structures of PPARγ complexed with the template ligands GW1929 (A, PDB ID: 6D8X) and rosiglitazone (B, PDB ID:
5YCP). (A) Docking simulations suggested that the introduction of a chlorine substituent in position 4 of the azobenzene residue in AzoGW1929-
2 (cyan) would promote the preferential binding of the trans-isomer. (B) cis-AzoRosi-3 (cyan) and cis-AzoRosi-4 (orange) favorably extended to a
tunnel in the PPARγ ligand binding site that is not occupied by the template ligand rosiglitazone or by AzoRosi.

Figure 4. (A) Photophysical evaluation of AzoRosi-4 (25 μM in DMSO) in the dark-adapted (trans, black), 365 nm-adapted (cis, gray), and 460
nm-adapted (trans, blue) photostationary states. Reversible cycling of AzoRosi-4 (25 μM in DMSO) with alternating illumination at 365 and 460
nm (B) or with alternating illumination at varying wavelengths between 320 and 420 nm and 460 nm (C). (D) Photostationary states of AzoRosi-4
in CDCl

3
of the dark-adapted state and after irradiation with 460 and 365 nm.
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some PPRE activation was observed in the cellular setting by
the trans-isomer at 10 μM (Figure 5C).
Conclusions and Outlook. We report on the computer-

aided development of photohormones for the nuclear
hormone receptor PPARγ. Supported by docking simulations,
we identified PPARγ ligand chemotypes that allow for
azologization and confirmed PPARγ modulation for two out
of three basic photohormones. Subsequent structure-guided
optimization resulted in second-generation photoswitchable
analogues of rosiglitazone that exhibit stronger PPARγ
activation in their cis-configuration. Among the seven
PPARγ-modulating photohormones developed in this study,
AzoRosi-4 was designed to have low biological activity in its
native trans-configuration but markedly activated PPARγ upon
light-activation to the cis-isomer. This successful computer-
aided development of AzoRosi-4 demonstrates that structure-
guided designs of azologs are feasible for proteins with highly
flexible binding regions, such as PPARγ. With its attractive
activity profile and its favorable photophysical characteristics,
AzoRosi-4 emerges as a first-in-class photohormone for
PPARγ enabling new types of in vitro studies with light-dosing
of PPARγ activation. This photohormone could become a
useful tool for the study of PPARγ biology, including
spatiotemporal aspects of its regulation that cannot be studied
with constitutively active modulators or caged compounds.
These properties are particularly useful in the context of drug
discovery, as adverse effect profiles have recently limited
clinical use or development of PPARγ agonists. A photo-
hormone may, for example, be light-activated in certain tissues
to activate PPARγ for beneficial effects, while other organs

where the nuclear receptor mediates adverse activities, such as
in the brain44 or bone,45 can be spared. Photohormones that
can be locally activated at their desired site of action potentially
exhibit an improved pharmacological profile and could
ultimately pave the way for novel drugs for the treatment of
metabolic disorders (including diabetes mellitus and obesity).
Our study underscores that photopharmacology is a promising
approach for the precision control of nuclear hormone
receptors, as we expanded the scope of photohormones to
PPARγ. Photohormones will allow the study of NHR biology
with unprecedented resolution in space and time and could
potentially be useful for new forms of photodynamic
therapy.46,47

■ EXPERIMENTAL SECTION
General Information. All reagents and solvents were purchased

from commercial sources (Sigma-Aldrich, TCI America, Strem
Chemicals, Thermo Fischer Scientific, etc.) and were used without
further purification. Reactions were monitored by TLC on precoated,
Merck Silica gel 60 F254 glass-backed plates, and the chromatograms
were visualized by UV irradiation at λ = 254 nm. Flash silica gel
chromatography was performed using silica gel (SiO2, particle size
40−63 μm) purchased from SiliCycle. NMR spectra were measured
on a Bruker Avance III HD 400 (equipped with CryoProbe).
Multiplicities in the following experimental procedures are abbre-
viated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet. Proton chemical shifts are expressed in parts per million
(ppm, δ scale) and are referenced to the residual protium in the NMR
solvent (CDCl3: δ = 7.26; DMSO-d6: δ = 2.50; MeOD-d4: δ = 3.31).
Carbon chemical shifts are expressed in ppm (δ scale) and are
referenced to the carbon resonance of the NMR solvent (CDCl3: δ =
77.2; DMSO-d6: δ = 39.5; MeOD-d4: δ = 49.0). Note: Due to the

Table 2. Light-dependent PPARγ Modulatory Activity of Photohormones AzoGW1929, AzoGW1929-2, AzoRosi, and
AzoRosi-2-4 in a Gal4 Hybrid Reporter Gene Assaya

aMaximum relative activation (max. rel. act.) refers to the activity of 1 μM Pioglitazone. Data are the mean ± SD. Each sample was tested in
technical duplicates in at least two independent biological repeats.
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trans/cis isomerization of compounds containing an azobenzene
functionality, more signals were observed in the 1H NMR and 13C
NMR spectra than expected for the pure trans-isomer. Only signals for
the major trans-isomer are reported.
The purity of the compounds was measured on an Agilent

Technologies 1260 II Infinity connected to an Agilent Technologies
6120 Quadrupole mass spectrometer with ESI ionization source.
Elution was performed using a gradient from 25:75 to 100:0%
MeCN/H2O with 0.1% formic acid over 5 min, and the whole UV−
vis spectrum was recorded. The purity of all final compounds was
≥90% for AzoGW1929 and AzoGW1929-2, and ≥95% for AzoRosi,
AzoRosi-2, AzoRosi-3, and AzoRosi-4, as determined by high-
performance liquid chromatography/UV−vis (HPLC-UV/Vis). UV−
vis spectra were recorded using a Varian Cary 50 Bio UV−Visible
Spectrophotometer with BRAND Ultra-Micro UV-Cuvettes (10 mm
light path). Further absorption measurements were performed on a
FLUOstar Omega plate reader (BMG Labtech). The LED light
sources were obtained from Amazon (λ = 365 nm and λ = 460 nm, P
= 1.5 W) and LEDSupply (LuxStrip II LED bar, λ = 660 nm),
respectively. Illumination for the reversible trans ←→ cis and action
spectra was provided by an OptoSource Illuminator (CAIRN-
Research) supplied by an OptoScan Power Supply (CAIRN-
Research) and connected to an OptoScan Monochromator
(CAIRN-Research). The Cell Disco System is in-house made.43

Hybrid Reporter Gene Assays for PPARα, PPARγ, and PPARδ. The
Gal4-fusion receptor plasmids pFA-CMV-hPPARα-LBD, pFA-CMV-
hPPARγ-LBD, and pFA-CMV-hPPARδ-LBD coding for the hinge
region and ligand binding domain of the canonical isoform of the
respective nuclear receptor have been reported previously.48 pFR-Luc
(Stratagene) was used as the reporter plasmid and pRL-SV40
(Promega) for normalization of transfection efficiency and cell
growth. The HEK293T cells were obtained from DSMZ (German
Collection of Microorganisms and Cell Culture GmbH) and tested
for mycoplasma contamination.

PPRE Reporter Gene Assay in PPARγ Expressing HepG2 Cells.
The reporter plasmid PPRE1-pGL3 coding for the firefly luciferase
reporter gene under the control of the human full-length PPAR
response element (PPRE) has been described previously.49 pRL-SV40
(Promega) was used for normalization of transfection efficiency and
cell growth. The HepG2 cells were obtained from DSMZ (German
Collection of Microorganisms and Cell Culture GmbH) and tested
for mycoplasma contamination.

(E)-5-(4-(Phenyldiazenyl)benzylidene)-2-thioxodihydropyri-
midine-4,6(1H,5H)-dione (AzoMDG548). Thiobarbituric acid
(10.3 mg, 71.0 μmol, 1.00 equiv) was suspended in anhydrous
EtOH (1.5 mL), and 4-phenylazobenzaldehyde 1 (15.0 mg, 71.0
μmol, 1.00 equiv) in EtOH (1 mL) was slowly added. After stirring at
80 °C for 2 h, the resulting solid was filtered off, washed with EtOH,
and dried under vacuum. The product was obtained as a dark-red
solid (11.0 mg, 32.7 μmol, 46%). 1H NMR (400 MHz, DMSO-d6) δ
12.51 (s, 1H), 12.40 (s, 1H), 8.35 (s, 1H), 8.30 (s, 1H), 8.28 (s, 1H),
7.95−7.93 (m, 4H), 7.64−7.62 (m, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 178.6, 161.5, 159.4, 153.7, 153.3, 152.0, 135.5, 134.4
(2C), 132.2, 129.6 (2C), 122.9 (2C), 121.9 (2C), 120.3. HRMS: m/z
calcd for C17H13N4O2S

+ ([M + H]+): 337.0754, found: 337.0755.
Methyl (S)-2-Amino-3-(4-aminophenyl)propanoate (3). An

oven-dried round bottom flask was charged with methyl (S)-2-amino-
3-(4-nitrophenyl)propanoate 2 (1.00 g, 3.84 mmol, 1.00 equiv). The
reaction vessel was evacuated and purged with nitrogen three times.
Palladium on charcoal (81.7 mg, 76.8 μmol, 0.20 equiv) was added,
and the headspace was thoroughly purged with nitrogen before
degassed MeOH (25 mL) was added. The nitrogen atmosphere was
replaced by hydrogen, and the suspension was saturated with
hydrogen by sparging. The reaction mixture was stirred at room
temperature for 16 h. The headspace was purged with nitrogen, and
the reaction mixture was filtered through a pad of silica with CH2Cl2.
The filtrate was concentrated, yielding the product as an off-white
solid (751 mg, 3.97 mmol, quant.). 1H NMR (400 MHz, MeOD-d4) δ
6.98 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 8.5 Hz, 2H), 4.21 (dd, J = 7.4,
5.8 Hz, 1H), 3.81 (s, 3H), 3.16−3.00 (m, 2H). 13C NMR (101 MHz,
MeOD-d4) δ 170.7, 148.5, 131.1 (2C), 124.0, 117.0 (2C), 55.5, 53.5,
36.8. HRMS: m/z calcd for C10H15N2O2

+ ([M + H]+): 195.1128,
found: 195.1130.

Methyl (S,E)-2-Amino-3-(4-(phenyldiazenyl)phenyl)-
propanoate (4) and Methyl (S,E)-2-Amino-3-(4-((4-
chlorophenyl)diazenyl)phenyl)propanoate (5). Aniline/4-chlor-
oaniline (288/394 mg, 3.10 mmol, 3.00 equiv) was dissolved in
CH2Cl2 (15 mL), and oxone (3.80 g, 6.12 mmol, 6.00 equiv) in water
(15 mL) was added to the solution. The suspension was vigorously
stirred at room temperature for 16 h during which the reaction
mixture turned green. The two phases were separated, and the organic
phase was washed with 1 M HCl, sat. aq. NaHCO3, and water. The
organic phase was dried over Na2SO4 before methyl (S)-2-amino-3-
(4-aminophenyl)propanoate 3 (200 mg, 1.03 mmol, 1.00 equiv) and
glacial acetic acid (2 mL) were added. The solution was concentrated
under reduced pressure to remove CH2Cl2 and finally stirred at room
temperature overnight. Acetic acid was removed by azeotropic
distillation with toluene (three times). Flash column chromatography
with CH2Cl2/MeOH (1:0 to 9:1) yielded the corresponding product
as a yellow oil. 4 (203 mg, 71.7 μmol, 70%): 1H NMR (400 MHz,
MeOD-d4) δ 7.89 (t, J = 7.3 Hz, 4H), 7.54 (q, J = 9.2, 7.8 Hz, 3H),
7.41 (d, J = 8.3 Hz, 2H), 3.96 (t, J = 6.7 Hz, 1H), 3.73 (s, 3H), 3.18
(dd, J = 13.7, 6.3 Hz, 1H), 3.09 (dd, J = 13.7, 7.1 Hz, 1H). 13C NMR
(101 MHz, MeOD-d4) δ 174.6, 154.0, 153.1, 141.2, 132.3, 131.3

Figure 5. (A) Molecular docking of cis-AzoRosi-4 to the PPARγ
ligand binding site (PDB ID: 5YCP). (B) Isothermal titration
calorimetry experiment of trans-AzoRosi-4 (dark-adapted, 300 μM)
and cis-AzoRosi-4 (irradiated with λ=365 nm for 5 min, 300 μM) to
recombinant PPARγ ligand binding domain protein revealed exclusive
binding of cis-AzoRosi-4. Buffer as control. KD = 9.3 μM. Colors are
specified in the figure. Individual titrations are shown in Figure S3
(Supporting Information). (C) cis-AzoRosi-4 robustly activated the
human PPAR response element (PPRE) in the absence of receptor
overexpression in HepG2 cells. Rosiglitazone served as a reference
agonist for PPARγ activation. Data are the mean ± SD. Each sample
was tested in technical duplicates in six independent biological
repeats; **p < 0.01 and ***p < 0.001 (t-test).
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(2C), 130.3 (2C), 124.1 (2C), 123.8 (2C), 56.2, 52.8, 40.4. HRMS:
m/z calcd for C16H18N3O2

+ ([M + H]+): 284.1394, found: 284.1388.
5 (110 mg, 34.7 μmol, 34%): 1H NMR (400 MHz, MeOD-d4) δ 7.88
(dd, J = 11.9, 8.6 Hz, 4H), 7.56 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.3
Hz, 2H), 3.79 (t, J = 6.7 Hz, 1H), 3.69 (s, 3H), 3.15−2.99 (m, 2H).
13C NMR (101 MHz, MeOD-d4) δ 176.1, 152.8, 152.5, 142.6, 138.0,
131.3 (2C), 130.5 (2C), 125.2 (2C), 124.1 (2C), 56.6, 52.4, 41.6.
HRMS: m/z calcd for C16H17ClN3O2

+ ([M + H]+): 318.1004, found:
318.0991.
(S,E)-2-((2-Benzoylphenyl)amino)-3-(4-(phenyldiazenyl)-

phenyl)propanoic Acid (AzoGW1929) and (S,E)-2-((2-
benzoylphenyl)amino)-3-(4-((4-chlorophenyl)diazenyl)-
phenyl)propanoic Acid (AzoGW1929-2). An oven-dried micro-
wave vessel was charged with methyl (S,E)-2-amino-3-(4-
(phenyldiazenyl)phenyl)propanoate 4/methyl (S,E)-2-amino-3-(4-
((4-chlorophenyl)diazenyl)-phenyl)propanoate 5 (50.0 mg, 176.4
μmol/157.4 μmol, 1.20 equiv), (2-bromophenyl)(phenyl)methanone
(34.3 mg, 132.2 μmol, 1.00 equiv), Cs2CO3 (111 mg, 341 μmol, 2.60
equiv), Pd(OAc)2 (2.9 mg, 13 μmol, 10 mol %), and (±)-BINAP
(12.3 mg, 19.7 μmol, 0.15 equiv) in toluene (2 mL). The reaction
mixture was stirred at 110 °C for 3 h under a nitrogen atmosphere.
Subsequently, the reaction was quenched with water, diluted with
EtOAc, and filtered through a pad of silica. The filtrate was
concentrated, and the residue was purified by flash column
chromatography (hexane/EtOAc 1/0 to 1/1) to give the product as
a viscous orange oil. Methyl (S,E)-2-((2-benzoylphenyl)amino)-3-(4-
(phenyldiazenyl)phenyl)propanoate/methyl (S,E)-2-((2-
benzoylphenyl)amino)-3-(4-((4-chlorophenyl)diazenyl)phenyl)-
propanoate (39.2/21.7 mg, 84.6/43.6 μmol, 1.00 equiv) was dissolved
in acetonitrile (0.5 mL) and an aqueous solution of LiOH (5.1 mg/
2.6 mg, 0.21 mmol/0.11 mmol, 2.5 equiv in 0.5 mL H2O) was added.
The mixture was stirred at 0 °C for 30 min and then acidified to pH =
2 with 1 M HCl. The aqueous phase was extracted with CH2Cl2 three
times, and the combined organic layers were dried over Na2SO4 and
concentrated to give the desired product as a red solid. AzoGW1929
(37.0 mg, 82.3 μmol, 97%): 1H NMR (400 MHz, CDCl3) δ 7.87
(ddd, J = 10.7, 7.6, 1.7 Hz, 4H), 7.60 (dt, J = 6.9, 1.4 Hz, 2H), 7.53−
7.43 (m, 9H), 7.39 (t, J = 7.8 Hz, 1H), 6.73−6.63 (m, 2H), 4.48 (dd,
J = 7.8, 5.3 Hz, 1H), 3.45 (dd, J = 13.9, 5.2 Hz, 1H), 3.29 (dd, J =
13.8, 8.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 199.6, 174.5,
152.8, 151.9, 149.9, 140.1, 139.4, 135.7, 135.2, 131.3, 131.1, 130.3,
129.4 (2C), 129.3, 129.2 (2C), 128.3, 123.4 (2C), 123.0 (2C), 119.0,
116.1, 112.3, 57.9, 38.6, 29.9. HRMS: m/z calcd for C28H23N3NaO3

+

([M + Na]+): 472.1632, found: 472.1652. AzoGW1929-2 (19.5 mg,
40.3 μmol, 93%): 1H NMR (400 MHz, CDCl3) δ 8.88 (s, 1H), 7.84
(dd, J = 8.5, 2.8 Hz, 4H), 7.61−7.57 (m, 2H), 7.53−7.42 (m, 8H),
7.39 (t, J = 7.8 Hz, 1H), 6.70 (d, J = 8.5 Hz, 1H), 6.66 (t, J = 7.5 Hz,
1H), 4.49 (dd, J = 7.9, 5.2 Hz, 1H), 3.44 (dd, J = 13.9, 5.1 Hz, 1H),
3.28 (dd, J = 13.9, 7.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ
199.6, 174.3, 151.7, 151.1, 149.9, 140.1, 139.8, 137.0, 135.7, 135.2,
131.3, 130.3, 129.5 (2C), 129.3 (2C), 128.3, 124.2 (2C), 123.4 (2C),
119.0, 116.1, 112.3, 57.8, 38.6, 29.9, 14.3. HRMS: m/z calcd for
C28H22ClN3NaO3

+ ([M + Na]+): 506.1242, found: 506.1257.
(E)-5-(4-(Phenyldiazenyl)benzyl)thiazolidine-2,4-dione

(AzoRosi), (E)-5-(4-((4-Chlorophenyl)diazenyl)benzyl)-
th iazo l id ine-2 ,4 -d ione (AzoRos i -2 ) , (E ) -5 - (4 - ( (4 -
(Trifluoromethyl)phenyl)diazenyl)benzyl)thiazolidine-2,4-
dione (AzoRosi-3) and (E)-5-(4-((2′-Methyl-[1,1′-biphenyl]-4-
yl)diazenyl)benzyl)thiazolidine-2,4-dione (AzoRosi-4). Aniline/
4-Chloroaniline/4-(trifluoromethyl)aniline/2′-methyl-[1,1′-biphen-
yl]-4-amine (31.4/43.0/54.4/61.8 mg, 337 μmol, 3.00 equiv) was
dissolved in CH2Cl2 (2 mL) and oxone (415 mg, 675 μmol, 6.00
equiv) in water (2 mL) was added to the solution. The suspension
was vigorously stirred at room temperature for 16 h, during which the
mixture turned green. The two phases were separated, and the organic
phase was washed with 1 M HCl, sat. aq. NaHCO3, and water. The
organic phase was dried over Na2SO4 before 5-(4-aminobenzyl)-
thiazolidine-2,4-dione 7 (25.0 mg, 113 μmol, 1.00 equiv) was
synthesized according to the literature procedures41 and glacial acetic
(250 μL) acid was added. The solution was concentrated under
reduced pressure to remove CH2Cl2 and finally stirred at room

temperature overnight. The acetic acid was removed by azeotropic
distillation with toluene (three times) and removed under reduced
pressure three times. Flash column chromatography with CH2Cl2/
MeOH (1:0 to 9:1) yielded the corresponding product as a yellow
solid. AzoRosi (25.2 mg, 80.9 μmol, 72%): 1H NMR (400 MHz,
CDCl3) δ 7.90 (t, J = 8.0 Hz, 4H), 7.52 (q, J = 10.1, 9.2 Hz, 3H), 7.40
(d, J = 8.2 Hz, 2H), 4.60 (dd, J = 9.5, 4.0 Hz, 1H), 3.61 (dd, J = 14.1,
3.9 Hz, 1H), 3.26 (dd, J = 14.1, 9.5 Hz, 1H). 13C NMR (101 MHz,
CDCl3) δ 173.9, 170.0, 152.7, 152.2, 138.8, 131.3, 130.2 (2C), 129.3
(2C), 123.4 (2C), 123.0 (2C), 53.1, 38.5. HRMS: m/z calcd for ([M
+ H]+): 312.0801, found: 312.0788. AzoRosi-2 (27.7 mg, 80.1 μmol,
71%): 1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 8.3, 6.0 Hz, 4H),
7.49 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 4.59 (dd, J = 9.4,
4.0 Hz, 1H), 3.60 (dd, J = 14.1, 3.9 Hz, 1H), 3.26 (dd, J = 14.1, 9.5
Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 173.5, 169.6, 152.1, 151.1,
139.1, 137.3, 130.3 (2C), 129.5 (2C), 124.3 (2C), 123.5 (2C), 53.0,
38.5. HRMS: m/z calcd for ([M + H]+): 346.0412, found: 346.0401.
AzoRosi-3 (24.3 mg, 64.1 μmol, 57%): 1H NMR (400 MHz, CDCl3)
δ 7.99 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 8.3
Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 4.60 (dd, J = 9.4, 3.8 Hz, 1H), 3.61
(dd, J = 14.1, 4.0 Hz, 1H), 3.28 (dd, J = 14.1, 9.4 Hz, 1H). 13C NMR
(101 MHz, CDCl3) δ 173.7, 169.8, 154.5, 152.0, 139.7, 132.5 (q, J =
32.5 Hz, 2C), 130.3 (2C), 126.5 (q, J = 3.8 Hz, 2C), 124.0 (q, J =
272.4 Hz, 2C), 123.8, 123.2, 53.0, 38.5. 19F NMR (377 MHz, CDCl3)
δ 0.29, 0.17. HRMS: m/z calcd for ([M + H]+): 360.0675, found:
380.0662. AzoRosi-4 (21.9 mg, 54.5 μmol, 49%): 1H NMR (400
MHz, CDCl3) δ 7.97 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H),
7.49 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.30 (m, 4H), 4.60
(dd, J = 9.5, 3.9 Hz, 1H), 3.62 (dd, J = 14.1, 3.8 Hz, 1H), 3.26 (dd, J
= 14.0, 9.6 Hz, 1H), 2.32 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
173.7, 169.8, 152.3, 151.5, 145.2, 141.1, 138.7, 135.5, 130.7 (2C),
130.2 (2C), 129.8 (2C), 127.9, 126.1, 123.5 (2C), 122.8 (2C), 53.1,
38.6, 20.6. HRMS: m/z calcd for ([M + H]+): 402.1271, found:
402.1261.

2′-Methyl-[1,1′-biphenyl]-4-amine (9). An oven-dried mini-
ature reflux equipment was charged with (4-aminophenyl)boronic
acid 8 (192 mg, 1.40 mmol, 1.20 equiv), 2-bromotoluene (200 mg,
1.18 mmol, 1.00 equiv), and Pd(PPh3)4 (67.6 mg, 58.5 μmol, 5 mol
%) in DMF (5 mL). Potassium carbonate (1.10 g, 7.96 mmol, 6.74
equiv) in H2O (6 mL) was added and the mixture was heated to 85
°C and stirred for 16 h under a nitrogen atmosphere. The reaction
mixture was cooled to room temperature and extracted with CH2Cl2
three times. The combined organic layers were dried over Na2SO4,
concentrated under reduced pressure, and purified by flash column
chromatography (hexane/EtOAc 1/0 to 1/3), yielding the product as
a yellow viscous oil (118 mg, 641 μmol, 55%). 1H NMR (400 MHz,
CDCl3) δ 7.24−7.21 (m, 4H), 7.14 (d, J = 8.4 Hz, 2H), 6.77 (d, J =
8.3 Hz, 2H), 4.09 (s, 2H), 2.29 (s, 3H), 13C NMR (101 MHz,
CDCl3) δ 145.3, 142.1, 135.6, 132.4, 130.4, 130.3 (2C), 130.0, 126.8,
125.9, 114.9 (2C), 20.7. HRMS: m/z calcd for C13H14N

+ ([M +
H]+): 184.1121, found: 184.1118.

Crystallography. The X-ray intensity data of thiazolidinedione 6
were measured on an Oxford Diffraction Xcalibur 3 system equipped
with a graphite monochromator and a sealed-tube Mo Kα X-ray tube
(λ = 0.71073 Å). The frames were integrated with the Agilent
CrysAlis PRO software package.50 Data were corrected for absorption
effects using the Multi-Scan method (ABSPACK embedded in the
Agilent CrysAlis PRO software package). The structure was solved
with SIR9751 and refined with SHELXL.52 All C-bound hydrogen
atoms have been calculated in ideal geometry riding on their parent
atoms, while the N-bound hydrogen atoms have been refined freely.
The figures have been drawn at the 50% ellipsoid probability level.53

Crystallographic data for thiazolidinedione 6 are available free of
charge from the Cambridge Crystallographic Data Center via http://
www.ccdc.cam.ac.uk/data_request/cif (accession ref CCDC
1997329). The X-ray intensity data of AzoRosi-3 were measured
on a Bruker D8 Venture TXS system equipped with a multilayer
mirror monochromator and a Mo Kα rotating anode X-ray tube (λ =
0.71073 Å). The frames were integrated with the Bruker SAINT
software package.54 Data were corrected for absorption effects using
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the Multi-Scan method (SADABS).55 The structure was solved with
SIR97 and refined with SHELXL. All hydrogen atoms have been
calculated in ideal geometry riding on their parent atoms. The figures
have been drawn at the 50% ellipsoid probability level. There are two
formula units in the asymmetric unit. Crystallographic data for
AzoRosi-3 are available free of charge from the Cambridge
Crystallographic Data Center via http://www.ccdc.cam.ac.uk/data_
request/cif (accession ref CCDC 1997328).
Computational Methods. General: Calculations were performed

in Molecular Operating Environment (MOE, version 2018.0101,
Chemical Computing Group Inc. Montreal, QC, Canada) using
default settings for each tool/function unless stated otherwise.
Amber10:EHT was used as the default force field for all calculations.
Molecular docking: docking was performed using X-ray structures of
the PPARγ ligand binding domain (LBD) complexed with different
ligands, each serving for a different photohormone series based on
structural similarity of the bound ligand and the photohormone. For
GW1929 azologs, docking was performed using the X-ray structure of
the PPARγ LBD in complex with the parent compound GW1929
(PDB ID: 6D8X). For azologs of rosiglitazone and MDG548, the
structure of the PPARγ LBD in complex with rosiglitazone was used
for molecular docking (PDB ID: 5YCP). Protonation states of the
complexes were adjusted using the MOE QuickPrep tool. Redocking
of the crystallized ligands resulted in binding poses with RMSD
0.5994 relative to the crystallized binding mode for GW1929 and
RMSD 0.1871 for rosiglitazone, respectively. The compounds were
prepared using the MOE Wash tool: protonation state dominant at
pH 7; coordinates rebuild 3D; and preserved existing chirality.
Docking was performed using the following settings in the MOE
Dock tool: receptor: receptor + solvent; site: ligand atoms;
placement: triangle matcher; score: London dG; poses: 100;
refinement: rigid receptor; refinement score: GBVI/WSA dG;
poses: 10. The highest ranked binding mode with the carboxylate
or thiazolidinedione participating in the H-bond network with the
canonical activation triad was used. The respective cocrystallized
template ligands GW1929 and rosiglitazone and the parent
compound MDG548 are colored in green, the respective azologs
AzoMDG548, AzoGW1929, and AzoRosi are colored in magenta.
The second-generation azologs AzoGW1929-2 and AzoRosi-3 are
colored cyan, whereas AzoRosi-4 is colored orange.
Photophysical Characterization and Photostationary States

(PSS). UV−vis spectra were recorded using a Varian Cary 50 Bio
UV−Visible Spectrophotometer with BRAND Ultra-Micro UV-
Cuvettes (10 mm light path). Switching was achieved using λ =
365 nm or λ = 460 nm LED light sources. The LEDs were pointed
directly into the top of the sample cuvette. An initial spectrum of all
photohormones (25 μM in DMSO) was recorded (dark-adapted
state, black) and then again following illumination at λ = 365 nm for 2
min (cis-adapted state, gray). A third spectrum was recorded after
irradiation at λ = 460 nm for 2 min (trans-adapted state, blue). To
obtain the reversible trans ←→ cis spectrum, absorption at λAbs = 340
nm was constantly measured while alternating illumination at λ = 365
nm or λ = 460 nm for the indicated times allowed for rapid
isomerization of the photohormones (25 μM in DMSO). Therefore, a
mercury lamp with a power of 75 watts connected to a
monochromator was directly pointed into the top of the sample
cuvette, providing irradiation via an optic fiber cable with the two
distinct wavelengths λ = 365 and 460 nm for 4 min each (absorption
was read at λAbs = 340 nm). For the color-dosing experiment, the
same experimental setup comprising the mercury lamp, mono-
chromator, and optic fiber cable was used. The monochromator
allowed for the illumination of the photohormones (25 μM in
DMSO) with the indicated wavelengths for 4 min each (λAbs = 340
nm). Determination of the half-life was achieved by the illumination
of the photohormones (25 μM in DMSO) with λ = 365 nm for 5 min
to yield the corresponding cis-isomers. Then, the sample has been
excluded from light and absorption was read at room temperature
every minute for 2 days. Fitting of the experimental data provided for
the half-life time, assuming a one-phase decay. The photostationary
states were determined by 1H NMR. Therefore, 1 mg of the

corresponding photohormone was dissolved in deuterated solvent
(CDCl3 or MeOD-d4), and a 1H spectrum was recorded before (dark-
adapted) and after illumination with λ = 365 nm (cis-adapted) and λ
= 460 nm (trans-adapted) for 5 min. The integration of characteristic
product peaks and normalization yielded the PSS.

In Vitro Pharmacological Characterization. Hybrid Reporter
Gene Assay. The HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), high glucose with 10% fetal calf
serum (FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. Twenty-four hours
before transfection, the cells were seeded in 96-well plates (3 × 104

cells/well). Before transfection, the medium was changed to Opti-
MEM without supplements. Transient transfection was carried out
using Lipofectamine LTX reagent (Invitrogen) according to the
manufacturer’s protocol with pFR-Luc (Stratagene), pRL-SV40
(Promega), and the corresponding Gal4-fusion nuclear receptor
plasmid. Five hours after transfection, the medium was changed to
Opti-MEM supplemented with penicillin (100 U/mL), streptomycin
(100 μg/mL), and additionally containing 0.1% dimethyl sulfoxide
(DMSO) and the respective test compound or 0.1% DMSO alone as
an untreated control. Each concentration was tested in duplicates, and
each experiment was repeated independently at least two times. After
overnight (14−16 h) incubation, the cells were assayed for luciferase
activity using the Dual-Glo Luciferase Assay System (Promega)
according to the manufacturer’s protocol. Luminescence was
measured with a Tecan Spark luminometer (Tecan Deutschland
GmbH, Germany). Normalization of transfection efficiency and cell
growth was done by the division of firefly luciferase data by Renilla
luciferase data and multiplying the value by 1000, resulting in relative
light units (RLU). Fold activation was obtained by dividing the mean
RLU of the test compound by the mean RLU of the untreated
control. Maximum relative activation refers to fold reporter activity
divided by the fold activation of respective reference agonist (at a
concentration of 1 μM) treated cells. All hybrid assays were validated
with the respective reference agonists (PPARα: GW7647; PPARγ:
pioglitazone; PPARδ: L165041), which yielded EC50 values in
agreement with the literature. Characterization of the respective cis-
counterparts was performed in the same way with the preirradiated
compounds (irradiation for 3 min at λ = 365 nm right before
incubation). To maintain the compound in the cis-adapted state, the
Cell Disco System was used during incubation with 75 ms light pulses
(λ = 370 nm) every 15 s.

PPRE Reporter Assay in HepG2. The HepG2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), high glucose with
10% fetal calf serum (FCS), sodium pyruvate (1 mM), penicillin (100
U/mL), and streptomycin (100 μg/mL) at 37 °C and 5% CO2.
Twenty-four hours before transfection, the cells were seeded in 96-
well plates (1.25 × 104 cells/well) precoated with collagen G solution.
Before transfection, the medium was changed to Opti-MEM without
supplements. Transient transfection was carried out using the
Lipofectamine 3000 reagent (Invitrogen) according to the manu-
facturer’s protocol with PPRE1-pGL349 and pRL-SV40 (Promega).
Five hours after transfection, the medium was changed to Opti-MEM
supplemented with penicillin (100 U/mL), streptomycin (100 μg/
mL), and additionally containing 0.1% DMSO and the respective test
compound or 0.1% DMSO alone as an untreated control. Each
concentration was tested in duplicates, and each experiment was
repeated independently at least three times. After overnight (14−16
h) incubation, the cells were assayed for luciferase activity using the
Dual-Glo Luciferase Assay System (Promega) according to the
manufacturer’s protocol. Luminescence was measured with a Tecan
Spark luminometer (Tecan Deutschland GmbH). Normalization of
transfection efficiency and cell growth was done by the division of
firefly luciferase data by Renilla luciferase data and multiplying the
value by 1000, resulting in relative light units (RLU). Fold activation
was obtained by dividing the mean RLU of the test compound by the
mean RLU of the untreated control. The PPRE reporter gene assay
was validated with rosiglitazone as PPARγ reference agonist, which
yielded an EC50 value in agreement with the literature. Character-
ization of cis-AzoRosi-4 was performed in the same way with the
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preirradiated compound (irradiation for 3 min at λ = 365 nm right
before incubation). To maintain the compound in the cis-adapted
state, the Cell Disco System was used during incubation with 75 ms
light pulses (λ = 370 nm) every 15 s.
Production of a Recombinant PPARγ LBD Protein. Cloning

of PPARγ LBD. A cDNA sequence optimized for codon usage in
Escherichia coli K12 and coding for an N-terminal His10-tag followed
in frame by a tobacco etch virus (TEV) cleavage site and the PPARγ
LBD (aa 234−505) was cloned into the backbone of pET29b for
expression under the control of the T7 promoter.
Protein Expression. E. coli BL21 DE3 was transformed with the

described expression plasmid and the plasmid pGro7 for coexpression
of GroEL/ES (chaperone plasmid set; TaKaRa Bio, Inc.). Cultures in
the Luria-Bertani (LB) medium containing 35 μg/mL kanamycin and
34 μg/mL chloramphenicol were grown at 37 °C and 180 rpm. When
OD600 reached 0.6−0.7, the temperature was lowered to 18 °C and
the expression of GroEL/ES was induced by the addition of 1 g/L L-
arabinose. Thirty minutes later, the expression of PPARγ LBD was
induced by the addition of 0.5 mM IPTG and the cultures were
supplemented with ∼200 μL Antifoam Y-30 (Sigma-Aldrich) per liter.
After 14−18 h, the cells were harvested by centrifugation (20 min,
6000g, 4 °C).
Purification. A cell pellet from 2 L of culture was thawed and

resuspended in a total volume of 50 mL of lysis buffer (400 mM
NaCl, 25 mM Tris (pH 7.8), 20 mM ß-mercaptoethanol, 10% w/v
glycerol) supplemented with 25 mM imidazole, 2 mM MgSO4, 750
Kunitz DNAse I, 250 Kunitz RNAse A, a spatula tip of lysozyme, and
one tablet of Roche complete ethylenediaminetetraacetic acid
(EDTA)-free protease inhibitor cocktail. After incubation for 30
min on wet ice, the slurry was diluted with three volumes of IMAC
buffer A (400 mM NaCl, 25 mM NaPi (pH 7.8), 20 mM ß-
mercaptoethanol, 10% w/v glycerol) supplemented with 25 mM
imidazole and cell lysis was enforced by passage through a
homogenizer at a combined pressure of 1000 psi. The suspension
was supplemented with 1 mM ATP and incubated for another 30 min
on wet ice. The cell debris was removed by centrifugation (20 min,
16 500g, 4 °C), and the supernatant was loaded at a flow rate of 3
mL/min onto a prepacked 5 mL HisTrap FF column (Ge Healthcare)
pre-equilibrated in 95% IMAC buffer A and 5% IMAC buffer B
(IMAC buffer A containing 500 mM imidazole). To remove unbound
proteins, the column was washed with 15 column volumes of the same
buffer at 5 mL/min. PPARγ LBD was eluted by a linear gradient of
20−60% IMAC buffer B and supplemented with His7-tagged TEV
protease (molar ratio of 1:25) for the digestion of the His-tag during
overnight dialysis against a volume of IMAC buffer A sufficient to
reduce imidazole to 10−15 mM. The mixture was run through a
gravity-flow column packed with 10 mL Ni Sepharose 6 Fast Flow
(Ge Healthcare), and the flow-through was concentrated under 2 bar
pressure from nitrogen gas in an Amicon-stirred cell equipped with a
10.000 MWCO membrane. Then, 5 mL of concentrate was separated
on a HiLoad 16/600 Superdex 75 pg gel filtration column (Ge
Healthcare) equilibrated and run in assay buffer (150 mM KF, 25 mM
N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) pH
7.5, 10% w/v glycerol, 5 mM dithiothreitol (DTT)) at 1 mL/min.
The protein used for isothermal titration experiments was taken from
the middle of the peak corresponding to monomeric PPARγ LBD.
Isothermal Titration Calorimetry (ITC). ITC was conducted on

a TA Instruments Affinity ITC (TA Instruments, New Castle,
Delaware) using recombinant PPARγ LBD protein dissolved in buffer
at pH 7.5 containing 25 mM HEPES, 150 mM KF, 5 mM DTT, 10%
w/v glycerol, and 1% DMSO. AzoRosi-4 was dissolved to a final
concentration of 300 μM in the same buffer, placed into the ITC
syringe, and titrated to 172 μL of PPARγ LBD protein (64 μM).
Characterization of cis-AzoRosi-4 was performed in the same way
with the preirradiated compound (irradiation for 5 min at λ = 365 nm
right before titration). The titration was performed at a temperature
of 25 °C with a stirring rate of 75 rpm and 31 injections. The first
injection had a reduced volume of 1.0 μL, followed by 30 injections of
2.5 μL. An interval of 300 s was maintained between injections. ITC
raw data were analyzed using the NanoAnalyze software package

(version 3.7.5). An independent binding model was used to fit the
reaction enthalpy (ΔH), binding affinity constant (KD), and
stoichiometry (n). Free energy change (ΔG) was calculated from
the equation ΔG = −RT ln K, and the entropy (ΔS) was calculated
from ΔG = ΔH − TΔS.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00654.

Molecular formula strings (CSV)
NMR spectra and HPLC analysis, further photophysical
characterization, crystallography, and ITC data (PDF)
Docking AzoGW1929 (PDB)
Docking AzoGW1929-2 (PDB)
Docking AzoRosi-3&4 (PDB)
Docking AzoRosi_4 (PDB)
Docking AzoRosi_trans&cis (PDB)
Docking MDG548_AzoMDG548 (PDB)

■ AUTHOR INFORMATION
Corresponding Authors

Daniel Merk − Institute of Pharmaceutical Chemistry, Goethe-
University Frankfurt, 60438 Frankfurt, Germany;
orcid.org/0000-0002-5359-8128; Email: merk@

pharmchem.uni-frankfurt
Dirk Trauner − Department of Chemistry, New York University,
New York, New York 10003, United States; Department of
Chemistry and Center for Integrated Protein Science (CIPSM),
Ludwig-Maximilians-University Munich, 81377 Munich,
Germany; orcid.org/0000-0002-6782-6056;
Email: dirktrauner@nyu.edu

Authors
Konstantin Hinnah − Department of Chemistry, New York
University, New York, New York 10003, United States

Sabine Willems − Institute of Pharmaceutical Chemistry,
Goethe-University Frankfurt, 60438 Frankfurt, Germany

Johannes Morstein − Department of Chemistry, New York
University, New York, New York 10003, United States;
orcid.org/0000-0002-6940-288X

Jan Heering − Fraunhofer Institute for Molecular Biology and
Applied Ecology IME, Branch for Translational Medicine and
Pharmacology TMP, 60596 Frankfurt, Germany

Felix W. W. Hartrampf − Department of Chemistry and Center
for Integrated Protein Science (CIPSM), Ludwig-Maximilians-
University Munich, 81377 Munich, Germany

Johannes Broichhagen − Department of Chemistry and Center
for Integrated Protein Science (CIPSM), Ludwig-Maximilians-
University Munich, 81377 Munich, Germany; orcid.org/
0000-0003-3084-6595

Philipp Leippe − Department of Chemistry and Center for
Integrated Protein Science (CIPSM), Ludwig-Maximilians-
University Munich, 81377 Munich, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.0c00654

Author Contributions
⊥K.H. and S.W. contributed equally to this work
Notes
The authors declare no competing financial interest.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c00654
J. Med. Chem. 2020, 63, 10908−10920

10918

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00654?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_001.csv
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_003.pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_004.pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_005.pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_006.pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_007.pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00654/suppl_file/jm0c00654_si_008.pdb
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Merk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5359-8128
http://orcid.org/0000-0002-5359-8128
mailto:merk@pharmchem.uni-frankfurt
mailto:merk@pharmchem.uni-frankfurt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirk+Trauner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6782-6056
mailto:dirktrauner@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantin+Hinnah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabine+Willems"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Morstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6940-288X
http://orcid.org/0000-0002-6940-288X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Heering"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+W.+W.+Hartrampf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Broichhagen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3084-6595
http://orcid.org/0000-0003-3084-6595
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Leippe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00654?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00654?ref=pdf


■ ACKNOWLEDGMENTS
J. M. and K. H. thank the German Academic Scholarship
Foundation for a fellowship, and J. M. thanks the New York
University for a MacCracken fellowship and a Margaret and
Herman Sokol fellowship. D.M. is grateful for financial support
by the Aventis Foundation. We thank Dr. Lisa Suwandhi and
Dr. Siegfried Ussar from Helmholtz Zentrum München for
experimental support in the initial stages of the project and Dr.
Peter Mayer from LMU for X-ray crystallography data. We
thank Boehringer Ingelheim for generous financial support.
This work was supported by the National Institutes of Health
(Grant R01NS108151-01).

■ ABBREVIATIONS USED
NHR, nuclear hormone receptor; RXR, retinoic X receptor;
FXR, farnesoid X receptor; ER, estrogen receptor; ChEMBL,
chemical database of the European Molecular Biology
Laboratory; IUPHAR, International Union of Basic and
Clinical Pharmacology; AF-2, activation function 2; LBD,
ligand binding domain; PSS, photostationary state; PPRE,
PPAR response element

■ REFERENCES
(1) Aranda, A.; Pascual, A. Nuclear Hormone Receptors and Gene
Expression. Physiol. Rev. 2001, 81, 1269−1304.
(2) Mangelsdorf, D. J.; Thummel, C.; Beato, M.; Herrlich, P.;
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2'-methyl-[1,1'-biphenyl]-4-amine 9 

B
OH

OH

H2NH2N

g

8 9  

Scheme S1 g) 2-bromotoluene, Pd(PPh3)4, K2CO3, H2O, DMF, 85 °C, 16 h (55 %). 
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Photophysical Characterization and Photostationary States (PSS) 

 

Figure S1 Photophysical evaluation of PPARγ photohormones AzoMDG548 (A-D), AzoGW1929-

2 (E-H), AzoRosi-2 (I-L), AzoRosi-3 (M-P), AzoGW1929 (Q), AzoRosi (R) and AzoRosi-4 (S) 

The UV-Vis spectra of the photohormones (25 µM in DMSO) in the dark-adapted (trans, black), 

365 nm-adapted (cis, gray) and 460 nm-adapted (trans, blue) photostationary states (A,E,I,M). 
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Reversible cycling of the photohormones (25 µM in DMSO) between photoisomers with alternating 

illumination at the two distinct wavelengths 365 nm and 460 nm (B,F,J,N). Reversible cycling 

between photoisomers of the photohormones (25 µM in DMSO) with alternating illumination at 

varying wavelengths between 320 nm and 420 nm (C,G,K,O). Natural thermal relaxation rates of 

the cis-isomers of the photohormones (25 µM in DMSO) at room temperature in the dark 

(D,H,L,P,Q,R,S). 
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Crystallography 

 

 

Figure S2 (A) Structure of thiazolidinedione 6 drawn at the 50% ellipsoid probability level. (B) 

Structure of trans-AzoRosi-3 drawn at the 50% ellipsoid probability level. (C) Cell of 

thiazolidinedione 6. (D) Cell of trans-AzoRosi-3. 
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Table S1 Crystallographic data for thiazolidionedione 6 and trans-AzoRosi-3. 

 Thiazolidinedione 6 trans-AzoRosi-3 
net formula C3H3NO2S C17H12F3N3O2S 
Mr/g mol−1 117.127 379.36 

crystal size/mm 0.466 × 0.264 × 0.162 0.100 × 0.090 × 0.060 
T/K 173(2) 100(2) 

radiation MoKα MoKα 
diffractometer 'Oxford XCalibur' 'Bruker D8 Venture TXS' 
crystal system monoclinic monoclinic 
space group P21/c 'P 21/c' 

a/Å 8.6725(6) 41.211(2) 
b/Å 5.3541(3) 5.7604(3) 
c/Å 10.2330(8) 13.6180(7) 
α/° 90 90 
β/° 110.081(8) 90.4930(10) 
γ/° 90 90 

V/Å3 446.27(5) 3232.7(3) 
Z 4 8 

calc. density/g cm−3 1.74332(20) 1.559 
μ/mm−1 0.585 0.251 

absorption correction 'multi-scan' multi-scan 
transmission factor range 0.97519–1.00000 0.8803–0.9585 

refls. measured 2322 38444 
Rint 0.0223 0.0587 

mean σ(I)/I 0.0257 0.0525 
θ range 4.24–26.37 2.966–26.47 

observed refls. 820 4920 
x, y (weighting scheme) 0.0292, 0.1830 0.0585, 15.7648 

hydrogen refinement H(C) constr, H(N) refall constr 
refls in refinement 916 6598 

parameters 68 469 
restraints 0 0 
R(Fobs) 0.0260 0.0847 
Rw(F2) 0.0670 0.2055 

S 1.093 1.020 
shift/errormax 0.001 0.001 

max electron density/e Å−3 0.335 1.890 
min electron density/e Å−3 −0.258 −0.870 
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Isothermal titration calorimetry (ITC) 

 

Figure S3 Isothermal titration calorimetry experiments show exclusive binding of cis-AzoRosi4 to 

recombinant PPARγ LBD protein. 
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16.2 A Photohormone for Light-Dependent Control of PPARα in Live Cells 

 

Willems, S.‡; Morstein, J. ‡; Hinnah, K.; Trauner, D.; Merk, D. A Photohormone for Light-dependent 
Control of PPARα in Live Cells. J. Med. Chem. 2021, 64 (14), 10393−10402. 
‡ Hier liegt eine geteilte Erstautorenschaft zwischen S. W. und J. M. vor. 

 

Reprinted with permission from Willems, S.‡; Morstein, J. ‡; Hinnah, K.; Trauner, D.; Merk, D.  
J. Med. Chem. 2021, 64 (14), 10393−10402. Copyright (2021) American Chemical Society. 
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ABSTRACT: Photopharmacology enables the optical control of
several biochemical processes using small-molecule photoswitches
that exhibit different bioactivities in their cis- and trans-
conformations. Such tool compounds allow for high spatiotempo-
ral control of biological signaling, and the approach also holds
promise for the development of drug molecules that can be locally
activated to reduce target-mediated adverse effects. Herein, we
present the expansion of the photopharmacological arsenal to two
new members of the peroxisome proliferator-activated receptor
(PPAR) family, PPARα and PPARδ. We have developed a set of
highly potent PPARα and PPARδ targeting photohormones
derived from the weak pan-PPAR agonist GL479 that can be
deactivated by light. The photohormone 6 selectively activated
PPARα in its trans-conformation with high selectivity over the related PPAR subtypes and was used in live cells to switch PPARα
activity on and off in a light- and time-dependent fashion.

■ INTRODUCTION
Photopharmacology utilizes photoswitchable small molecules as
tools to obtain optical control of biological activity andmodulate
cellular processes with unprecedented spatiotemporal resolu-
tion.1−4While this approach has been successfully established to
control ion channels,5,6 membrane receptors,7−9 transport-
ers,10−13 and enzymes,14−16 nuclear receptors (NRs) are fairly
new to this proceeding. Upon binding of mainly amphiphilic
ligands, NRs interact with specific DNA response elements to
regulate the transcription of their target genes.17,18 The success
of photoswitchable lipids19 suggests that fatty acid mimetic20

NR ligands could also be suitable for photopharmacology. This
could indeed be demonstrated with a few classes of NRs,
including retinoic acid receptor α (RARα), which can be
optically controlled by a photoswitchable retinoic acid
derivative.21 Subsequently, we have developed dedicated
photohormones for the bile acid-activated transcription factor
farnesoid X receptor (FXR)22 and the fatty acid-sensing
peroxisome proliferator-activated receptor γ (PPARγ),23 and
Tsuchiya et al. have reported a photoswitchable estrogen
receptor (ER) agonist.24 Still, in light of their value as chemical
tools for pharmacology, the collection of available photo-
switchable ligands for transcription factors is scarce.
The NRs’ function governs multiple physiological processes,

comprising embryonal development, cell proliferation, differ-
entiation, metabolism, and homeostasis.25 NR modulation by a
wide variety of endogenous ligands, including thyroid and
steroid hormones, bile acids, fatty acids, and vitamins causes
intermediate (minutes) to prolonged (hours−days) actions.17,26

The PPARs, belonging to the subfamily I of NRs (NR1C),
comprise three isoforms PPARα, PPARδ, and PPARγ, which are
fatty acid- and lipid-activated transcription factors essentially
involved in metabolic balance and inflammatory processes.27

The PPARα subtype is mainly expressed in tissues with high β-
oxidation rates, such as the liver, brown adipose tissue, heart, and
kidney, and is considered the master regulator of fatty acid
catabolism, gluconeogenesis, and ketone body synthesis in a
nutrition-dependent manner.27,28 Comparably, PPARδ is
involved in fatty acid uptake and oxidation, blood glucose
homeostasis, and thermogenesis. It is ubiquitously expressed
with main functions in skeletal muscles and brown adipose
tissue.27,29,30 Both PPARα and PPARδ are closely linked to
metabolic disorders, such as diabetes, cardiovascular disorders,
nonalcoholic fatty liver disease (NAFLD), dyslipidemia, and
obesity.30−32

Here, we report the development of potent photoswitchable
ligands for PPARα and PPARδ, extending the reach of
photopharmacology to the remaining members of the important
PPAR subfamily of nuclear receptors. Using a novel cellular test
system embedding fluorescent reporter genes, we demonstrate a
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photoswitchable, time-resolved control of PPAR activation with
these new photohormones in living cells.

■ RESULTS AND DISCUSSION
Owing to their superior photophysical properties, stability over
multiple light-switching cycles, compatibility with various
scaffolds, and ease of synthesis, azobenzenes have emerged as
the most widely used compound class in photopharmacology.2

Additionally, the photoswitching of azobenzenes employed in
amphiphilic molecules is ideally suited to achieve reversible
photoswitchable properties.33 Based on these considerations, we
employed GL47934,35 (1, Chart 1) as a lead compound, since it

already contains an azobenzene linker but has not been
previously investigated in a light-dependent fashion and was
exclusively studied in the dark-adapted trans-form. GL479 (1) is
a moderately potent pan-PPAR agonist with balanced potencies

on all PPARs but with a slight functional preference (higher
efficacy) for the PPARδ subtype (Table 1). Using light of
wavelength λ = 365 nm for photoswitching, we also probed
PPAR activation by the cis-isomer of 1, which exhibited similar
activity on all subtypes except a slight trans-preference for
PPARδ.
Co-crystal structures of the PPARα (PDB ID: 4CI4) and

PPARγ (PDB ID: 4CI5)36 ligand binding domains (LBDs) in
complex with 1 were available for structure-based optimization.
To obtain structural insights for PPARδ, we employedmolecular
docking using a high-resolution PPARδ co-crystal structure with
a close analogue of the PPARδ selective agonist GW50151637

(PDB ID: 5Y7X)38,39 as a template. Initially, we studied the
chain length of the alkoxy linker between the aromatic systems
for potential optimization of the scaffold (Figure S1). Short-
ening by one carbon (2) appeared to be well-tolerated, while the
further shortened diphenylether failed to span the ample binding
pocket. As a result, the methyl propionate side chain was not
properly placed in the lipophilic subpocket of PPARα formed by
Phe273, Val444, Leu456, and Leu460, but its methyl decoration
clashed with His440. The extended chain of the phenoxypropyl
analogue of 1, in contrast, was too long causing a twisted
conformation and a clash with Ser280. The phenoxyethyl (1)
and phenoxymethyl (2) linkers were hence favored according to
the docking studies.

Chart 1. Lead Compound pan-PPAR Agonist GL479 (1)

Table 1. PPAR Modulatory Activity of GL479 (1) and Derivatives 2−11a

EC50 [μM] (max. rel. act. [%])

# R1 R2 n conf. PPARα PPARγ PPARδ

1 (GL479) −H −H 2 trans 1.09 ± 0.02 (31 ± 1) 2.67 ± 0.16 (25 ± 1) 2.2 ± 0.1 (61 ± 2)
cis 0.8 ± 0.2 (29 ± 2) 6.0 ± 0.6 (28 ± 2) 6 ± 1 (34 ± 6)

2 −H −H 1 trans 3.7 ± 0.3 (40 ± 3) 5.40 ± 0.07 (23 ± 1) 2.8 ± 0.3 (40 ± 3)
cis 3.5 ± 0.7 (28 ± 3) 6.6 ± 0.3 (22 ± 1) 4.1 ± 0.2 (26 ± 1)

3 −CH3 −H 2 trans 0.66 ± 0.07 (24 ± 1) EC50 > 10 μM (toxic ≥ 6 μM) 1.42 ± 0.09 (33 ± 1)
cis 1.1 ± 0.2 (22 ± 3) EC50 > 10 μM 3.8 ± 0.8 (31 ± 5)

4 −Cl −H 2 trans 0.79 ± 0.09 (26 ± 1) 3.2 ± 1.3 (14 ± 1) 8 ± 2 (39 ± 6)
cis 1.1 ± 0.2 (24 ± 2) EC50 > 10 μM 8.1 ± 0.4 (28 ± 1)

5 −CH(CH3)2 −H 2 trans 0.47 ± 0.01 (25 ± 1) 2.1 ± 0.2 (54 ± 3) 1.77 ± 0.07 (40 ± 1)
cis 0.28 ± 0.05 (19 ± 2) 2.6 ± 0.2 (17 ± 1) 3.4 ± 0.2 (22 ± 1)

6 −H −CH3 2 trans 0.0070 ± 0.0006 (38 ± 1) 1.2 ± 0.1 (20 ± 1) 0.54 ± 0.04 (45 ± 1)
cis 0.24 ± 0.02 (43 ± 1) 1.7 ± 0.8 (24 ± 1) 3.0 ± 0.5 (41 ± 4)

7 −H −Cl 2 trans 0.029 ± 0.004 (49 ± 2) 0.82 ± 0.07 (14 ± 1) 0.24 ± 0.02 (46 ± 1)
cis 0.040 ± 0.003 (45 ± 1) 0.92 ± 0.08 (22 ± 1) 0.35 ± 0.06 (44 ± 2)

8 −H −CF3 2 trans 0.009 ± 0.002 (46 ± 2) 0.6 ± 0.1 (34 ± 2) 0.14 ± 0.01 (45 ± 2)
cis 0.071 ± 0.007 (42 ± 1) 0.77 ± 0.07 (32 ± 1) 0.31 ± 0.03 (37 ± 2)

9 −CH3 −CH3 2 trans 0.036 ± 0.006 (34 ± 2) 2.3 ± 0.1 (77± 2) 0.12 ± 0.01 (47 ± 1)
cis 0.64 ± 0.08 (26 ± 2) 1.2 ± 0.3 (23 ± 2) 0.8 ± 0.1 (32 ± 1)

10 −CH3 −CF3 2 trans 0.07 ± 0.01 (87 ± 5) 1.2 ± 0.2 (65 ± 5) 0.113 ± 0.004 (43 ± 1)
cis 0.19 ± 0.01 (41 ± 1) 1.3 ± 0.2 (33 ± 2) 0.41 ± 0.09 (40 ± 6)

11 −CH3 −Cl 2 trans 0.04 ± 0.01 (76 ± 8) 4.5 ± 0.2 (68 ± 2) 0.12 ± 0.02 (65 ± 4)
cis 0.29 ± 0.05 (41 ± 4) 4.8 ± 0.4 (42 ± 2) 0.38 ± 0.03 (35 ± 2)

aActivities were determined in uniform Gal4 hybrid reporter gene assays in HEK293T cells. Maximum relative activation (max. rel. act.) refers to
the activity of the respective reference agonist (PPARα: GW7647; PPARγ: pioglitazone; PPARδ: L165,041; each at 1 μM). Data are the mean ±
standard deviation (SD), n ≥ 3.
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Figure 1. Molecular docking of 1, 3, and 6 to reveal optimization potential. Trans-1 (teal) is shown in all models for comparison. (A−D) PPARα
binding site (gray) from the co-crystal structure with lead 1 (teal, PDB ID: 4CI436) and (E−H) PPARδ pocket (light blue) with the docked lead
structure 1 for comparison (PDB ID: 5Y7X38). The insets show overlays of the top 10 binding poses for each structure with their respective root-mean-
square deviation (RMSD) range to the pose shown in the binding site. Docking of cis-1 (green, A and E) suggested that binding of the cis-counterpart is
not favored. Terminal elongation with a p-methyl group enables improved binding modes of 3 in trans- (purple, B and F) and cis-states (magenta, G).
An o-methyl residue introduced in 6 (orange, D and H) extends into a lipophilic cavity. Also see Figures S1 and S2.
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In line with the activities observed in vitro, docking of 1 in
trans- and cis-states revealed slightly unfavorable binding modes
for the cis-counterpart with clashes of the azo linker (Figure 1A)
and the terminal phenyl ring (Figure 1E). No clashes were
observed for the shortened analogue cis-2, and several sound
binding poses were predicted (Figure S1). These computational
observations suggested 1 as a preferable lead for the develop-
ment of trans-selective analogues and that trans-binding might
be optimized by extension in the para-position of the terminal
ring to hinder cis-binding (Figure 1C,G). Introduction of a
methyl group in the para-position was well-tolerated by PPARα
as trans-3 and the co-crystallized ligand aligned well (Figure 1B).
However, molecular docking of the extended trans-3 to the
PPARδ ligand binding site revealed its cis-counterpart cis-3 as
the two top-ranked poses (Figures 1F,G and S2A). This
observation together with high-energy barriers for cis/trans-
isomerization of 43−52 kcal/mol in the forcefield used for the
calculations (Amber10:EHT, Figure S3A,B) suggested less
preference of PPARδ for trans-binding. Further structural
analysis indicated that introduction of methyl, chlorine, or
trifluoromethyl modifications in the ortho-position of the central
phenyl ring would address unoccupied space in the binding sites
of PPARα and PPARδ to enhance affinity (Figure 1D,H).
Especially in PPARα, introduction of a methyl group in the
ortho-position (6) seemed favorable as the moiety extended
toward a lipophilic subpocket (Figures 1D and S2B).
Following these computational observations, we studied

analogues 2−11 for improved optical control of PPARα and
PPARδ (Scheme 1). All photohormone candidates 1−11 were

obtained from the respective esters 14 and 15 following an SN2
reaction of the phenols 12 and 13 with ethyl 2-bromo-2-
methylpropanoate and K2CO3 in dimethylformamide (DMF) as
previously reported.34 The Mitsunobu reaction of 14 and 15
with the commercially available azobenzenes 16−25 using
triphenylphosphine and diethyl azodicarboxylate (DEAD) in
tetrahydrofuran (THF) and subsequent saponification of the
obtained esters under basic conditions gave the desired
carboxylic acids 1−11 (Scheme 1).

The biological evaluation of the photoswitchable ligands for
PPAR modulation was performed in uniform hybrid Gal4
reporter gene assays in HEK293T cells. These test systems
utilize chimeric constructs composed of the respective human
nuclear receptor LBD and the DNA-binding domain of the Gal4
protein derived from yeast. Gal4-responsive firefly luciferase was
used as a reporter gene, and constitutively expressed Renilla
luciferase served for normalization and to monitor test
compound toxicity. GW7647, Pioglitazone, and L165,041
(each at 1 μM) served as reference agonists for the three
PPAR isoforms α, γ, and δ, respectively, to obtain the relative
activation efficacy of the test compounds. To characterize both
isomers of 1−11 individually, all assays were conducted with the
trans-isomers in the dark and with the preilluminated cis-isomers
(λ = 365 nm) using a Cell DISCO40,41 system during incubation.
The biological activity of 1−11 is shown in Table 1.
Profiling of the lead compound GL479 (1) revealed agonism

on all three PPAR isoforms with low micromolar EC50 values in
consistence with the previously reported data for PPARα and
γ.34,35 The trans-1 and cis-1 isomers exhibited comparable
activity, except for a weak preference for trans-1 on PPARδ.
Aiming to improve upon the potency, subtype-selectivity, and
trans-preference of this new photohormone chemotype, we
systematically varied the structural features of 1 suggested by
molecular docking to hold optimization potential. Chain
shortening by one carbon in cis-/trans-2 slightly reduced
potency, thereby not evolving as a preferred modification and
was not further pursued. Extension in the para-position of the
terminal phenyl motif of 1 with methyl- (3) and chloro- (4)
substituents hardly affected potency but slightly improved the
desired trans-preference on PPARα. The isopropyl analogue 5,
in contrast, was slightly more active on PPARα than 1 with a
preference for the cis-conformation. Additionally, the para-
modifications (3−5) moderately improved selectivity over
PPARγ. Overall, 3−5 failed to provide a marked structural
optimization. Hence, we focused our attention on the ortho-
position of the central phenyl motif (6−8). As suggested by
molecular docking, introduction of a methyl group (6) provided
a remarkable improvement in PPARα agonism, which was
accompanied by a pronounced preference for trans-6. This
modification was also favored by PPARδ in terms of potency and
trans-preference despite a smaller impact. Activity on PPARγ
was not affected, resulting in strongly improved selectivity over
this PPAR subtype. A chlorine atom in the ortho-position (7)
increased potency on PPARα and PPARδ as well, but trans-
preference was lost. Trifluoromethyl analogue 8 was also very
potent on PPARα and exhibited a 10-fold preference for the
trans-state but was not superior to 6. On PPARδ, trifluoromethyl
substitution (8) evolved as the most favored modification in
terms of potency. In an attempt to fuse the terminal (3−5) and
central modifications (6−8) of the GL479 scaffold, we first
combined methyl groups in both positions (9), resulting in a
potent dual PPARα/δ agonist with pronounced trans-preference
but moderate activation efficiency. The combination of the
terminal methyl motif with a trifluoromethyl group on the
central ring (10) markedly improved activation efficiency with a
slight loss in potency on PPARα and less trans-preference while
a chlorine atom on the central ring (11) resulted in balanced
high potency on PPARα/δ with strong activation efficiency and
higher trans-preference. Additionally, 11 was selective for
PPARα/δ over PPARγ. Overall, the computer-aided structural
refinement of GL479 (1) as a photohormone yielded the highly
potent and selective photoswitchable PPARα agonist 6 (Figure

Scheme 1. Synthesis of 1−11a

aReagents and conditions: (a) ethyl 2-bromo-2-methylpropanoate,
K2CO3, DMF, reflux, 4 h, 47−80%; (b) azobenzenes 16−25, PPh3,
DEAD, THF, room temperature (rt), 16 h; and (c) NaOH, EtOH, rt,
16 h, 20−93% over two steps.
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2A,B) and the dual PPARα/δ photohormone 11, which was
equally equipped with favorable potency and selectivity (Figure

S4A,B). The PPARα selective photohormone 6 additionally
revealed high stability against microsomal degradation with an in
vitro half-life of 103 ± 20 min (Figure S5), suggesting favorable
metabolic stability and potential for in vivo applications.
Photophysical characterization of the new photohormones 6

and 11 by UV−vis spectroscopy upon illumination with λ = 460
nm (trans, blue) and λ = 365 nm (cis, gray) confirmed
wavelength-dependent switching (Figures 2C and S4C), and
repeated photoswitching over multiple cycles demonstrated
high photostability (Figures 2D and S4D; 1 in Figure S3C,D).
Intrigued by the favorable activity profile and photophysical

properties of the photophormones 6 and 11, we studied their
applicability as tools in a cellular setting. To reflect
spatiotemporal control as a key feature of photopharmacology,
we established a new cellular assay to observe time-resolved
nuclear receptor activation and reversible activity of photo-
hormones in intact living cells over a long time period.
For this, we used Gal4-responsive fluorescent mCherry or

enhanced green fluorescent protein (eGFP) expression
constructs as reporter genes in HEK293T cells. After transient
transfection with the reporter and Gal4-PPARα, cells were
treated with photohormone 6 (Figure 3A). Light (λ = 460 and
365 nm) was used for switching between cis- and trans-
conformations, and a Cell DISCO system40,41 (75 ms light

pulses every 15 s) served to maintain the cis-conformation while
using a minimal nontoxic light dose. mCherry fluorescence was
measured every hour starting 8 h after addition of 6 (10 nM).
When cells were treated with trans-6, a constant increase in
mCherry fluorescence was observed between 8 and 24 h after
incubation (Figure 3A, blue curve). When cells were initially
treated with cis-6 for 8 h before switching to the trans-
counterpart, the mCherry signal was markedly delayed (Figure
3A, red curve). By contrast, when cells were initially treated with
trans-6 before switching to the cis-form after 8 h, the mCherry
signal initially increased similar to pure trans-6 treatment for 2 h
and then reached a low plateau with no further increase (Figure
3A, green curve). Similar observations were made with
photohormone 11 on Gal4-PPARδ (Figure S6A). Hence,
photohormones 6 and 11 enable spatiotemporal control of the
transcription factors PPARα and PPARδ.
Next, we studied selective and dual optical control of PPARα

and PPARδ in a similar setting (Figure 3B). HEK293T cells
were transiently transfected with Gal4-responsive mCherry and
Gal4-PPARα or Gal4-responsive eGFP and Gal4-PPARδ. The
cells were then pooled 5 h after transfection and treated with
DMSO (0.1%), cis-/trans-6, or cis-/trans-11, and the fluo-
rescence of mCherry and eGFP was determined after 40 h using
a fluorescence microscope (Figures 3B, S6B, and S7). DMSO-
treated cells revealed almost no mCherry or eGFP fluorescence.
Trans-6 at 10 nM markedly induced mCherry expression while
cis-6 had almost no effect, demonstrating optical control of
PPARα activity. At a higher concentration (300 nM), the
mCherry signals were similar for cis- and trans-6, and slight
eGFP fluorescence indicated weak PPARδ activation. Hence,
the photohormone 6 allows for strong, selective, and light-
dependent PPARα activation at a low 10 nM concentration,
qualifying 6 as an attractive tool for photopharmacology.

■ CONCLUSIONS

Photohormones have evolved as a new attractive type of tool
compounds that enable light-dependent modulation of tran-
scription factors to achieve spatiotemporal control of transcrip-
tional activity. As shown by our live-cell fluorescence reporter
gene assay, this allows for photoswitching between transcrip-
tionally active and inactive states, hence presenting photo-
hormones as valuable in vitro tools for functional studies. In the
field of nuclear receptors, temporal control appears particularly
relevant since these (hormone) receptors are endogenously
activated by short-lived molecules such as hormones and
reactive metabolites. Hence, nuclear receptors are shortly
stimulated under physiological conditions, which can be
unmatchably mimicked with photohormones. The importance
of time in nuclear receptor modulation is further highlighted by
their involvement in the circadian clock. Beyond this, optical
control of nuclear receptor activity may also gain therapeutic
relevance as it opens an avenue to local activation and
inactivation, for example, with wirelessly powered and
biodegradable optoelectronics to convert photohormones
between active and inactive conformations in certain tissues.42

This may enable reduction of target-mediated adverse effects
that cannot be avoided by conventional structural optimization
to improve selectivity. Photohormones, in contrast, can be on-
site activated or deactivated to spare tissues in which the target
of interest mediates side effects. In vivo studies have shown that
such optical control has therapeutic potential in metabolic
diseases43 and cancer.40,44

Figure 2. Characterization of photohormone 6. Dose−response curves
in cellular Gal4-PPARα (A) or Gal4-PPARδ (B) hybrid reporter gene
assays in HEK293T cells. Cis-6was preilluminated (λ = 365 nm, 3 min)
and maintained in cis-state with a Cell DISCO system.40,41 Relative
activation refers to 1 μM GW7647 (PPARα) or L165,041 (PPARδ).
Data are the mean ± SD, n ≥ 3. ** p <0.01 and *** p <0.001 (t-test vs
cis-6). Photophysical characteristics of 6: UV−vis absorption scans (C,
50 μM in dimethyl sulfoxide (DMSO)) in dark-adapted (trans, black),
460 nm adapted (trans, blue), and 365 nm adapted (cis, gray)
photostationary states. (D) Reversible cycling (50 μM in DMSO) with
alternating illumination at 365 and 460 nm.
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Following these considerations, we have developed a highly
potent and selective PPARα photohormone from the weak pan-
PPAR agonist GL479 (1) in a structure-guided fashion. The
resulting analogue 6 not only exceeds the template compound 1
in terms of potency (factor > 150) and selectivity on PPARα but
is also equipped with the ability to be switched off by light-
induced isomerization to its cis-conformer, which is less active
on the intended target by a factor of 35. By enabling selective
optical control of PPARα, the photohormone 6 valuably
expands the photopharmacology toolbox for nuclear receptors,
enabling unprecedented in vitro and in cellulo experiments.

■ EXPERIMENTAL SECTION
Chemistry. General. All reagents and solvents were purchased from

commercial sources (Sigma-Aldrich, TCI Europe N.V., Strem
Chemicals, etc.) and used without further purification unless otherwise
noted. Reactions were monitored by TLC on precoated, Merck silica
gel 60 F254 glass-backed plates. Flash silica gel chromatography was
performed using silica gel (SiO2, particle size 40−63 μm) purchased
from Merck. All NMR spectra were measured on a Bruker Avance III
HD 400 spectrometer (equipped with a CryoProbe). Multiplicities in
the following experimental procedures are abbreviated as follows: s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet,
hept = heptet, br = broad, and m =multiplet. Proton chemical shifts are
expressed in parts per million (ppm, δ scale) and are referenced to the

residual protium in the NMR solvent (CDCl3: δ = 7.26; DMSO-d6: δ =
2.50; THF-d8: δ = 1.72). Carbon chemical shifts are expressed in ppm
(δ scale) and are referenced to the carbon resonance of the NMR
solvent (CDCl3: δ = 77.16; DMSO-d6: δ = 39.52; THF-d8: δ = 25.31).
High-resolution mass spectra (HRMS) were obtained with an Agilent
6224 accurate mass time-of-flight (TOF) liquid chromatography/mass
spectrometry (LC/MS) system using either an electrospray ionization
(ESI) or atmospheric pressure chemical ionization (APCI) ion source.
All reported data refer to the positive ionization mode. The compound
purity was analyzed by high-performance liquid chromatography-
ultraviolet (HPLC-UV) detection, and all compounds used for
biological characterization had a purity ≥95%.

Synthesis and Analytical Characterization of 6 and 11 and Their
Precursor 14. (E)-2-Methyl-2-(4-(2-(2-methyl-4-(phenyldiazenyl)-
phenoxy)ethyl)phenoxy)propanoic acid (6). Ethyl 2-(4-(2-
hydroxyethyl)phenoxy)-2-methylpropanoate45 (14, 20.0 mg, 79.3
mmol, 1.00 equiv), (E)-2-methyl-4-(phenyldiazenyl)phenol (20, 21.9
mg, 103 mmol, 1.30 equiv), and triphenylphosphine (27.0 mg, 103
mmol, 1.30 equiv) were dissolved in anhydrous THF (0.5 mL). DEAD
(44.6 mg, 103 mmol, 1.30 equiv, 40% solution in toluene) was added
dropwise at 0 °C. The mixture was stirred at rt overnight. The solvent
was removed under reduced pressure. The crude was dissolved in
EtOH, and 1MNaOHwas added. The reaction was stirred at rt for 16 h.
The solvent was removed under reduced pressure, and water was added
and acidified with 1 M HCl. The mixture was extracted with CH2Cl2,
dried over Na2SO4, filtered, and concentrated under reduced pressure.

Figure 3. Spatiotemporal control of PPARα by 6. (A) Time-dependent PPARα activation by 6 using an mCherry fluorescence reporter in live
HEK293T cells.Trans-6wasmaintained in the dark (blue). Switching between the cis- and trans-isomers after 8 h was performed by illumination with λ
= 460 nm (red) or λ = 365 nm (green) for 3 min, with subsequent maintenance of the cis-state using the Cell DISCO system.40,41 Fold fluorescence
intensity refers to 0.1%DMSO. Lines, mean; shadows, standard error of the mean (SEM); n = 3. (B) Live-cell imaging of PPARα-dependent mCherry
reporter induction by trans-6 (dark) and cis-6 (λ = 365 nm). The PPARδ-dependent eGFP fluorescence is negligible. The insets show mean ± SEM
relative reporter expression compared to GW7647 (PPARα) or L165,041 (PPARδ), n = 2.
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The crude product was purified using flash column chromatography
(CH2Cl2 to 20% MeOH in CH2Cl2) to yield 6 (28.2 mg, 67.4 μmol,
85%) as an orange solid. 1H NMR (400MHz, THF-d8): δ = 7.84 (d, J =
7.3 Hz, 2H), 7.74 (s, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.40 (d, J = 7.1 Hz,
1H), 7.19 (d, J = 8.5 Hz, 2H), 7.05−6.99 (m, 1H), 6.84 (d, J = 8.5 Hz,
2H), 4.30−4.19 (m, 2H), 3.06 (t, J = 6.9 Hz, 2H), 2.25 (s, 3H), 1.52 (s,
6H). 13C NMR (100 MHz, THF-d8): δ = 175.6, 160.8, 155.7, 153.9,
147.4, 132.6, 131.0, 130.5, 129.8, 128.1, 124.8, 124.6, 123.3, 120.1,
111.5, 79.5, 70.1, 35.8, 25.9, 16.6. HRMS: m/z calcd for C25H27N2O4

+

([M + H]+): 419.1965; found, 419.1963.
(E)-2-(4-(2-(2-Chloro-4-(p-tolyldiazenyl)phenoxy)ethyl) phe-

noxy)-2-methylpropanoic acid (11). Ethyl 2-(4-(2-hydroxyethyl)-
phenoxy)-2-methylpropanoate45 (14, 21.9 mg, 87.0 mmol, 1.00
equiv), (E)-2-chloro-4-(p-tolyldiazenyl)phenol (25, 30.0 mg, 113
mmol, 1.30 equiv), and triphenylphosphine (29.6 mg, 113 mmol,
1.30 equiv) were dissolved in anhydrous THF (0.5 mL). DEAD (49.1
mg, 113 mmol, 1.30 equiv, 40% solution in toluene) was added
dropwise at 0 °C. The mixture was stirred at rt overnight. The solvent
was removed under reduced pressure. The crude was dissolved in
EtOH, and 1 M NaOH was added. The reaction was stirred at rt for 16
h. The solvent was removed under reduced pressure, and water was
added and acidified with 1 M HCl. The mixture was extracted with
CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced
pressure. The crude product was purified using flash column
chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 11
(17.6 mg, 38.9 μmol, 45%) as an orange solid. 1H NMR (400 MHz,
DMSO-d6): δ = 7.94−7.85 (m, 2H), 7.78 (d, J = 8.3Hz, 2H), 7.39 (dd, J
= 8.6, 3.8 Hz, 3H), 7.27 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H),
4.34 (t, J = 6.9 Hz, 2H), 3.11−3.01 (m, 2H), 2.40 (s, 3H), 1.49 (s, 6H).
13CNMR (101MHz, DMSO-d6): δ = 175.1, 156.0, 153.9, 149.9, 145.9,
141.6, 130.9, 130.0, 129.9, 124.9, 122.5, 122.5, 122.1, 118.4, 113.8, 78.3,
69.8, 33.9, 25.0, 21.0. HRMS: m/z calcd for C25H26ClN2O4

+ ([M +
H]+): 453.1576; found, 453.1573.
Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate45 (14).

4-(Hydroxyethyl)phenol (12, 200 mg, 1.45 mmol, 1.00 equiv) and
K2CO3 (2.00 g, 14.5 mmol, 10.0 equiv) were dissolved in DMF (4.5
mL). Ethyl 2-bromo-2-methylpropanoate (875 mg, 4.48 mmol, 3.10
equiv) was added, and the mixture was stirred for 4 h under reflux.
Water was added, phases were separated, and the aqueous layer was
extracted with EtOAc, washed with brine, dried over Na2SO4, filtered,
and concentrated under reduced pressure. The crude product was
purified using flash column chromatography (hexanes/EtOAC (8:2))
to yield 14 (292 mg, 1.16 mmol, 80%) as a colorless liquid. 1H NMR
(400 MHz, CDCl3): δ = 7.13−7.05 (m, 2H), 6.83−6.76 (m, 2H), 4.24
(q, J = 7.1 Hz, 2H), 3.82 (t, J = 6.5 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H),
1.58 (s, 6H), 1.25 (d, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
= 174.5, 154.2, 132.1, 129.8, 119.6, 79.2, 63.9, 61.5, 38.5, 25.5, 14.2.
HRMS: m/z calcd for C14H19O3

+ ([M − H2O]
+): 235.1329; found,

235.1335.
Photophysical Characterization. UV−vis spectra were recorded

using a Varian Cary 50 Bio UV−visible spectrophotometer with
BRAND Ultra-Micro UV-Cuvettes (10 mm light path). Switching was
achieved using λ = 365 or 460 nm light-emitting diode (LED) light
sources. The LEDs were pointed directly into the top of the sample
cuvette. An initial spectrum of all photohormones (50 μM in DMSO)
was recorded (dark-adapted state, black) and then again following
illumination at λ = 365 nm for 1 min (cis-adapted state, gray). A third
spectrum was recorded after irradiation at λ = 460 nm for 1 min (trans-
adapted state, blue). To obtain the reversible trans← → cis spectrum,
absorption at λabs = 340 nm was constantly measured, while alternating
illumination at λ = 365 or 460 nm for the indicated times allowed for
rapid isomerization of the photohormones (50 μM in DMSO). A
mercury lamp with a power of 75 watts connected to a monochromator
was directly pointed into the top of the sample cuvette, providing
irradiation via an optic fiber cable with the two distinct wavelengths λ =
365 and 460 nm for 1 min each (absorption was read at λabs = 340 nm).
Computational Methods. General. Calculations were performed

in Molecular Operating Environment (MOE, version 2020.09,
Chemical Computing Group ULC, Montreal, QC, Canada) using

default settings for each tool/function unless stated otherwise.
Amber10:EHT was used as the default forcefield for all calculations.

Molecular Docking. Docking was performed using the X-ray
structures of the PPARα LBD complexed with GL479 (PDB ID:
4CI436) and the PPARδ LBD complexed with GW501516 derivative
(PDB ID: 5Y7X38). Protonation states of the complexes were adjusted
using the MOE QuickPrep tool. The compounds were prepared using
the Energy minimize tool and MOE Wash tool: protonation state
dominant at pH 7.0. Docking was performed using the following
settings in theMOEDock tool: receptor: receptor + solvent; site: ligand
atoms; placement: Triangle matcher; score: London dG; poses: 100;
refinement: induced fit; refinement score: GBVI/WSA dG; poses: 10.
As a pharmacophore query, the carboxylate oxygen of the respective
crystallized ligand was set as an anionic H-bond acceptor feature with a
1.0 radius and one H-bond acceptor projection feature with a radius of
1.4 from the same atom. All 10 superimposed binding poses are shown
as insets. The RMSD values between docked poses were calculated with
the mol_rmsd SVL script in MOE and are displayed as min−max
ranges. Redocking of the crystallized ligandGL479 (1) in PPARα (PDB
ID: 4CI436) resulted in an RMSD value of 0.1565 (range 0.1565−
1.1580, mean 0.6668).

Torsion Profile. The minimized energies (in kcal/mol) of the
associated lowest-energy structure were calculated for the conversion
from trans- to cis-state of 1 and vice versa using theMOE torsion profile
tool in bidirectional mode with both nitrogen atoms selected from the
azo (NN) double bond.

In Vitro Pharmacological Characterization. Hybrid Reporter
Gene Assays. Plasmids. The Gal4-fusion receptor plasmids pFA-
CMV-hPPARα-LBD, pFA-CMV-hPPARγ-LBD, and pFA-CMV-
hPPARδ-LBD coding for the hinge region and the ligand binding
domain of the canonical isoform of the respective nuclear receptor have
been reported previously.46 pFR-Luc (Stratagene, La Jolla, CA) was
used as the reporter plasmid and pRL-SV40 (Promega, Madison, WI)
for normalization of transfection efficiency and cell growth.

Procedure. HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), high glucose with 10% fetal calf serum
(FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. Twenty-four
hours before transfection, the cells were seeded in transparent 96-well
plates (3 × 104 cells/well). Before transfection, the medium was
changed to Opti-MEM without supplements. Transient transfection
was carried out using Lipofectamine LTX reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol with pFR-
Luc (Stratagene), pRL-SV40 (Promega), and the corresponding Gal4-
fusion nuclear receptor plasmid. Five hours after transfection, the
medium was changed to Opti-MEM supplemented with penicillin (100
U/mL) and streptomycin (100 μg/mL) and additionally containing
0.1% dimethyl sulfoxide (DMSO) and the respective test compound or
0.1% DMSO alone as the untreated control. Each concentration was
tested in duplicate, and each experiment was repeated independently at
least three times. After incubation overnight (14−16 h), the cells were
assayed for luciferase activity using the Dual-Glo Luciferase Assay
System (Promega) according to the manufacturer’s protocol.
Luminescence was measured with a Tecan Spark 10M luminometer
(Tecan Deutschland GmbH, Crailsheim, Germany). Normalization of
transfection efficiency and cell growth was done by dividing the firefly
luciferase data by Renilla luciferase data and multiplying the value by
1000, resulting in relative light units (RLUs). Fold activation was
obtained by dividing the mean RLU of the test compound by the mean
RLU of the untreated control. Max. relative activation refers to the max
fold activation by a test compound divided by the fold activation of the
respective reference agonist (at a concentration of 1 μM). All hybrid
assays were validated with the respective reference agonists (PPARα:
GW7647; PPARγ: pioglitazone; PPARδ: L165,041), which yielded
EC50 values in agreement with the literature. Characterization of the
respective cis-counterparts was performed in the same way with
preirradiated compounds (irradiation for 3 min at λ = 365 nm before
incubation). To maintain the compound in the cis-adapted state, the
Cell DISCO system was used during incubation with 75 ms light pulses
(λ = 370 nm) every 15 s. For dose−response curve fitting and
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calculation of EC50 values, the equation “[Agonist] vs response−
variable slope (four parameters)” was performed with mean relative
activations ± SD using GraphPad Prism (version 7.00, GraphPad
Software, La Jolla, CA).
Microsomal Stability Assay. The solubilized test compound 6 or

7-ethoxycoumarin as a reference (5 μL, final concentration 10 μM) was
preincubated at 37 °C in 432 μL of phosphate buffer (0.1 M, pH 7.4)
together with 50 μL of an NADPH regenerating system (30 mM
glucose-6-phosphate, 4 U/mL glucose-6-phosphate dehydrogenase, 10
mM NADP, 30 mM MgCl2). After 5 min, the reaction was started by
the addition of 13 μL of the microsome mix from the liver of Sprague−
Dawley rats (Invitrogen; 20 mg protein/mL in 0.1 M phosphate buffer)
in a shaking water bath at 37 °C. The reaction was stopped by adding
500 μL of ice-cold methanol at 0, 15, 30, and 60 min. The samples were
centrifuged at 5000g for 5 min at 4 °C, and the test compound was
quantified from the supernatants using HPLC-UV detection. The
composition of the mobile phase was adapted to the test compound in a
range of MeOH 40−90% and water (0.1% formic acid) 10−60%; flow-
rate: 1 mL/min; stationary phase: Purospher STAR, RP18, 5 μm, 125×
4; precolumn: Purospher STAR, RP18, 5 μm, 4 × 4; detection
wavelength: 254 and 280 nm; and injection volume: 50 μL. Control
samples were performed to check the test compound’s stability in the
reaction mixture: the first control was without NADPH, which is
needed for the enzymatic activity of the microsomes, the second control
was with inactivated microsomes (incubated for 20 min at 90 °C), and
the third control was without the test compound (to determine the
baseline). The amounts of the test compound were quantified by an
external calibration curve. Data are expressed as the mean± SEM of the
remaining compound from three independent experiments. In vitro
half-life was calculated by a logarithmic linear transformation of the
remaining amounts of nonmetabolized test compound versus time in
GraphPad Prism 7 as described previously.47,48

Fluorescence Reporter Gene Assay. Plasmids. The Gal4-
responsive fluorescence reporter mCherry was expressed from plasmid
pUAS-mCherry-NLS (Addgene, entry 87695, Watertown, MA,
U.S.A.).49 The Gal4-fusion receptor plasmid pFA-CMV-hPPARα-
LBD and pFA-CMV-hPPARδ-LBD coding for the hinge region and the
ligand binding domain of the canonical isoform of the respective
nuclear receptor have been reported previously.46

Procedure. HEK293T cells were cultured in DMEM, high glucose
with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. Twenty-four hours
before transfection, the cells were seeded in black cell culture 96-well
microplates with μClear flat bottom (3 × 104 cells/well; Greiner Bio-
One GmbH, Frickenhausen, Germany). Before transfection, the
medium was changed to Opti-MEM without supplements. Transient
transfection was carried out using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol with pUAS-
mCherry-NLS (Addgene, entry 87695) and the corresponding Gal4-
fusion nuclear receptor plasmid. Five hours after transfection, the
medium was changed to Opti-MEM supplemented with penicillin (100
U/mL) and streptomycin (100 μg/mL) and additionally containing
0.1%DMSO and the respective test compound or 0.1%DMSO alone as
the untreated control. Each concentration was tested in duplicate, and
each experiment was repeated independently three times. After
incubation for 8 h, the living cells were assayed for fluorescence
reporter intensity every hour until 24 h and at 36 h. The fluorescence
intensity (FI) was measured after excitation at 585/10 nm with the
emission wavelength of 610/10 nm in bottom reading mode with a
Tecan Spark luminometer (Tecan Deutschland GmbH). Fold FI was
obtained by dividing the mean FI of the test compound by the mean FI
of the untreated control. Hybrid fluorescence assay performance was
monitored with the respective reference agonists at a concentration of 1
μM (PPARα: GW7647; PPARδ: L165,041). Characterization of the
respective cis-counterparts was performed in the same way with
preirradiated compounds (irradiation for 3 min at λ = 365 nm before
incubation). To maintain the compound in the cis-adapted state, the
Cell DISCO system was used during incubation with 75 ms light pulses
(λ = 370 nm) every 15 s. For two of the three study arms,

photoswitching of the test compounds was conducted after 8 h of
incubation with irradiation for 3 min at λ = 365 or 460 nm, respectively.

Fluorescence Cell Imaging. Plasmids. The Gal4-responsive
fluorescence reporters mCherry and eGFP were expressed from the
plasmids pUAS-mCherry-NLS (Addgene, entry 87695)49 and pGRE-
GFP (Addgene, entry 12516),50 respectively. The Gal4-fusion receptor
plasmid pFA-CMV-hPPARα-LBD and pFA-CMV-hPPARδ-LBD
coding for the hinge region and the ligand binding domain of the
canonical isoform of the respective nuclear receptor have been reported
previously.46

Procedure. HEK293T cells were cultured in DMEM, high glucose
with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. Twenty-four hours
before transfection, cells were seeded in 24-well plates (1.5 × 105 cells/
well). Before transfection, the medium was changed to Opti-MEM
without supplements. Transient transfection was carried out using
Lipofectamine LTX reagent (Invitrogen) according to the manufac-
turer’s protocol with the combination of pUAS-mCherry-NLS
(Addgene, entry 87695) and pFA-CMV-hPPARα-LBD or pGRE-
GFP (Addgene, entry 12516) and pFA-CMV-hPPARδ-LBD. Five
hours after transfection, the cells transfected with pUAS-mCherry-NLS
and pFA-CMV-hPPARα-LBD or pGRE-GFP and pFA-CMV-hPPARδ-
LBD were trypsinized and pooled in a 50 mL tube, centrifuged, and
resuspended in Opti-MEM supplemented with penicillin (100 U/mL)
and streptomycin (100 μg/mL). The transfected cells were then
reseeded in 96-well plates already containing Opti-MEM with
supplements and 0.1% DMSO and the respective test compound or
0.1% DMSO alone as the untreated control. Each concentration was
performed in duplicate, and each experiment was repeated
independently two times. Characterization of the respective cis-
counterparts was performed in the same way with preirradiated
compounds (irradiation for 3 min at λ = 365 nm before incubation). To
maintain the compound in the cis-adapted state, the Cell DISCO
systemwas used during incubation with 75ms light pulses (λ = 370 nm)
every 15 s.

Imaging. For the analysis of fluorescence reporter gene expression,
images were acquired 40 h after incubation with the test compounds
using a Zeiss Axio Observer Z1 (Carl Zeiss AG, Oberkochen,
Germany) microscope equipped with a 10× objective lens. The filter
sets had the following wavelengths/bandwidths: mCherry, excitation
545/40 nm ET bandpass; beam splitter T570 LPXR; and emission
620/60 nm ET bandpass; and eGFP, excitation 470/40 nm ET
bandpass; beam splitter T495 LPXR; and emission 525/50 nm ET
bandpass. Image analysis was performed with ImageJ software (version
1.53e). Integrated densities were measured from representative images
in separated stacks (mCherry and eGFP channel) as RGB color images
for the whole area, and relative integrated densities refer to mean
integrated densities divided by the mean integrated density of the
respective reference agonist (at a concentration of 1 μM; PPARα:
GW7647; PPARδ: L165,041).
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Supporting Figures and Tables  

 
Figure S1. Molecular docking of 1 and derivatives with altered chain length. Trans-1 (teal) is 

shown in all models for comparison. (A - D) PPARα binding site (grey) from co-crystal structure 

with lead 1 (teal, PDB ID: 4CI41), (E - H) PPARδ pocket (light blue) with docked lead structure 1 

for comparison (PDB ID: 5Y7X2). The inserts show overlays of the top 10 binding poses for each 

structure with their respective RMSD range to the pose shown in the binding site.  
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Figure S2. Molecular docking of cis-3 and trans-6 in detail. Trans-1 (teal) is shown in both models 

for comparison. (A) PPARδ pocket (light blue) with docked lead structure 1 (teal, PDB ID: 5Y7X2), 

(B) PPARα binding site (grey) from co-crystal structure with lead 1 (PDB ID: 4CI41). (A) Extension 

in para-position of the terminal ring in cis-3 suggested a slight cis-preference for PPARδ. 

Interaction potential is shown for methyl-group (blue). (B) The methyl-group of trans-6 in ortho-

position of the central phenyl ring extends towards a lipophilic sub-pocket of PPARα suggesting 

enhanced affinity by addressing the unoccupied space. Interaction potential is shown for methyl-

group (blue) and chlorine-atom (red). 
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Figure S3. Characterization of lead GL479 (1). Torsion profile of 1: (A) Energy minimized 

calculation for the rotation of the N=N (azo) double bond in MOE using the Amber10:EHT forcefield 

revealed a local energy minimum of cis-1 at ~9 kcal/mol compared to trans, and a high energy 

barrier of ~52 kcal/mol for conversion from trans- to cis-state, and ~43 kcal/mol vice versa. (B) 

Molecular representation of trans-1 (dark green) and cis-1 (light green), N=N double bond is 

indicated in orange. Photophysical characteristics of 1: (C) UV-vis absorption scans (50 µM in 

DMSO) in dark-adapted (trans, black), 460 nm-adapted (trans, blue), and 365 nm-adapted (cis, 

grey) photostationary states. (D) Reversible cycling (50 µM in DMSO) with alternating illumination 

at 365 nm and 460 nm. 

 

 
Figure S4. Characterization of photohormone 11. Dose-response curves in cellular Gal4-PPARα 

(A) or Gal4-PPARδ (B) hybrid reporter gene assays in HEK293T cells. Cis-11 was pre-illuminated 

(λ = 365 nm, 3 min) and maintained in cis-state with the CellDISCO. Relative activation refers 1 

μM GW7647 (PPARα) or L165,041 (PPARδ). Data are the mean ± SD; n≥3. ** p < 0.01, *** p < 

0.001 (t-test vs cis-11). Photophysical characteristics of 11: UV-vis absorption scans (C, 50 µM in 

DMSO) in dark-adapted (trans, black), 460 nm-adapted (trans, blue), and 365 nm-adapted (cis, 

grey) photostationary states. (D) Reversible cycling (50 µM in DMSO) with alternating illumination 

at 365 nm and 460 nm. 



S5 
 

 

Figure S5. Microsomal stability assay. The PPARα selective photohormone 6 revealed favorable 

stability against degradation by rat liver microsomes with a half-life of 103±20 minutes and 65% 

parent compound remaining after 60 min. incubation. 7-Ethoxycoumarin (7-EC) as control. Data 

are mean±S.E.M. % remaining compound; n=3. 
 

 

Figure S6. Spatiotemporal control of PPARδ by 11. (A) Time dependent PPARδ activation by 11 

using an mCherry fluorescence reporter in live HEK293T cells. Trans-11 was maintained in the 

dark (blue). Switching between the cis-/trans-isomers after 8 h was performed by illumination with 

λ = 460 nm (red) or λ = 365 nm (green) for 3 min and subsequent maintenance of the cis-state 

using the CellDISCO. Fold fluorescence intensity refers to 0.1 % DMSO. Lines: mean, shadows: 

S.E.M.; n=3. (B) Live cell imaging of PPARα-dependent mCherry and PPARδ-dependent eGFP 

reporter induction by trans-11 (dark adapted) and cis-11 (λ = 365 nm). Inserts show mean±S.E.M. 

relative reporter expression compared to GW7647 (PPAR) or L165,041 (PPAR), n=2.  
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Figure 7. Overview of the live cell imaging of PPARα-dependent mCherry and PPARδ-dependent 

eGFP reporter induction by 6 and 11 in trans- (dark adapted) and cis-state (illuminated with λ = 

365 nm). PPARδ-dependent eGFP fluorescence by 6 is negligible. Inserts show mean±SEM of 

relative integrated densities referring to the maximum effect of the respective reference agonist at 

1 µM (PPAR: GW7647; PPAR: L165,041), n=2. 

 

 

 

 

 



S7 
 

Table S1. Overview of compound numbering for GL479 derivatives 1 - 11 and precursors 

 

# R1 R2 n ester azobenzene 

1  -H -H 2 14 
 

16 

 

2 -H -H 1 15 
 

16 

 

3 -CH3 -H 2 14 
 

17 

 

4 -Cl -H 2 14 
 

18 

 

5 -CH(CH3)2 -H 2 14 
 

19 

 

6 -H -CH3 2 14 
 

20 

 

7 -H -Cl 2 14 
 

21 

 

8 -H -CF3 2 14 
 

22 

 

9 -CH3 -CH3 2 14 
 

23 

 

10 -CH3 -CF3 2 14 
 

24 

 

11 -CH3 -Cl 2 14 
 

25 
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Experimental Section 

 

Chemistry 

General. All reagents and solvents were purchased from commercial sources (Sigma-Aldrich, TCI 

Europe N.V., Strem Chemicals, etc.) and were used without further purification unless otherwise 

noted. Reactions were monitored by TLC on pre-coated, Merck Silica gel 60 F
254 glass backed 

plates. Flash silica gel chromatography was performed using silica gel (SiO2, particle size 40-63 

μm) purchased from Merck. All NMR spectra were measured on a BRUKER Avance III HD 400 

(equipped with a CryoProbeTM). Multiplicities in the following experimental procedures are 

abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, 

hept = heptet, br = broad, m = multiplet. Proton chemical shifts are expressed in parts per million 

(ppm,  scale) and are referenced to the residual protium in the NMR solvent (CDCl3: δ = 7.26; 

DMSO-d6: δ = 2.50; THF-d8: δ = 1.72). Carbon chemical shifts are expressed in ppm ( scale) and 

are referenced to the carbon resonance of the NMR solvent (CDCl3: δ = 77.16; DMSO-d6: δ = 

39.52; THF-d8: δ = 25.31). High-resolution mass spectra (HRMS) were obtained with an Agilent 

6224 Accurate Mass time-of-flight (TOF) LC/MS system using either an electrospray ionization 

(ESI) or atmospheric pressure chemical ionization (APCI) ion source. All reported data refers to 

positive ionization mode. 
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Synthesis and analytical characterization data of 1-11 and their precursors. 

(E)-2-Methyl-2-(4-(2-(4-(phenyldiazenyl)phenoxy)ethyl)phenoxy)propanoic acid (1). Ethyl 2-(4-(2-

hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 50.0 mg, 0.198 mmol, 1.00 equiv.), 4-

hydroxyazobenzene (16, 51.1 mg, 0.258 mmol, 1.30 equiv.) and triphenylphosphine (67.6 mg, 

0.258 mmol, 1.30 equiv.) were dissolved in anhydrous THF (1.25 mL). DEAD (112 mg, 0.258 

mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred 

at rt overnight. The solvent was removed under reduced pressure. The crude was dissolved in 

EtOH and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed 

under reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted 

with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

product was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 

1 (47.2 mg, 117 µmol, 59%) as an orange solid. 1H NMR (400 MHz, CDCl3): δ = 7.85 (dd, J = 12.2, 

8.7 Hz, 4H), 7.55 (dt, J = 14.9, 6.9 Hz, 3H), 7.14 (dd, J = 8.8, 3.2 Hz, 4H), 6.76 (d, J = 8.5 Hz, 2H), 

4.25 (t, J = 7.0 Hz, 2H), 2.98 (t, J = 6.9 Hz, 2H), 1.40 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 

175.0, 161.3, 155.0, 152.0, 146.1, 130.8, 129.4, 129.2, 124.6, 122.2, 119.3, 117.8, 115.1, 79.4, 

68.9, 34.0, 25.8. HRMS: m/z calc. for C24H25N2O4
+ ([M+H]+): 405.1809, found: 405.1803. 

(E)-2-Methyl-2-(4-((4-(phenyldiazenyl)phenoxy)methyl)phenoxy)propanoic acid (2). Ethyl 2-(4-

(hydroxymethyl)phenoxy)-2-methylpropanoate3 (15, 30.0 mg, 0.126 mmol, 1.00 equiv.), 4-

hydroxyazobenzene (16, 32.4 mg, 0.164 mmol, 1.30 equiv.) and triphenylphosphine (42.9 mg, 

0.164 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.80 mL). DEAD (71.3 mg, 0.164 

mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred 

at rt overnight. The solvent was removed under reduced pressure. The crude was dissolved in 

EtOH and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed 

under reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted 

with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 
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product was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 

2 (18.8 mg, 48 µmol, 38%) as an orange solid. 1H NMR (400 MHz, DMSO-d6): δ = 7.91 – 7.81 (m, 

4H), 7.62 – 7.48 (m, 3H), 7.32 (d, J = 8.5 Hz, 2H), 7.23 – 7.16 (m, 2H), 6.90 – 6.82 (m, 2H), 5.09 

(s, 2H), 1.46 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 174.3, 161.7, 156.6, 152.5, 146.6, 131.3, 

129.8, 129.6, 128.5, 125.0, 122.7, 118.4, 115.8, 79.9, 70.1, 26.1. HRMS: m/z calc. for C23H23N2O4
+ 

([M+H]+): 391.1652, found: 391.1647. 

(E)-2-Methyl-2-(4-(2-(4-(p-tolyldiazenyl)phenoxy)ethyl)phenoxy)propanoic acid (3). Ethyl 2-(4-(2-

hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 10.0 mg, 39.7 mmol, 1.00 equiv.), (E)-4-(p-

tolyldiazenyl)phenol (17, 10.9 mg, 51.5 mmol, 1.30 equiv.) and triphenylphosphine (13.5 mg, 51.5 

mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). DEAD (22.4 mg, 51.5 mmol, 1.30 

equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred at rt 

overnight. The solvent was removed under reduced pressure. The crude was dissolved in EtOH 

and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed under 

reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted with 

CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 3 (10.6 

mg, 25.3 µmol, 64%) as an orange solid. 1H NMR (400 MHz, THF-d8): δ = 7.86 (d, J = 8.9 Hz, 2H), 

7.76 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 7.07 – 7.01 (m, 2H), 

6.84 (d, J = 8.5 Hz, 2H), 4.22 (t, J = 7.1 Hz, 2H), 3.03 (t, J = 7.1 Hz, 2H), 1.53 (s, 6H). 13C NMR 

(100 MHz, THF-d8): δ = 175.6, 162.5, 155.7, 151.9, 147.9, 141.6, 132.3, 130.4, 130.4, 125.3, 

123.4, 120.1, 115.5, 79.5, 70.1, 35.7, 30.7, 21.4. HRMS: m/z calc. for C25H27N2O4
+ ([M+H]+): 

419.1965, found: 419.1960. 

(E)-2-(4-(2-(4-((4-Chlorophenyl)diazenyl)phenoxy)ethyl)phenoxy)-2-methylpropanoic acid (4). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 9.4 mg, 37 mmol, 1.00 equiv.), (E)-

4-((4-chlorophenyl)diazenyl)phenol (18, 11 mg, 49 mmol, 1.30 equiv.) and triphenylphosphine (13 
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mg, 49 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). DEAD (21 mg, 49 mmol, 

1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred at rt 

overnight. The solvent was removed under reduced pressure. The crude was dissolved in EtOH 

and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed under 

reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted with 

CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 4 (3.2 

mg, 7.3 µmol, 20%) as an orange solid. 1H NMR (400 MHz, CDCl3): δ = 7.88 (d, J = 8.7 Hz, 2H), 

7.82 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 

6.90 (d, J = 8.3 Hz, 2H), 4.23 (t, J = 6.9 Hz, 2H), 3.09 (t, J = 6.9 Hz, 2H), 1.58 (s, 6H). 13C NMR 

(100 MHz, CDCl3): δ = 176.8, 161.5, 152.8, 151.1, 146.8, 136.2, 133.1, 129.9, 129.2, 124.9, 123.8, 

121.0, 114.8, 80.0, 69.0, 34.9, 25.0. HRMS: m/z calc. for C24H24ClN2O4
+ ([M+H]+): 439.1419, 

found: 439.1416. 

(E)-2-(4-(2-(4-((4-Isopropylphenyl)diazenyl)phenoxy)ethyl)phenoxy)-2-methylpropanoic acid (5). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 9.4 mg, 37 mmol, 1.00 equiv.), (E)-

4-((4-isopropylphenyl)diazenyl)phenol (19, 12 mg, 49 mmol, 1.30 equiv.) and triphenylphosphine 

(13 mg, 49 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). DEAD (21 mg, 49 mmol, 

1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred at rt 

overnight. The solvent was removed under reduced pressure. The crude was dissolved in EtOH 

and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed under 

reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted with 

CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 5 (10.0 

mg, 22.4 µmol, 61%) as an orange solid. 1H NMR (400 MHz, CDCl3): δ = 7.87 (d, J = 8.8 Hz, 2H), 

7.81 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 

6.89 (d, J = 8.3 Hz, 2H), 4.22 (t, J = 7.0 Hz, 2H), 3.08 (t, J = 6.9 Hz, 2H), 2.98 (quint, J = 6.7 Hz, 
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1H), 1.60 (s, 6H), 1.29 (d, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ = 177.3, 161.2, 153.3, 

151.8, 151.2, 147.2, 132.8, 130.0, 127.2, 124.7, 122.7, 120.7, 114.9, 69.1, 35.1, 34.2, 25.2, 24.0, 

20.9. HRMS: m/z calc. for C27H29N2O3
+ ([M-H2O]+): 429.2173, found: 429.2152. 

(E)-2-Methyl-2-(4-(2-(2-methyl-4-(phenyldiazenyl)phenoxy)ethyl)phenoxy)propanoic acid (6). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 20.0 mg, 79.3 mmol, 1.00 equiv.), 

(E)-2-methyl-4-(phenyldiazenyl)phenol (20, 21.9 mg, 103 mmol, 1.30 equiv.) and 

triphenylphosphine (27.0 mg, 103 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). 

DEAD (44.6 mg, 103 mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. 

The mixture was stirred at rt overnight. The solvent was removed under reduced pressure. The 

crude was dissolved in EtOH and 1M NaOH was added. The reaction was stirred at rt for 16 h. 

Solvent was removed under reduced pressure, water was added and acidified with 1M HCl. The 

mixture was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified using flash column chromatography (CH2Cl2 to 20% 

MeOH in CH2Cl2) to yield 6 (28.2 mg, 67.4 µmol, 85%) as an orange solid. 1H NMR (400 MHz, 

THF-d8): δ = 7.84 (d, J = 7.3 Hz, 2H), 7.74 (s, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.40 (d, J = 7.1 Hz, 

1H), 7.19 (d, J = 8.5 Hz, 2H), 7.05 – 6.99 (m, 1H), 6.84 (d, J = 8.5 Hz, 2H), 4.30 – 4.19 (m, 2H), 

3.06 (t, J = 6.9 Hz, 2H), 2.25 (s, 3H), 1.52 (s, 6H). 13C NMR (100 MHz, THF-d8): δ = 175.6, 160.8, 

155.7, 153.9, 147.4, 132.6, 131.0, 130.5, 129.8, 128.1, 124.8, 124.6, 123.3, 120.1, 111.5, 79.5, 

70.1, 35.8, 25.9, 16.6. HRMS: m/z calc. for C25H27N2O4
+ ([M+H]+): 419.1965, found: 419.1963. 

(E)-2-(4-(2-(2-Chloro-4-(phenyldiazenyl)phenoxy)ethyl)phenoxy)-2-methylpropanoic acid (7). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 9.4 mg, 37 mmol, 1.00 equiv.), (E)-

2-chloro-4-(phenyldiazenyl)phenol (21, 11 mg, 49 mmol, 1.30 equiv.) and triphenylphosphine (13 

mg, 49 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). DEAD (21 mg, 49 mmol, 

1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred at rt 

overnight. The solvent was removed under reduced pressure. The crude was dissolved in EtOH 
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and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed under 

reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted with 

CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 7 (15.2 

mg, 34.6 µmol, 93%) as an orange solid. 1H NMR (400 MHz, CDCl3): δ = 8.00 (d, J = 2.1 Hz, 1H), 

7.87 (d, J = 7.5 Hz, 2H), 7.83 (dd, J = 8.7, 2.2 Hz, 1H), 7.49 (dt, J = 13.1, 6.9 Hz, 3H), 7.26 (d, J 

= 8.3 Hz, 2H), 7.00 (d, J = 8.8 Hz, 1H), 6.91 (d, J = 8.4 Hz, 2H), 4.28 (t, J = 6.8 Hz, 2H), 3.15 (t, J 

= 6.7 Hz, 2H), 1.60 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 177.7, 156.6, 153.1, 152.6, 146.9, 133.0, 

131.0, 130.3, 129.2, 124.9, 124.0, 123.3, 122.9, 121.0, 112.6, 80.0, 70.2, 35.0, 25.2. HRMS: m/z 

calc. for C24H24ClN2O4
+ ([M+H]+): 439.1419, found: 439.1404. 

(E)-2-Methyl-2-(4-(2-(4-(phenyldiazenyl)-2-(trifluoromethyl)phenoxy)ethyl)phenoxy)propanoic 

acid (8). Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 21.9 mg, 87.0 mmol, 1.00 

equiv.), (E)-4-(phenyldiazenyl)-2-(trifluoromethyl)phenol (22, 31.6 mg, 113 mmol, 1.30 equiv.) and 

triphenylphosphine (29.6 mg, 113 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). 

DEAD (49.1 mg, 113 mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. 

The mixture was stirred at rt overnight. The solvent was removed under reduced pressure. The 

crude was dissolved in EtOH and 1M NaOH was added. The reaction was stirred at rt for 16 h. 

Solvent was removed under reduced pressure, water was added and acidified with 1M HCl. The 

mixture was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified using flash column chromatography (CH2Cl2 to 20% 

MeOH in CH2Cl2) to yield 8 (20.1 mg, 42.5 µmol, 49%) as an orange solid. 1H NMR (400 MHz, 

CDCl3): δ = 8.20 (d, J = 2.2 Hz, 1H), 8.06 (dd, J = 8.8, 2.3 Hz, 1H), 7.92 – 7.85 (m, 2H), 7.55 – 

7.43 (m, 3H), 7.23 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 8.9 Hz, 1H), 6.91 (d, J = 8.5 Hz, 2H), 4.31 (t, J 

= 6.6 Hz, 2H), 3.13 (t, J = 6.6 Hz, 2H), 1.59 (s, 7H). 13C NMR (100 MHz, CDCl3): δ = 177.3, 158.8, 

153.0, 152.5, 145.8, 133.1, 131.1, 130.2, 129.3, 128.3, 122.9, 122.3 (q), 122.2 (q), 122.1 (q), 122.1 
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(q), 121.1, 120.1 (q), 119.8 (q), 119.5 (q), 119.1 (q), 112.9, 80.1, 70.1, 35.0, 25.1. HRMS: m/z 

calc. for C25H24F3N2O4
+ ([M+H]+): 473.1683, found: 473.1673.  

(E)-2-Methyl-2-(4-(2-(2-methyl-4-(p-tolyldiazenyl)phenoxy)ethyl)phenoxy)propanoic acid (9). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 9.4 mg, 37 mmol, 1.00 equiv.), (E)-

2-methyl-4-(p-tolyldiazenyl)phenol (23, 11 mg, 49 mmol, 1.30 equiv.) and triphenylphosphine (13 

mg, 49 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). DEAD (21 mg, 49 mmol, 

1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. The mixture was stirred at rt 

overnight. The solvent was removed under reduced pressure. The crude was dissolved in EtOH 

and 1M NaOH was added. The reaction was stirred at rt for 16 h. Solvent was removed under 

reduced pressure, water was added and acidified with 1M HCl. The mixture was extracted with 

CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified using flash column chromatography (CH2Cl2 to 20% MeOH in CH2Cl2) to yield 9 (4.1 

mg, 9.5 µmol, 26%) as an orange solid. 1H NMR (400 MHz, CDCl3): δ = 7.82 – 7.71 (m, 4H), 7.29 

(d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.3 Hz, 2H), 6.90 (t, J = 8.6 Hz, 3H), 4.23 (t, J = 6.6 Hz, 2H), 3.10 

(t, J = 6.6 Hz, 2H), 2.42 (s, 3H), 2.25 (s, 3H), 1.59 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 176.2, 

159.5, 152.9, 151.0, 146.7, 140.8, 133.7, 130.2, 129.8, 127.7, 123.9, 123.8, 122.6, 121.1, 110.7, 

80.1, 69.0, 35.2, 25.1, 21.6, 16.6. HRMS: m/z calc. for C26H29N2O4
+ ([M+H]+): 433.2122, found: 

433.2136. 

(E)-2-Methyl-2-(4-(2-(4-(p-tolyldiazenyl)-2-(trifluoromethyl)phenoxy)ethyl)phenoxy)propanoic acid 

(10). Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 21.9 mg, 87.0 mmol, 1.00 

equiv.), (E)-4-(p-tolyldiazenyl)-2-(trifluoromethyl)phenol (24, 27.8 mg, 113 mmol, 1.30 equiv.) and 

triphenylphosphine (29.6 mg, 113 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). 

DEAD (49.1 mg, 113 mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. 

The mixture was stirred at rt overnight. The solvent was removed under reduced pressure. The 

crude was dissolved in EtOH and 1M NaOH was added. The reaction was stirred at rt for 16h. 
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Solvent was removed under reduced pressure, water was added and acidified with 1M HCl. The 

mixture was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified using flash column chromatography (CH2Cl2 to 20% 

MeOH in CH2Cl2) to yield 10 (23.7 mg, 48.7 µmol, 56%) as an orange solid. 1H NMR (400 MHz, 

CDCl3): δ = 8.18 (d, J = 2.3 Hz, 1H), 8.06 – 8.02 (m, 1H), 7.83 – 7.77 (m, 2H), 7.30 (d, J = 8.1 Hz, 

2H), 7.24 (s, 1H), 7.05 (d, J = 8.9 Hz, 1H), 6.91 (d, J = 8.5 Hz, 2H), 4.30 (t, J = 6.6 Hz, 2H), 3.12 

(t, J = 6.6 Hz, 2H), 2.43 (s, 3H), 1.59 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 177.4, 158.5, 153.0, 

150.6, 145.9, 141.8, 133.1, 130.2, 129.9, 128.1, 122.9, 122.1 (q), 122.1 (q), 122.0 (q), 122.0 (q), 

121.1, 120.0 (q), 119.7 (q), 119.4 (q), 119.1 (q), 112.9, 80.0, 70.1, 35.0, 25.1, 21.7. HRMS: m/z 

calc. for C26H26F3N2O4
+ ([M+H]+): 487.1839, found: 487.1852. 

(E)-2-(4-(2-(2-Chloro-4-(p-tolyldiazenyl)phenoxy)ethyl)phenoxy)-2-methylpropanoic acid (11). 

Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14, 21.9 mg, 87.0 mmol, 1.00 equiv.), 

(E)-2-chloro-4-(p-tolyldiazenyl)phenol (25, 30.0 mg, 113 mmol, 1.30 equiv.) and 

triphenylphosphine (29.6 mg, 113 mmol, 1.30 equiv.) were dissolved in anhydrous THF (0.5 mL). 

DEAD (49.1 mg, 113 mmol, 1.30 equiv., 40 % solution in toluene) was added dropwise at 0 °C. 

The mixture was stirred at rt overnight. The solvent was removed under reduced pressure. The 

crude was dissolved in EtOH and 1M NaOH was added. The reaction was stirred at rt for 16 h. 

Solvent was removed under reduced pressure, water was added and acidified with 1M HCl. The 

mixture was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified using flash column chromatography (CH2Cl2 to 20% 

MeOH in CH2Cl2) to yield 11 (17.6 mg, 38.9 µmol, 45%) as an orange solid. 1H NMR (400 MHz, 

DMSO-d6): δ = 7.94 – 7.85 (m, 2H), 7.78 (d, J = 8.3 Hz, 2H), 7.39 (dd, J = 8.6, 3.8 Hz, 3H), 7.27 

(d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 4.34 (t, J = 6.9 Hz, 2H), 3.11 – 3.01 (m, 2H), 2.40 (s, 

3H), 1.49 (s, 6H). 13C NMR (101 MHz, DMSO): δ = 175.1, 156.0, 153.9, 149.9, 145.9, 141.6, 130.9, 

130.0, 129.9, 124.9, 122.5, 122.5, 122.1, 118.4, 113.8, 78.3, 69.8, 33.9, 25.0, 21.0. HRMS: m/z 

calc. for C25H26ClN2O4
+ ([M+H]+): 453.1576, found: 453.1573. 
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Ethyl 2-(4-(2-hydroxyethyl)phenoxy)-2-methylpropanoate3 (14). 4-(Hydroxyethyl)phenol (12, 200 

mg, 1.45 mmol, 1.00 equiv.) and K2CO3 (2.00 g, 14.5 mmol, 10.0 equiv.) were dissolved in DMF 

(4.5 mL). Ethyl 2-bromo-2-methylpropanoate (875 mg, 4.48 mmol, 3.10 equiv.) was added and 

the mixture was stirred for 4 h under reflux. Water was added, phases were separated, the 

aqueous layer was extracted with EtOAc, washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude product was purified using flash column 

chromatography (hexanes:EtOAC (8:2)) to yield 14 (292 mg, 1.16 mmol, 80%) as a colorless 

liquid. 1H NMR (400 MHz, CDCl3): δ = 7.13 – 7.05 (m, 2H), 6.83 – 6.76 (m, 2H), 4.24 (q, J = 7.1 

Hz, 2H), 3.82 (t, J = 6.5 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H), 1.58 (s, 6H), 1.25 (d, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ = 174.5, 154.2, 132.1, 129.8, 119.6, 79.2, 63.9, 61.5, 38.5, 25.5, 

14.2. HRMS: m/z calc. for C14H19O3
+ ([M-H2O]+): 235.1329, found: 235.1335. 

Ethyl 2-(4-(hydroxymethyl)phenoxy)-2-methylpropanoate (15). 4-(Hydroxymethyl)phenol (13, 180 

mg, 1.45 mmol, 1.00 equiv.) and K2CO3 (2.00 g, 14.5 mmol, 10.0 equiv.) were dissolved in DMF 

(4.5 mL). Ethyl 2-bromo-2-methylpropanoate (875 mg, 4.48 mmol, 3.10 equiv.) was added and 

the mixture was stirred for 4 h under reflux. Water was added, phases were separated, the 

aqueous layer was extracted with EtOAc, washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude product was purified using flash column 

chromatography (hexanes:EtOAC (8:2)) to yield 15 (162 mg, 0.680 mmol, 47%) as a colorless 

liquid. 1H NMR (400 MHz, CDCl3): δ = 7.23 (d, J = 8.3 Hz, 2H), 6.86 – 6.79 (m, 2H), 4.61 (d, J = 

1.5 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 1.59 (s, 6H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ = 174.4, 155.1, 134.7, 128.3, 119.3, 79.3, 65.1, 61.6, 25.5, 14.2. HRMS: m/z calc. for 

C13H17O3
+ ([M-H2O]+): 221.1172, found: 221.1173. 
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HPLC Traces 
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1H and 13C NMR Spectra 
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Compound 3 
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Compound 5 
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SUMMARY
Vitamin E exhibits pharmacological effects beyond established antioxidant activity suggesting involvement
of unidentified mechanisms. Here, we characterize endogenously formed tocopherol carboxylates and the
vitamin E mimetic garcinoic acid (GA) as activators of the peroxisome proliferator-activated receptor gamma
(PPARg). Co-stimulation of PPARgwith GA and the orthosteric agonist pioglitazone resulted in additive tran-
scriptional activity. In line with this, the PPARg-GA complex adopted a fully active conformation and interest-
ingly contained two bound GA molecules with one at an allosteric site. A co-regulator interaction scan
demonstrated an unanticipated co-factor recruitment profile for GA-bound PPARg compared with canonical
PPARg agonists and gene expression analysis revealed different effects of GA and pioglitazone on PPAR
signaling in hepatocytes. These observations reveal allosteric mechanisms of PPARgmodulation as an alter-
native avenue to PPARg targeting and suggest contributions of PPARg activation by a-13-tocopherolcarbox-
ylate to the pharmacological effects of vitamin E.
INTRODUCTION

Vitamin E exhibits pharmacological effects, for example, in non-

alcoholic fatty liver disease (NAFLD) (Lavine et al., 2011; Sanyal

et al., 2010) or Alzheimer’s disease (AD) (Dysken et al., 2014) far

beyond its established antioxidant activity (Birringer and Lor-

kowski, 2019); however, the mechanisms and protein targets

mediating these effects remained elusive. Four saturated to-

copherols and four unsaturated tocotrienols have been classi-

fied as constituents of vitamin E (Birringer and Lorkowski,

2019), yet only a-tocopherol has been demonstrated to have

vitamin activity (Azzi, 2019). This class of organic compounds

can undergo metabolic processing mainly by side chain oxida-

tion at the u-position leading to a number of fatty acid-like spe-

cies, which could potentially be the active metabolites of

vitamin E (Birringer and Lorkowski, 2019; Schmölz, 2016;

Zhao et al., 2010). Recent studies have reported direct interac-

tions of such vitamin E metabolites with 5-lipoxygenase (5-LO)

(Pein et al., 2018) and anti-inflammatory effects of the vitamin E

mimetic garcinoic acid (GA) involving changes in cytokine, cy-

clooxygenase (COX)-2, and inducible nitric oxide synthase
Cell Chemical B
(iNOS) expression (Wallert et al., 2019). Nevertheless, the

mechanistic details of these activities remain elusive. Here,

we identify endogenously formed tocopherol carboxylates

and GA as potent activators of the peroxisome proliferator-acti-

vated receptor gamma (PPARg) with remarkable activation ef-

ficacy. The co-crystal structure of the PPARg-GA complex re-

vealed surprisingly the binding of two GA molecules at

orthosteric and allosteric sites inducing a fully active conforma-

tion of the receptor. Consistent with the observation of allo-

steric binding, GA and the orthosteric agonist pioglitazone

cooperatively stimulated PPARg, resulting in additive transcrip-

tional activity. A co-regulator interaction scan demonstrated an

unanticipated co-factor recruitment profile for GA-bound

PPARg compared with that of canonical agonists and differen-

tial gene expression analysis of human hepatocytes (HepG2)

after GA or pioglitazone treatment revealed distinct effects on

PPAR signaling. Such mechanisms may open alternative ave-

nues for PPARg modulation through allosteric regulation. Our

findings of PPARg activation by GA and a-13-tocopherolcar-

boxylate suggest therefore a potential contribution of this

pathway for example in NAFLD.
iology 28, 1489–1500, October 21, 2021 ª 2021 Elsevier Ltd. 1489
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Figure 1. Tocopherol carboxylates and garcinoic acid modulate nuclear receptors

(A) Chemical structures of vitamin E metabolites and garcinoic acid (GA).

(B) Activity screening of tocopherol metabolites and GA on lipid-sensing nuclear receptors. Heatmap shows mean relative activation compared with reference

agonists (see the STAR Methods for details).

(C) Biological activity of vitamin E metabolites and GA on PPARs in uniform Gal4 hybrid reporter gene assays. Half-maximal effective concentration (EC50) values

are shown in mM and are the mean ± SD, n R 3. Maximum relative activation (%, in parentheses) refers to the activity of reference agonists GW7647 (PPARa),

pioglitazone (PPARg), and L165,041 (PPARd) at 1 mM.

(D) Concentration-response curves of GA (teal), GA in the presence of 10 mM of the irreversible PPARg antagonist GW9662 (red), and GA in the presence of 1 mM

pioglitazone (PIO) (orange) in a hybrid Gal4-PPARg reporter gene assay. Data are the mean ± SEM, n = 4.

(E) Dose-response curves of GA (teal) and GA in presence of 1 mM PIO (orange) on a native human PPRE reporter without receptor overexpression. Data are the

mean ± SEM, n = 4. *p < 0.05, **p < 0.01, ***p < 0.001; t test versus 0.1% DMSO (GA) or versus 1 mM PIO (GA + PIO).
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RESULTS

Vitamin E metabolites and GA activate nuclear
receptors
The natural constituents of vitamin E are endogenously metabo-

lized to 130-hydroxylated species and further oxidation of which

generates tocopherol 130-carboxylates (Figure 1A) (Schmölz,

2016). The natural product GA strongly resembles these oxidized

metabolites and is commonly used as vitamin Emimetic. GA and

the tocopherol 130-carboxylate metabolites comprise typical

lipid structures with a polar acidic head and a highly lipophilic

tail, suggesting a role as endogenous lipid mediators. To

examine the potential activities of vitamin E constituents and

GA on nuclear receptors, we profiled a- and d-tocopherol and

their 130-hydroxylated metabolites, tocopherol 130-carboxyl-
ates, as well as GA on lipid-sensing transcription factors using

uniform Gal4 hybrid reporter gene assays (Figure 1B). Albeit no

detectable activity of tocopherols, considerably promiscuous ef-

fects of tocopherol-130-carboxylates and GA on several nuclear

receptors were observed. These compounds activated retinoic

acid receptors (RARs), peroxisome proliferator-activated recep-
1490 Cell Chemical Biology 28, 1489–1500, October 21, 2021
tors (PPARs), farnesoid X receptor (FXR), and constitutive an-

drostane receptor (CAR). This observation was consistent with

the recent report on the activation of pregnane X receptor

(PXR) by GA (Bartolini et al., 2020). The activity profile of GA high-

ly resembled that of the tocopherol 130-carboxylates, while 130-
hydroxytocopherols were less active. By comparison, the

agonist effects of GA and the tocopherol 130-carboxylates on

PPARs were the most pronounced.

Further characterization on the three PPAR subtypes revealed

considerable potencies of the tocopherol 130-carboxylates and

GA (Figure 1C). While tocopherols and a-130-OH were inactive

on PPARs at 10 mM concentration, d-130-OH weakly activated

PPARa (half-maximal effective concentration (EC50) 15 ± 3 mM,

22% ± 2% efficacy) and PPARg (EC50 13 ± 2 mM, 62% ± 7% ef-

ficacy). a-130-COOH activated all three PPARs in a dose-depen-

dentmanner, exhibiting lowmicromolar potency and remarkable

activation efficacy that surpassed potent synthetic agonists

(PPARa, GW7647; PPARg, pioglitazone; PPARd, L165,041). On

PPARg, a-130-COOH exhibited strong agonist effects with an

EC50 value of �6 mM and �206% activation efficacy relative to

that of pioglitazone. The d-130-COOH analog showed similar
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EC50 values but weaker activation efficacy and did not activate

PPARd. GA shared the activity profile of the tocopherol 130-car-
boxylates, exhibiting strong PPARg agonism with an EC50 value

of 1.7 mM and 168% efficacy of pioglitazone. The irreversible

PPARg antagonist GW9662 fully blocked PPARg activation by

GA (Figure 1D), suggesting direct binding of GA to the receptor

as confirmed also by isothermal titration calorimetry (ITC) with

low micromolar affinity (Figure S1). Interestingly, ITC revealed a

stoichiometry of 2:1 for GA binding to PPARg, suggesting poten-

tially two concurrent binding modes of the compound.

GA and pioglitazone act cooperatively on PPARg
We next probed an interference of GA and orthosteric PPARg ag-

onists. Interestingly, GA and pioglitazone together led to an addi-

tive PPARg activation strongly exceeding the efficacy of the indi-

vidual compounds (Figure 1D). When GA was titrated in the

presence of 1 mM pioglitazone, PPARg activation reached

�250% of pioglitazone, an �1.5-fold increase compared with

GAalone. Interestingly, no changeof the EC50ofGAwas observed

when the drug was present, suggesting therefore potential simul-

taneous binding of these two compounds at different binding sites.

We also observed PPARg agonism of GA and collaborative ac-

tivity with pioglitazone on a native human PPAR response element

(PPRE)-dependent reporter in HepG2 cells (Figure 1E). Of note,

PPARg and its obligate heterodimer partner retinoid X receptor

(RXR) were not overexpressed in this setting, indicating modula-

tion of endogenous cellular PPARg. GA activated the PPRE with

an EC50 value of 1.1 mM and 1.7-fold efficacy. The presence of

1 mM pioglitazone slightly shifted the EC50 value of GA to 4.8 mM

and resulted in a remarkable 3.5-fold PPRE activation.

GA shows a double binding mode to PPARg
To provide structural insights into this interesting PPARg modu-

latory profile, we solved the crystal structure of the PPARg ligand

binding domain (LBD) in complex with GA (Figure 2). We

observed two molecules of GA bound to PPARg (Figures 2A–

2C), which was consistent with the ITC results and the unusual

cellular activities. One GA molecule occupied the canonical or-

thosteric binding site where its carboxylic moiety bound within

the same pocket utilized by rosiglitazone and engaged the ca-

nonical H-bond network with Tyr473 (Figures 2B and 2D). This

direct interaction with Tyr473 provided an explanation for the

high PPARg activation efficacy of GA since this residue is part

of the activation function in helix 12. It strongly contributes to sta-

bilizing PPARg in active conformation and is also observed for

glitazone-type PPARg ligands and other agonists (Hanke et al.,

2020; Jang et al., 2018).

The presence of the second molecule of GA at a different

pocket formed between helices 3 and 4 and the b sheet connect-

ing helices 6 and 7 was rather intriguing (Figures 2C and 2E). In

contrast to the orthosteric site of nuclear receptors, this allosteric

binding site is solvent accessible. The binding of GA at this site

was assisted by Arg288 from helix 3, which engaged a bidentate

salt bridge to theGAcarboxylic acid group, and hydrophobic con-

tacts between nonpolar residues and the lipophilic tail of the

ligand at the solvent-exposed region (Figures 2C and 2E). Such

allosteric binding with both concurrent binding modes enabling

overall stabilization of the PPARg LBD likely provides a basis for

the high activation efficacy and ago-positive activity of GA.
For direct structural comparison, we determined the structure

of the PPARg-rosiglitazone complex and compared it with the

PPARg-GA complex. In the absence of a co-activator peptide,

both structures superimposed well without major conformational

differences (Figure 2A). Helices H3 and H12, as well as the U loop

involved in transcriptional activation, did not differ in their posi-

tions nor orientations. Nevertheless, closer inspection revealed

slight alterations of some residues lining the pockets. For

instance, slight conformational changes were observed for

His449 and Tyr473 in the orthosteric binding site (Figure 2D).

Such differences could likely be due to an adaption of helix H12

to the different ligands. Another rearrangement was noted for

Arg288, which underwent a 3.8-Å positional shift enabling its

side chain to form the salt bridge contact with the allosteric GA

molecule (Figure 2E). Structural superimposition further showed

that, although the polar head groups of GA and rosiglitazone

shared the similar pocket, the pyridineaminemotif of rosiglitazone

and the chromanol tail of GA protruded into different cavities. A

kink at the middle part of rosiglitazone descended the pyridine-

amine toward the part of the allosteric pocket used for accommo-

dation of the polar head of GA bound at the allosteric site,

whereas a linear bindingmode of GA enabled binding of the chro-

manol moiety at the vast hydrophobic space adjacent to helix 3.

Based on the observation of cooperativity between synthetic ag-

onists andGA toward activation of PPARg, wepredicted that both

ligands might be accommodated within the receptor at the same

time. Molecular docking indeed revealed that this scenario might

be possible. Structural modeling suggested that rosiglitazone

bound to the canonical orthosteric site with its pyridineamine

group linearly extended to the cavity adjacent to helix 3, leaving

the allosteric site for the binding of GA (Figure 2F). For their shared

chromanol motif, we also compared binding of GA and troglita-

zone to PPARg. Docking of troglitazone to the orthosteric GA

site and superimposition of the PPARg-GA and PPARg-troglita-

zone complexes, however, revealed slightly different binding sites

and different interactions for the chromanol scaffolds of GA and

troglitazone (Figures S2A and S2B).

The allosteric binding of GA to PPARg aligns with previous

NMR-based observations (Hughes et al., 2014) that have located

an alternative PPARg ligand binding site opposite to the orthos-

teric pocket in proximity of helix H3 (Figure 2G). Moreover,

in vitro studies (Hurtado et al., 2012; Lea et al., 2004) have sug-

gested that ligand binding outside the orthosteric pocket can

contribute to activation of PPARg in cooperation with an orthos-

teric ligand, likely due to stabilization of the PPARg LBD by allo-

steric ligands. The dual binding mode of GA to PPARg provided

further evidence and a structural basis for such allosteric coop-

erativity toward PPARgmodulation. The allosteric binding of GA

partly overlaps with the previously characterized alternative re-

gion (Hughes et al., 2014) but extends further toward the orthos-

teric site and toward helix H2 (Figure 2H).

GA and pioglitazone induce opposing co-regulator
interactions
PPARg activity is strongly regulated by ligand-dependent inter-

actions with co-activators and co-repressors (Michalik et al.,

2006; Mouchiroud et al., 2014). To evaluate whether PPARg

modulation by GA involves specific effects on this regulatory

protein-protein interaction network, we screened a collection
Cell Chemical Biology 28, 1489–1500, October 21, 2021 1491



Figure 2. X-ray co-crystal structures of the PPARg LBD complexed with GA and rosiglitazone
(A) Superimposition of the PPARg:GA (PDB: 7AWD) and PPARg:rosiglitazone (yellow, PDB: 7AWC) complexes. Two binding modes of GA were observed: or-

thosteric (orange) and allosteric (magenta).

(B and C) Detailed binding of GA within the receptor at the canonical orthosteric binding site (B) and allosteric binding site (C).

(D) Structural comparison reveals similar accommodation of the acidic motifs of GA (orange) and rosiglitazone (yellow) within the orthosteric binding site.

(E) Superimposition of GA- and rosiglitazone-bound complexes demonstrates conformational alteration of R288, which rotates to interact with the carboxylic acid

moiety of allosterically bound GA.

(F) Modeling of potential simultaneous binding of rosiglitazone at the orthosteric site and GA at the allosteric site calculated using Molecular Operating Envi-

ronment.

(G and H) Schematic illustration of the rosiglitazone-bound (G) and GA-bound (H) PPARg LBD. (G) The canonical orthosteric binding site of rosiglitazone (yellow)

spans between helices 3, 5, 7, 11, and 12. The shaded light blue circle indicates an alternative binding site lining H3 opposite the orthosteric site as described

previously (Hughes et al., 2014). (H) The orthosteric binding of GA (orange) resembles that of rosiglitazone, albeit with a marked extension toward helix H1. This

allows allosteric binding of the second GAmolecule (magenta), which spans between helices H2 and H5 partially occupying the alternative site and a cavity of the

orthosteric pocket.

See also Figure S2 and Table S1.
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of 29 fluorescein-labeled canonical nuclear receptor co-regu-

lator interaction motifs for binding to the Tb3+-cryptate-labeled

PPARg LBD upon addition of GA in the absence or presence

of pioglitazone in homogeneous time-resolved fluorescence

resonance energy transfer (HTRF) assays (Figure 3A). Interest-

ingly, we observed that the recruitment profile for GA was

remarkably different from that of pioglitazone. While pioglitazone

enhanced the recruitment of CREB-binding protein (CBP),
1492 Cell Chemical Biology 28, 1489–1500, October 21, 2021
PPARg co-activator 1-alpha (PGC-1a), vitamin D receptor inter-

acting protein (DRIP), and nuclear receptor co-activator 6

(NCoA6, also termed PRIP, RAP250) as well as steroid receptor

co-activator (SRC) to some extent, GA exhibited the opposite ef-

fect by displacing these co-activators from PPARg. In reverse,

GAwas observed to promote the recruitment of nuclear receptor

co-repressors 1 (NCoR1) and 2 (NCoR2, also termed silencing

mediator for retinoid or thyroid hormone receptors, SMRT),



Figure 3. Effects of PIO, GA, and GA + PIO on co-regulator recruitment to PPARg in homogeneous time-resolved fluorescence resonance

energy transfer (HTRF)-based settings

Tb3+-cryptate-labeled PPARg LBD served as FRET donor, fluorescein-labeled co-regulator peptides were used as FRET acceptors.

(A) Interaction scan for PIO-, GA-, and GA + PIO-induced changes in the PPARg recruitment profile. Two concentrations were tested for each compound. Data

are the mean ± SD relative HTRF compared with 1% DMSO, N = 4.

(B) Dose-dependent effects of PIO, GA and GA + PIO on the recruitment of the interactors CBP, PGC-1a, NCoA6, DRIP2, NCoR1, and NCoR2 (SMRT). Data are

the mean ± SD, N = 3.

(C) Corresponding EC50 and half-maximal inhibitory concentration (IC50) values of PIO, GA, and GA + 1 mM PIO on co-regulator recruitment to PPARg.
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whichwas in contrast to pioglitazone that displaced NCoR2 from

PPARg. Surprisingly, when both ligands were combined, GA

dominated and counteracted all pioglitazone-induced effects

on co-regulator binding.

From the primary co-regulator screen, six interactors

emerged as potential targets of GA-mediated PPARg modula-

tion. We next profiled the concentration-dependent effects of

GA on their recruitment in the absence or presence of pioglita-

zone (Figures 3B and 3C). The results further confirmed that GA

robustly displaced the co-activator motifs CBP, PGC-1a,

NCoA6, and DRIP from PPARg in a dose-dependent fashion

with half-maximal inhibitory concentration (IC50) values of

�14–22 mM. In addition, the positive effect of GA on the recruit-

ment of the co-repressors NCoR1 and NCoR2 was confirmed

with EC50 values of 16 and 3 mM, respectively. The addition of

1 mM pioglitazone promoted the binding of the co-activators

(CBP, PGC-1a, NCoA6, and DRIP) observable in a higher base-

line, yet did not counteract the displacement effects of GA.

Similarly, the addition of pioglitazone displaced NCoR2 from

PPARg, resulting in a lower baseline; however, this effect was

fully conquered by GA.
GA and pioglitazone induce different gene expression
patterns
Intrigued by the opposing effects of GA and pioglitazone on

PPARg co-regulator interactions, we probed whether this distin-

guished behavior on the molecular level would translate into

different effects on gene expression. We treated PPARg-express-

ing human hepatocytes (HepG2) with GA (10 mM), pioglitazone

(1 mM), GA (10 mM) + pioglitazone (1 mM), or GA (10 mM) +

GW9662 (10 mM) and determined differential gene expression

by mRNA sequencing (Figure 4). GA (5,578 genes regulated, p <

0.05) had a more pronounced impact on the HepG2 gene expres-

sion profile than pioglitazone (439 genes regulated), likely attribut-

able to its lower selectivity compared with the synthetic drug (Fig-

ure 4A). Nevertheless, 158 common genes were affected by

pioglitazone and by GA treatment (Figure 4B), corroborating the

modulation of a common target. However, the fact that GA did

not alter expression of two-thirds of genes that were regulated

by the selective PPARg agonist pioglitazone suggested differen-

tial PPARg modulation by both compounds. Indeed, clustering

of the genetic effects (Figure 4C) illustrated markedly different

gene expression patterns for GA- and pioglitazone-treated cells.
Cell Chemical Biology 28, 1489–1500, October 21, 2021 1493



Figure 4. Differential gene expression in human hepatocytes (HepG2) after treatment with PPARg ligands

HepG2 cells were treated with GA (10 mM), PIO (1 mM), GA (10 mM) + PIO (1 mM), or GA (10 mM) + GW9662 (10 mM); n = 4.

(A) Overall distribution of differentially expressed genes for the different treatments versus DMSO. Volcano plots show log2fold change in gene expression level (x

axis) versus statistical significance level (�log10(p value); y axis). Genes associated with PPAR signaling according to KEGG are marked in black, further details

are shown in Table 1. Other genes with strong or highly significant regulation in gray.

(B) Co-expression Venn diagrams for differential gene expression (versus DMSO) of the different treatments.

(C) Cluster analysis of differential gene expression with the different treatments.

(D) KEGG pathway enrichment analysis illustrating differential regulation of signaling pathways by the different treatments. Bar plots show statistical significance

level (�log10(padj)) of regulated KEGG pathways, numbers refer to the count of differentially expressed genes concerning the pathway.

See also Table S2.
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Table 1. Effects of different PPARg ligands on gene expression in HepG2 cells

Gene name GA versus DMSO PIO versus DMSO GA + PIO versus DMSO GA + GW versus DMSO

PLIN2 0.978 (< 0.001) 0.649 (< 0.001) 1.114 (< 0.001) 0.927 (< 0.001)

CPT1A 1.075 (< 0.001) 0.342 (0.042) 1.301 (< 0.001) 1.785 (< 0.001)

ACSL1 0.578 (< 0.001) 0.498 (0.002) 0.377 (0.005)

HMGCS2 1.070 (< 0.001) 0.604 (0.021) 1.113 (< 0.001) 0.725 (0.002)

PPARA 0.792 (< 0.001) 0.572 (0.008)

ACOX1 0.291 (< 0.001) 0.150 (0.049) 0.373 (< 0.001) 0.208 (0.016)

SCD 0.413 (< 0.001) 0.418 (0.005)

ACSL6 �0.580 (< 0.001) �0.472 (0.023) �0.583 (0.001)

FADS2 0.287 (0.001) 0.330 (0.001)

HMGCS1 0.394 (0.001) 0.282 (0.031)

PLIN1 0.899 (0.002) 0.622 (0.045) 0.971 (0.001)

SLC27A4 0.323 (0.002) 0.305 (0.005) 0.510 (< 0.001)

ACSL4 0.471 (0.003)

RXRA 0.233 (0.004) 0.255 (0.011)

PCK1 0.667 (0.004) 0.775 (0.001) 0.594 (0.022)

APOA2 �0.457 (0.006) �0.369 (0.013)

ACSL3 0.369 (0.006)

APOA1 �0.453 (0.007) �0.406 (0.008)

ACADM 0.325 (0.010) 0.347 (0.020)

CYP8B1 0.364 (0.011)

PDPK1 0.289 (0.011)

EHHADH 0.342 (0.019)

ACOX3 0.233 (0.030)

PLIN5 �0.410 (0.034)

CPT2 0.272 (0.040) 0.411 (0.004)

FABP5 �0.291 (0.041)

APOC3 �0.531 (0.047) �0.390 (0.028)

ACAA1 0.237 (0.006) 0.210 (0.026)

PCK2 0.333 (0.001)

PLIN4 0.419 (0.006) 0.387 (0.016)

CYP7A1 �0.635 (0.043) �1.092 (0.001)

FABP1 0.357 (0.025)

IRS1 0.688 (< 0.001)

G6PC 0.544 (0.013)

GDPGP1 �0.603 (0.017)

FOXO1 0.420 (0.033)

PIK3C2B 0.495 (< 0.001)

PIK3C2A 0.459 (0.003)

PIK3CA 0.482 (0.003)

PIK3C3 0.350 (0.013)

PIK3AP1 0.317 (0.048)

NDUFS2 0.298 (0.003)

NDUFAF3 �0.506 (0.004)

NDUFC1 �0.392 (0.007)

NDUFV3 �0.312 (0.010)

NDUFA8 �0.303 (0.026)

NDUFB10 �0.318 (0.028)

NDUFS8 �0.284 (0.028)

NDUFA6 �0.306 (0.031)

(Continued on next page)
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Table 1. Continued

Gene name GA versus DMSO PIO versus DMSO GA + PIO versus DMSO GA + GW versus DMSO

NDUFA11 �0.385 (0.031)

NDUFB1 �0.355 (0.033)

NDUFA2 �0.345 (0.042)

COX6B1 �0.477 (0.004)

COA6 �0.327 (0.023)

COA3 �0.314 (0.023)

COX7C �0.282 (0.037)

COX5B �0.353 (0.043)

COX10 0.220 (0.045)

HepG2 cells were treated with GA (10 mM), PIO (1 mM), GA (10 mM) + PIO (1 mM), or GA (10 mM) + GW9662 (10 mM); n = 4. Data are shown as log2fold

change in gene expression with p values in parentheses. The upper part shows all statistically significant (p < 0.05 versus DMSO) effects on genes

associated with PPAR signaling according to KEGG. The lower part shows selected statistically significant (p < 0.05 versus DMSO) effects on genes

involved in insulin signaling, glucose metabolism, and oxidative phosphorylation that were selectively regulated by GA treatment. See also Table S2.
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Combined GA and pioglitazone treatment, interestingly, induced

less changes in the HepG2 gene expression profile (740 genes

regulated) than GA alone. The combination of both compounds,

hence, did not cause the sum of their effects, suggesting interfer-

ence of their modes of action.

The covalent PPARg antagonist GW9662 (10 mM) partly

blocked the effects of GA on gene expression (Figure 4A),

demonstrating the PPAR-mediated effects of GA. Nonetheless,

2,761 (49%) of genes altered upon GA treatment were also regu-

lated in the presence of GW9662 (Figure 4B), illustrating that

further macromolecular targets and signaling pathways are

involved in the activities of GA.

Closer inspection of differential gene expression revealed pro-

nounced modulation of several PPARg-regulated genes for GA

and pioglitazone treatment, but with obvious differences (Fig-

ure 4A; Tables 1 and S2). The thiazolidinedione mainly induced

genes involved in lipid storage (PLINs), gluconeogenesis

(PCK1), and fatty acid oxidation (ACAA1, ACOX, and CPT1A).

GA similarly promoted gluconeogenesis (PCK1) and induced

even more genes of fatty acid oxidation (ACOX1, ACOX3,

ACADM, CPT1A, CPT2, and EHHADH), yet differentially modu-

lated lipid storage genes with PLIN1 and PLIN2 upregulation

but PLIN5 downregulation. In addition, GA affected fatty acid

transport genes (ACSLs, SLC27A4), promoted lipogenesis

(SCD, FADS2), and induced the cell survival factor PDPK1, all

of which are associated with PPAR signaling. Moreover, GA

regulated key genes of insulin signaling (FOXO1, IRS1, PIK3s),

glucose metabolism (G6PC, GDPGP1), and oxidative phosphor-

ylation (cytochrome c oxidases, NADH dehydrogenases) that

were not affected by pioglitazone. The PPARg antagonist

GW9662 efficiently blocked effects of GA on lipid storage

(PLIN1, PLIN5), gluconeogenesis (PCK1), fatty acid transport

(ACSLs), cell survival (PDPK1), insulin signaling (FOXO1, IRS1,

PIK3s), glucose metabolism (G6PC, GDPGP1), and oxidative

phosphorylation (cytochrome c oxidases, NADH dehydroge-

nases) suggesting the involvement of PPARg in their modulation

by GA. Overall, GA caused significant (p < 0.05) changes in the

expression of 2,191 protein-coding genes (Table S2) that were

reversed by the PPARg antagonist GW9662 and not altered

upon pioglitazone treatment, suggesting them as potential spe-
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cific PPARg-mediated effects of GA. Among them, the orphan G

protein-coupled receptor 20 (GPR20), the transcription factor

encoding homeobox D4 (HOXD4), and the solute carrier neutral

and basic amino acid transport protein (SLC3A1) revealed the

strongest selective induction by GA (log2fold change > 4).

When applied together, GA and pioglitazone exhibited different

effects on PPARg-regulated genes compared with the individual

compounds aligning with their opposing effects on PPARg co-

regulator interactions. Combined GA and pioglitazone treatment

amplified several effects of pioglitazone on PPARg-regulated

genes such as CPT1A (log2fold increase 1.3 versus 0.3), PLIN1

(1.0 versus 0.6), and PLIN2 (1.1 versus 0.6). In addition, this com-

bination induced PPARg-regulated genes that were not upregu-

lated by pioglitazone alone (e.g., ACSL1, ACSL6, SLC27A4) and

it failed to regulate genes that were affected by GA alone (e.g.,

SCD, FADS2, EHHADH, CPT2, PDPK1).

Remarkable differences between GA and pioglitazone treat-

ment were also evident in Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) (Kanehisa et al., 2017; Ogata et al., 1999) pathway

enrichment analysis (Figure 4D). Although pioglitazone selectively

and significantly upregulated PPAR signaling, only weak ten-

dencies toward effects on lipid and carbohydrate metabolism

were detected. GA affected several more KEGG pathways,

including strong enrichment of thermogenesis, oxidative phos-

phorylation, fatty acid metabolism, and insulin signaling, all of

which are linked to PPAR activation. Interestingly, however, the

PPARsignalingpathwaywasnot significantlyaffectedbyGAtreat-

ment. All effects of GA on KEGG pathways were abolished by the

PPARg antagonist GW9662, demonstrating PPARg-mediated ac-

tivity of GA. As observed for individual PPARg-regulated genes,

combined GA and pioglitazone treatment had a weaker effect on

PPAR signaling than pioglitazone but induced several pathways

associated with PPAR activation, such as glycolysis, gluconeo-

genesis, fatty acid metabolism, and CYP metabolism, which

were not upregulated for individual GA or pioglitazone treatment.

DISCUSSION

It has been proposed that vitamin E, in analogy to the lipophilic

vitamins A and D, has to undergo metabolic activation to act
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on specific regulatory enzymes and receptors (Schubert et al.,

2018). Recent reports on 5-LO-mediated (Pein et al., 2018) and

PXR-mediated (Bartolini et al., 2020) activities of vitamin E me-

tabolites, together with our findings, strongly support this hy-

pothesis and suggest rather promiscuous activities for vitamin

E metabolites. Among various nuclear receptors, a-130-COOH

exhibited the most promiscuous activity profile while d-130-
COOH was slightly more selective for PPAR modulation. The

natural vitamin E mimetic GA revealed PPAR agonism represen-

tative for the vitamin Emetabolites and thuswas profiled in depth

for its mode of action. Co-crystal structure analysis demon-

strated the binding of two GA molecules within the PPARg

LBD: one in the canonical orthosteric site and the other in an allo-

steric pocket. This structural finding was consistent with the GA-

mediated PPARg modulation in the presence of the orthosteric

reference agonist pioglitazone observed in two cellular settings.

Detectable ability of GA to further enhance the activity of piogli-

tazone-activated PPARg suggested therefore simultaneous

modulation. These observations provide a structural basis sup-

porting previous reports that have located an alternate binding

site within PPARg (Hughes et al., 2014) and proposed coopera-

tive activity of ligands binding outside the canonical binding

pocket with orthosteric agonists (Hurtado et al., 2012; Lea

et al., 2004).

Although exhibiting activation effects in reporter gene assays

similar to synthetic agonists, GA caused remarkably different ef-

fects on co-regulator recruitment to PPARg in comparison with

known ligands, such as pioglitazone. While pioglitazone induced

robust co-activator (CBP, PGC-1a, NCoA6, and DRIP) recruit-

ment to PPARg, GA strongly favored binding of the bona fide

co-repressors NCoR1 and NCoR2. Therein, GA was also able

to counteract pioglitazone. At first glance, this might suggest

that GA acts as an inverse PPARg agonist that stabilizes an inac-

tive repressed state of the nuclear receptor. However, the

PPARg-GA co-crystal complex adopts an active conformation

with helix 12 tightly bound to the core of the LBD, which strongly

contradicts inverse agonism (Heidari et al., 2019). Moreover, GA

robustly activated native human PPARg and the Gal4-PPARg

hybrid in cellular settings with higher efficacy than the orthosteric

agonist pioglitazone.

The observation of GA inducing an active conformation and

activating transcriptional activity of PPARg but favoring NCoR1

and NCoR2 binding has important implications on molecular un-

derstanding of the nuclear receptor’s activation mechanisms.

Previous studies (Heidari et al., 2019) have demonstrated that

both the active and the inactive conformation of PPARg are dy-

namic and mainly differ in the positions of helices H12 and H3,

and the U loop. Structural comparison between the GA- and ro-

siglitazone-PPARg complexes revealed no major differences in

these regions. The activation helices (H12) of both structures

were highly aligned and there was also no difference observed

in H3 despite direct contacts of allosterically bound GA to this

helix. Our findings, furthermore, suggest that GA can also bind

to the allosteric site of PPARg with an orthosterically bound

agonist such as glitazones, providing an explanation for the syn-

ergistic activity observed in cellular settings.

Thus, our results show that PPARg can recruit NCoR1 and

NCoR2 also in a conformation involving active arrangements of

helix 12, helix 3, and the U loop, suggesting a PPARg co-acti-
vator role of NCoR1 and NCoR2. Several bona fide NCoRs

have been previously associated with increased transcriptional

activation (Baymaz et al., 2015; White et al., 2004), demon-

strating that a clear separation in co-activator and

co-repressor is not possible in many cases. This is further exem-

plified by the kinase inhibitor imatinib, which was recently

identified as a PPARg antagonist but crystallized with PPARg

in complex with the co-activator SRC1 (PDB: 6KTN ) (Jang

et al., 2019). Imatinib occupies parts of the orthosteric and allo-

steric GA binding sites but lacks contact to the activation tetrad

(Figures S2C and S2D). Moreover, a recent study revealed that

NCoR recruitment to PPARd alone is not sufficient for full tran-

scriptional repression (Legrand et al., 2019). Despite testing

only a subset of potential co-regulators in the PPARg activation

network, we propose that the agonist activity of GA is not

mediated by canonical co-activators, but merely involves contri-

butions by NCoRs, as has been described for other ligand-acti-

vated transcription factors. Both NCoR1 (Lima et al., 2018) and

PPARs (Jamwal et al., 2020) are crucially involved in the tran-

scriptional control of mitochondrial homeostasis and oxidative

metabolism, and PPAR-NCoR interactions have, for example,

been ascribed an important role in nutrient-dependent signaling

in liver (Kang and Fan, 2020).

The mechanistically different modes of PPARg modulation by

GA and pioglitazone translated into remarkably different effects

in cellular settings. While differential gene expression analysis

of HepG2 cells after GA or pioglitazone treatment revealed in-

duction of PPARg-regulated genes by both compounds, pro-

nounced differences were observable. Pioglitazone exclusively

induced canonical PPAR signaling and mainly upregulated

genes involved in lipid storage, gluconeogenesis, and fatty

acid oxidation. GA affected the expression levels of significantly

more genes than pioglitazone, including PPARg-dependent and

-independent effects. Compared with pioglitazone, GA caused

additional effects on fatty acid transport, cell survival, insulin

signaling, glucose metabolism, and oxidative phosphorylation

pathways, which were blocked by the covalent PPARg antago-

nist GW9662 and hence were likely PPARg-mediated. Especially

GA-induced upregulation of oxidative metabolism was intriguing

as it aligned with the observed GA-dependent recruitment of

NCoR1 to PPARg. In line with opposing effects of GA and piogli-

tazone on several co-regulators, combined treatment with both

compounds abrogated some PPARg-dependent effects of the

individual compounds, while other PPARg-dependent genes re-

mained upregulated. Allosteric PPARg regulation by GA, hence,

cannot be simply described by ago-positive activity, as

observed in reporter gene assays but involves additive and

antagonistic components regarding orthosteric activation as

obvious from differential co-regulator recruitment and gene

expression profiles. Selective targeting of the allosteric binding

site may enable further elucidation of the complex co-regulatory

network and transcriptional effects of allosteric PPARg

modulation.

In addition to these mechanistic findings on PPARg modula-

tion, our observations also have considerable importance

regarding the profound yet elusive pharmacological activities

of vitamin E (Dysken et al., 2014; Lavine et al., 2011; Sanyal

et al., 2010). PPARs have a longstanding history as drug targets

in type 2 diabetes and other metabolic diseases (Lamers et al.,
Cell Chemical Biology 28, 1489–1500, October 21, 2021 1497
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2012), providing a link between PPAR modulation by oxidized

vitamin E metabolites and the recommendation status of vitamin

E as a major treatment option in NAFLD (Chalasani et al., 2018).

Remarkably, such recommendation also exists for the PPARg

agonist pioglitazone by some societies (Chalasani et al., 2018).

Pharmacokinetic profiles and endogenous tissue levels of GA

and naturally formed tocopherol carboxylates to estimate phar-

macological relevance of PPARg-mediated effects have not

been precisely determined yet. However, both GA and a-130-
COOH have been detected in plasma (Marinelli et al., 2020;

Pein et al., 2018; Wallert et al., 2014), indicating also consider-

able exposure in the liver. Moreover, a-130-COOH was charac-

terized as a major vitamin E metabolite in humans (Pein et al.,

2018) and, since vitamin Emainly undergoes hepaticmetabolism

(Bardowell et al., 2012), a-130-COOH and other oxidized metab-

olites likely have high abundance and a profound relevance in the

liver. In addition, in the context of AD, GA was found to decrease

brain b-amyloid in experimental AD inmice (Marinelli et al., 2020).

Such effects have also been demonstrated for PPAR activation

in concert with other factors (Galimberti and Scarpini, 2017).

Allosteric modulation of PPARg by GA and oxidized vitamin E

metabolites adds another dimension to the already complex pic-

ture of natural PPARg ligands (Gellrich et al., 2020). Through

such an allosteric mechanism, vitamin E metabolites might

potentiate activities of natural orthosteric PPARg ligands and

thereby importantly contribute to PPAR signaling. Moreover,

allosteric binding of GA, together with its remarkable PPARg

activation efficacy despite an NCoR favoring co-regulator

recruitment profile, calls into question common understanding

of PPARg and suggests thatmore factors are involved in its com-

plex regulatory network. Targeting this allosteric PPAR regula-

tion with next-generation PPAR ligands might enable a more

specific modulation and open therapeutic avenues.

SIGNIFICANCE

Vitamin E exhibits profound pharmacological activities, for

example, in Alzheimer’s disease and NAFLD, and even holds

therapeutic recommendation to treat the latter pathology.

However, mechanistic understanding and knowledge of

macromolecular targets mediating the effects of vitamin E

are lacking. Our findings characterize vitamin E metabolites

as modulators of the ligand-activated transcription factor

PPARg whose beneficial effects on metabolic balance are

well defined, providing a link to the effects of vitamin E in

NAFLD. Moreover, PPARg activation has been associated

with neuroprotective actions suggesting a link to Alz-

heimer’s disease, too. Vice versa, our observations are of

considerable importance for molecular understanding of

PPARg. The discovery of allosteric binding of the vitamin E

mimetic garcinoic acid provides a structural basis for an

alternative mode of PPARg modulation. This is highlighted

by remarkably different effects of garcinoic acid and the or-

thosteric agonist pioglitazone on co-regulatory interactions

of PPARgwith, for example, an ability of garcinoic acid to re-

cruit NCoR1 and NCoR2 to PPARg. These unprecedented

co-regulatory interactions of PPARg align with the markedly

distinct effects of garcinoic acid and pioglitazone on PPAR-

regulated gene expression profiles in HepG2 cells. In
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contrast to strong induction of PPAR signaling by pioglita-

zone, garcinoic acid mainly affected thermogenesis and

oxidative phosphorylation pathways. These findings imply

alternative PPARgmodulation by garcinoic acid and suggest

a possibility of gene-selective PPARg regulation by ligands.

Hence, our findings not only characterize garcinoic acid and

tocopherol carboxylates as PPARg modulators but also

open an alternative avenue for therapeutic targeting of this

important transcription factor.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E.coli BL21 T7 Express (High efficiency) New England Biolabs Cat#C2566

Chemicals, peptides, and recombinant proteins

Garcinoic acid (GA) (Wallert et al., 2019) Isolation from Garcinia kola seeds

a-13’-carboxytocopherol (Birringer et al., 2010; Mazzini et al., 2009) Semisynthesis from GA

a-13’-hydroxytocopherol (Birringer et al., 2010; Mazzini et al., 2009) Semisynthesis from GA

d-13’-carboxytocopherol (Birringer et al., 2010; Mazzini et al., 2009) Semisynthesis from GA

d-13’-hydroxytocopherol (Birringer et al., 2010; Mazzini et al., 2009) Semisynthesis from GA

Pioglitazone Sigma-Aldrich Cat#CDS021593; CAS: 111025-46-8

Rosiglitazone TCI Cat#R0106; CAS: 122320-73-4

GW9662 Sigma-Aldrich Cat#M6191; CAS: 22978-25-2

Recombinant PPARg LBD protein

(aa 234-505) for ITC

(Hinnah et al., 2020) N/A

Recombinant PPARg LBD protein

(aa 203-477) for crystallization

(Gellrich et al., 2020) N/A

Biotinylated recombinant PPARg

LBD (aa 234-505) fusion protein

(Gellrich et al., 2020) N/A

Streptavidin-Tb cryptate Cisbio Bioassays Cat#610SATLB

SRC 1-1: Fluorescein-

KYSQTSHKLVQLLTTTAEQQL-OH

Life Technologies Cat#PV4576

SRC 1-2: Fluorescein-

LTARHKILHRLLQEGSPSD-OH

Life Technologies Cat#PV4578

SRC 1-3: Fluorescein-

ESKDHQLLRYLLDKDEKDL-OH

Life Technologies Cat#PV4580

SRC 1-4: Fluorescein-

GPQTPQAQQKSLLQQLLTE-OH

Life Technologies Cat#PV4582

SRC 2-1: Fluorescein-

DSKGQTKLLQLLTTKSDQM-OH

Life Technologies Cat#PV4584

SRC 2-2: Fluorescein-

LKEKHKILHRLLQDSSSPV-OH

Life Technologies Cat#PV4586

SRC 2-3: Fluorescein-

KKKENALLRYLLDKDDTKD-OH

Life Technologies Cat#PV4588

SRC 3-1: Fluorescein-

ESKGHKKLLQLLTCSSDDR-OH

Life Technologies Cat#PV4590

SRC 3-2: Fluorescein-

LQEKHRILHKLLQNGNSPA-OH

Life Technologies Cat#PV4592

SRC 3-3: Fluorescein-

KKENNALLRYLLDRDDPSD-OH

Life Technologies Cat#PV4594

NCOR ID1: Fluorescein-

RTHRLITLADHICQIITQDFARN-OH

Life Technologies Cat#PV4622

NCOR ID2: Fluorescein-

DPASNLGLEDIIRKALMGSFDDK-OH

Life Technologies Cat#PV4624

SMRT ID1: Fluorescein-

GHQRVVTLAQHISEVITQDYTRH-OH

Life Technologies Cat#PV4620

SMRT ID2: Fluorescein -

HASTNMGLEAIIRKALMGKYDQW-OH

Life Technologies Cat#PV4423

(Continued on next page)
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CBP-1: Fluorescein-

AASKHKQLSELLRGGSGSS-OH

Life Technologies Cat#PV4596

C33: Fluorescein-

HVEMHPLLMGLLMESQWGA-OH

Life Technologies Cat#PV4606

D11-FXXLF: Fluorescein-

VESGSSRFMQLFMANDLLT-OH

Life Technologies Cat#PV4382

D22: Fluorescein-

LPYEGSLLLKLLRAPVEEV-OH

Life Technologies Cat#PV4386

EAB1: Fluorescein-

SSNHQSSRLIELLSR-OH

Life Technologies Cat#PV4608

EA2: Fluorescein-

SSKGVLWRMLAEPVSR-OH

Life Technologies Cat#PV4610

ARA70: Fluorescein-

SRETSEKFKLLFQSYNVND-OH

Life Technologies Cat#PV4618

AR N-term: Fluorescein-

SKTYRGAFQNLFQSVREVI-OH

Life Technologies Cat#PV4616

PGC1a: Fluorescein-

EAEEPSLLKKLLLAPANTQ-OH

Life Technologies Cat#PV4421

PRIPRAP250: Fluorescein-

VTLTSPLLVNLLQSDISAG-OH

Life Technologies Cat#PV4604

RIP140L6: Fluorescein-

SHQKVTLLQLLLGHKNEEN-OH

Life Technologies Cat#PV4600

RIP140L8: Fluorescein-

SFSKNGLLSRLLRQNQDSY-OH

Life Technologies Cat#PV4602

TB3: Fluorescein-

SSVASREWWVRELSR-OH

Life Technologies Cat#PV4614

TRAP220/DRIP-1: Fluorescein-

KVSQNPILTSLLQITGNGG-OH

Life Technologies Cat#PV4598

TRAP220/DRIP-2: Fluorescein-

NTKNHPMLMNLLKDNPAQD-OH

Life Technologies Cat#PV4549

Critical commercial assays

Dual-Glo� Luciferase Assay System Promega Cat#E2940

E.Z.N.A.� Total RNA Kit I Omega Bio-Tek Inc. R6834-02

NEBNext� UltraTM RNA Library

Prep Kit for Illumina�
New England Biolabs Cat#E7530L

AMPure XP system Beckman Coulter Cat#A63882

PE Cluster Kit cBot-HS Illumina Cat#PE-401

Deposited data

PPARg-GA crystal structure This paper PDB: 7AWD

PPARg-rosiglitazone crystal structure This paper PDB: 7AWC

Differential gene expression data This paper ArrayExpress:

E-MTAB-10328

Human reference genome NCBI build 38,

GRCh38

Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

KEGG database resource (Kanehisa et al., 2017; Ogata et al., 1999) https://www.genome.jp/kegg/

Experimental models: cell lines

Human: HEK293T cells DSMZ ACC 635

Human: HepG2 cells DSMZ ACC 180

Recombinant DNA

Plasmid: pFA-CMV-hPPARa-LBD (Rau et al., 2006) N/A

Plasmid: pFA-CMV-hPPARg-LBD (Rau et al., 2006) N/A

(Continued on next page)
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Plasmid: pFA-CMV-hPPARd-LBD (Rau et al., 2006) N/A

Plasmid: pFA-CMV-hTHRa-LBD (Gellrich et al., 2020) N/A

Plasmid: pFA-CMV-hTHRb-LBD (Gellrich et al., 2020) N/A

Plasmid: pFA-CMV-hRARa-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hRARb-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hRARg-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hLXRa-LBD (Heitel et al., 2017) N/A

Plasmid: pFA-CMV-hLXRb-LBD (Heitel et al., 2017) N/A

Plasmid: pFA-CMV-hRXRa-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hRXRb-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hRXRg-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hFXR-LBD (Schmidt et al., 2015) N/A

Plasmid: pFA-CMV-hCAR-LBD (Flesch et al., 2017) N/A

Plasmid: pFA-CMV-hVDR-LBD (Flesch et al., 2017) N/A

Plasmid: pFR-Luc Stratagene Cat#219050

Plasmid: pRL-SV40 Promega Cat#E2231

Plasmid: PPRE1-pGL3 (Pollinger et al., 2019) N/A

Software and algorithms

GraphPad Prism version 7.00 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

NanoAnalyze version 3.7.5 TA Instruments https://www.tainstruments.com/support/

software-downloads-support/downloads/

XDS (Kabsch, 2010) http://xds.mpimf-heidelberg.mpg.de/

AIMLESS from CCP4 Suite (Evans and Murshudov, 2013) http://www.ccp4.ac.uk/

Phaser (McCoy et al., 2007) https://www.phaser.cimr.cam.ac.uk/index.

php/Phaser_Crystallographic_Software

Coot (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

REFMAC5 (Skubák et al., 2004) https://www2.mrc-lmb.cam.ac.uk/groups/

murshudov/content/refmac/refmac.html

Fastp (Chen et al., 2018) https://github.com/OpenGene/fastp

STAR v2.5 (Dobin et al., 2013) https://github.com/alexdobin/STAR/

releases

HTseq v0.6.1 (Anders et al., 2015) https://htseq.readthedocs.io/en/master/

Cufflink (Trapnell et al., 2012) http://cole-trapnell-lab.github.io/cufflinks/

TopHat (Trapnell et al., 2012) http://ccb.jhu.edu/software/tophat/

index.shtml

DESeq2 R package v2_1.6.3 (Love et al., 2014) http://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

clusterProfiler R package v3.8.1 (Yu et al., 2012) https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

MOE version 2018.0101 Chemical Computing Group https://www.chemcomp.com/

Products.htm
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel

Merk (merk@pharmchem.uni-frankfurt.de).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
Coordinates of the co-crystal structures solved and analyzed in this study are available at the wwPDB with the accession codes

7AWD (PPARg-GA) and 7AWC (PPARg-rosiglitazone). Differential gene expression data are available at ArrayExpress with the

accession code E-MTAB-10328.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells (German Collection of Microorganisms and Cell Culture GmbH, DSMZ) and HepG2 cells (DSMZ) were cultured in Dul-

becco’s modified Eagle’s medium (DMEM), high glucose supplemented with 10% fetal calf serum (FCS), sodium pyruvate (1 mM),

penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37�C and 5% CO2.

METHOD DETAILS

Chemicals and compounds
GA was isolated as described previously (Wallert et al., 2019). In brief, Garcinia kola seeds were mashed and extracted three times

withmethanol (1 L/kg). The solvent was evaporated and the residuewas dissolved in amixture ofmethanol and chloroform (95:5). The

mixture was dried over sodium sulfate, and the solvents were evaporated under reduced pressure. Garcinoic acid (purity > 95%) was

isolated from the crude extract by column chromatography using chloroform/methanol and hexane/acetone as solvent systems. The

13’-carboxytocopherols (a-13’-COOH and d-13’-COOH) and the 13’-hydroxytocopherols (a-13’-OH and d-13’-OH) were obtained

from GA by semi-synthesis as reported previously (Birringer et al., 2010; Mazzini et al., 2009). In brief, GA was hydrogenated using

Adam’s catalyst to obtain d-13’-COOH. SnCl2-mediated methylation of d-13’-COOH with paraformaldehyde gave a-13’-COOH.

Reduction of a-13’-COOH and d-13’-COOH with LiAlH4 produced the corresponding alcohols a-13’-OH and d-13’-OH.

Hybrid reporter gene assays
The plasmids pFA-CMV-hPPARa-LBD, pFA-CMV-hPPARg-LBD, pFA-CMV-hPPARd-LBD, pFA-CMV-hTHRa-LBD, pFA-CMV-hTHRb-

LBD, pFA-CMV-hRARa-LBD, pFA-CMV-hRARb-LBD, pFA-CMV-hRARg-LBD, pFA-CMV-hLXRa-LBD, pFA-CMV-hLXRb-LBD, pFA-

CMV-hRXRa-LBD, pFA-CMV-hRXRb-LBD, pFA-CMV-hRXRg-LBD, pFA-CMV-hFXR-LBD, pFA-CMV-hCAR-LBD and pFA-CMV-

hVDR-LBD coding for the hinge region and ligand binding domain of the canonical isoform of the respective nuclear receptor were

used to express the Gal4 hybrid receptors and have been described previously (Flesch et al., 2017; Gellrich et al., 2020; Heitel et al.,

2017; Rau et al., 2006; Schmidt et al., 2015). pFR-Luc (Stratagene, La Jolla, CA, USA) served as Gal4 responsive reporter and pRL-

SV40 (Promega, Madison, WI, USA) was used as internal control in the hybrid reporter gene assays. HEK293T cells (German Collection

ofMicroorganisms andCell CultureGmbH,DSMZ)were cultured in Dulbecco’smodifiedEagle’smedium (DMEM), high glucose supple-

mented with 10% fetal calf serum (FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37�C and 5%

CO2 and seeded in 96-well plates (33104 cells/well) twenty-four hours prior to transfection. Before transfection,mediumwas changed to

Opti-MEMwithout supplements and transient transfectionwith abovementionedplasmids (pFR-Luc, pRL-SV40andonepFA-CMV-NR-

LBD clone) was carried out with Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.

Five hours after transfection, medium was changed to Opti-MEM supplemented with penicillin (100 U/mL) and streptomycin (100 mg/

mL) additionally containing 0.1% dimethyl sulfoxide (DMSO) and the respective test compound or 0.1%DMSO alone as untreated con-

trol. Each concentrationwas tested in duplicates and each experiment was repeated independently at least three times. Following over-

night (14�16 h) incubation, cellswere assayed for luciferase activity using theDual-Glo� Luciferase Assay System (Promega) according

to the manufacturer’s protocol. Luminescence was measured with a Tecan Spark luminometer (Tecan Deutschland GmbH, Germany).

Normalization of transfection efficiency and cell growthwas done by division of firefly luciferase data byRenilla luciferase data andmulti-

plying the valueby1000 resulting in relative light units (RLU). Fold activationwasobtainedbydividing themeanRLUof test compoundby

the mean RLU of the untreated control. Max. relative activation refers to fold reporter activity divided by the fold activation of respective

reference agonist (PPARa: 1 mMGW7647; PPARg: 1 mMpioglitazone; PPARd: 1 mML165,041; THRa/b: 0.1 mMtriiodothyronine; RARa/b/

g: 1 mM tretinoin; LXRa/b: 1 mM T0901317; RXRa/b/g: 1 mM bexarotene; FXR: 1 mMGW4064; CAR: 1 mM CITCO; VDR: 1 mM calcitriol)

treated cells. All hybrid assays were validated with the respective reference agonists which yielded EC50 values in agreement with the

literature.

PPRE reporter assay in PPARg expressing HepG2 cells
The reporter plasmid PPRE1-pGL3 coding for a firefly luciferase reporter gene under control of the human full length PPAR response

element (PPRE) has been described previously (Pollinger et al., 2019). pRL-SV40 (Promega) was used for normalization of transfec-

tion efficiency and cell growth. HepG2 cells (DSMZ) were cultured in DMEM, high glucose supplemented with 10% fetal calf serum

(FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37�C and 5% CO2 and seeded twenty-four

hours prior to transfection in 96-well plates (1.253104 cells/well) pre-coated with Collagen G solution. Before transfection, medium

was changed to Opti-MEM without supplements and transient transfection was carried out using Lipofectamine 3000 reagent (Invi-

trogen) according to the manufacturer’s protocol with PPRE1-pGL3 and pRL-SV40 (Promega). Five hours after transfection, medium

was changed to Opti-MEM supplemented with penicillin (100 U/mL) and streptomycin (100 mg/mL), additionally containing 0.1%
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DMSO and the respective test compound or 0.1% DMSO alone as untreated control. Each concentration was tested in duplicates

and each experiment was repeated independently four times. After overnight (14�16 h) incubation the cells were assayed for lucif-

erase activity as described above. The PPRE reporter gene assaywas validated with rosiglitazone as PPARg reference agonist which

yielded an EC50 value in agreement with the literature.

Production of recombinant PPARg LBD protein for ITC
As described previously (Hinnah et al., 2020), a cDNA sequence optimized for codon usage in E.coli K12 and coding for an N-terminal

His10-Tag followed in frame by a TEV cleavage side and the PPARg isoform 2 LBD (aa 234-505) was cloned into the backbone of

pET29b for expression under the control of the T7 promoter. E.coliBL21 T7 express were transformed with the described expression

plasmid and the plasmid pGro7 for co-expression of GroEL/ES (chaperone plasmid set; TaKaRa Bio, Inc.). Cultures in LB medium

containing 35 mg/mL kanamycin and 34 mg/mL chloramphenicol were grown at 37�C and 180 rpm. When OD600 reached 0.6 - 0.7 the

temperature was lowered to 18�C and expression of GroEL/ES was induced by addition of 1 g/L L-arabinose. 30 minutes later

expression of PPARg LBD was induced by the addition of 0.5 mM IPTG and the cultures were supplemented with�200 mL Antifoam

Y-30 (Sigma-Aldrich) per liter. After 14 - 18 h the cells were harvested by centrifugation (20 min, 6000xg, 4�C). A cell pellet from 2 L of

culture was thawed and resuspended in a total volume of 50 mL of lysis buffer (400 mM NaCl, 25 mM Tris pH 7.8, 20 mM ß-mercap-

toethanol, 10%w/v glycerol) supplemented with 25mM imidazole, 2 mMMgSO4, 750 Kunitz DNAse I, 250 Kunitz RNAse A, a spatula

tip of lysozyme and one tablet of Roche complete EDTA-free protease inhibitor cocktail. After incubation for 30minutes onwet ice the

slurry was diluted with three volumes of IMAC buffer A (400 mM NaCl, 25 mM NaPi pH 7.8, 20 mM ß-mercaptoethanol, 10% w/v

glycerol) supplementedwith 25mM imidazole and cell lysis was enforced by passage through a homogenizer at a combined pressure

of 1000 psi. The suspension was supplemented with 1mMATP and incubated for another 30min onwet ice. Cell debris was removed

by centrifugation (20min, 16500xg, 4�C) and the supernatant was loaded at a flowrate of 3mL/min onto a prepacked 5mLHisTrap FF

column (Ge Healthcare) preequilibrated in 95% IMAC buffer A and 5% IMAC buffer B (IMAC buffer A containing 500 mM imidazole).

To remove unbound proteins, the column was washed with 15 column volumes of the same buffer at 5 mL/min. PPARg LBD was

eluted by a linear gradient of 20 - 60% IMAC buffer B and supplemented with His7-tagged TEV protease (molar ratio of 1:25) for

digestion of the His-tag during overnight dialysis against a volume of IMAC buffer A sufficient to reduce imidazole to 10 - 15 mM.

Themixture was run gravity flow through a column packedwith 10mLNi Sepharose 6 Fast Flow (GEHealthcare) and the flow through

was concentrated under 2 bar pressure from nitrogen gas in an amicon stirring cell equipped with a 10.000 MWCOmembrane. 5 mL

concentrate were separated on a HiLoad 16/600 Superdex 75 pg gel filtration column (Ge Healthcare) equilibrated and run in assay

buffer (150 mM KF, 25 mM HEPES pH 7.5, 10% w/v glycerol, 5 mM DTT) at 1 mL/min. The protein used for isothermal titration ex-

periments was taken from the middle of the peak corresponding to monomeric PPARg LBD.

Isothermal titration calorimetry (ITC)
ITC was conducted on a TA Instruments Affinity ITC (TA Instruments, New Castle, Delaware, USA) using recombinant PPARg LBD

protein dissolved in buffer at pH 7.5 containing 25 mM HEPES, 150 mM KF, 5 mM DTT, 10% w/v glycerol and 1% DMSO. Garcinoic

acid was dissolved to a final concentration of 300 mM in the same buffer, placed into the ITC syringe and titrated to 172 mL of PPARg

LBD protein (64 mM). The titration was performed at a temperature of 25�C with a stirring rate of 75 rpm and 31 injections. The first

injection had a reduced volume of 1.0 mL, followed by 30 injections of 2.5 mL. An interval of 300 s was maintained between injections.

ITC raw data were analyzed using NanoAnalyze software package (version 3.7.5). An independent binding model was used to fit the

reaction enthalpy (DH), binding affinity constant (KD), and stoichiometry (n). Free energy change (DG) was calculated from the equa-

tion DG = �RT ln K and the entropy (DS) was calculated from DG = DH�TDS.

Production of recombinant PPARg fusion protein
For generation of site-specifically biotin-labeled PPARg LBD, the before described pET29b plasmid was modified as described pre-

viously (Gellrich et al., 2020). A DNA sequence coding for Avi-Tag [GLNDIFEAQKIEWHE] followed by an in frame BamHI restriction site

was introduced between [TEV site] and the PPARg LBD encoding sequence. From this construct, a fusion protein is expressed with

N-terminal His10-Tag followed by a cleavage site for TEV protease, an Avi-Tag, and PPARg LBD (aa 234-505; isoform 2). E.coli

BL21 T7 express were transformed with the described expression plasmid and the plasmid pGro7 for co-expression of GroEL/ES

(chaperone plasmid set; TaKaRa Bio, Inc.) and selected overnight at 37�C on LB (Luria Broth) agar containing 34 mg/ml Chloramphen-

icol and 35 mg/ml Kanamycin. Liquid LB was inoculated and the culture grown at 37�C with constant shaking at 180 rpm until optical

density at 600 nm (OD600) reached 0.7. At this time point, expression of the chaperone GroEL/ES from pGro7 was induced with 1 g/L

L(+)-Arabinose, temperaturewas reduced to 20�C, and shaking to 120 rpm. 20 to 30minutes laterOD600 reached� 1 and expression of

the target protein was induced by addition of 0.5 mM IPTG. The expression cultures were incubated overnight, harvested at 6000 rpm

at 4�C and pellets were stored at -80�C or processed right away. Pellets corresponding to 2 L of culture were resuspended in 50 mL

buffer A (400 mM NaCl, 20 mM NaPi pH 7.8, 10%w/v Glycerol and 20 mM ß-mercaptoethanol) supplemented with 20 mM Imidazole.

Cells were kept on ice and disrupted in presence of 1 mM ATP, 750 Kunitz DNAse I and 250 Kunitz RNAse A (AppliChem, Darmstadt,

Germany), 2-5 mMMgSO4, and 1x EDTA-free cOmplete� protease inhibitor cocktail (F. Hoffmann-La Roche AG, Basel, Switzerland)

by addition of lysozyme and 10 passages through an Invensys APV-1000 homogenizer (APVSystems, Silkeborg, Denmark). Cell debris

was removed by centrifugation at 16500 x g for 20 minutes at 4�C. Initial purification was achieved by immobilized metal chromatog-

raphy (IMAC) using columns packedwith Ni Sepharose 6 Fast Flow resin on an ÄKTApurifier FPLC system (GEHealthcare, Chicago, IL,
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USA). After washing with buffer supplemented with 25 mM imidazole the protein was eluted with 300 mM imidazole. The elution from

IMAC was supplemented with His-tagged TEV protease (molar ratio approx. 1:50), and His-tagged E.coli biotin ligase BirA (molar ratio

approx. 1:10) for site-specific biotinylation of the Lys residue in the Avi-tag in a dialysis setting against buffer A supplemented with

0.5 mM biotin, 0.5 mM ATP, and 5 mM MgCl2. After overnight incubation at 4�C, the concentration of biotin was reduced to approx.

below 1 mM by repeated dialysis against buffer A. The mixture was then supplemented with 10 mM imidazole and passed gravity flow

through a column packed with the same resin as used for positive IMAC in order to remove TEV, birA, and unprocessed PPARg. The

flow through containing the TEV processed PPARg protein was then subjected to a column packed with 5 mLmonomeric avidin Ultra-

Link� resin (Pierce Biotechnology Inc., Rockford, IL, USA). Unlabeled protein was removed by washing for 10 column volumes with

buffer A before biotin labeled protein was eluted using buffer A supplemented with 2 mM biotin. The product was then concentrated

and subjected to SEC using a 10/30 Superdex75� column equilibrated and run in high glycerol HTRF buffer (25 mM HEPES pH 7.5,

150 mM KF, 10%w/v glycerol, 5 mM DTT). After the final purification step by SEC, proteins were aliquoted, flash frozen in liquid nitro-

gen, and stored at -80�C. Proteins were not concentrated thereafter in order to prevent aggregation and assay artefacts.

PPARg co-regulator recruitment assays
Recruitment of co-regulator peptides to the PPARg LBDwas studied in a homogeneous time-resolved fluorescence resonance energy

transfer (HT-FRET) assay system. Terbium cryptate as streptavidin conjugate (Tb-SA; Cisbio Bioassays, Codolet, France) was used as

FRETdonor for stable coupling to biotinylated recombinant PPARg LBDprotein. 29 co-regulator peptides (Willems et al., 2020) fused to

fluorescein as FRET acceptor were purchased from ThermoFisher Scientific (Life Technologies GmbH, Darmstadt, Germany). Assay

solutions were prepared in HTRF assay buffer supplemented with 0.1% w/v CHAPS and contained recombinant biotinylated PPARg

LBD (final concentration 3 nM), Tb-SA (3 nM) and the respective fluorescein-labeled co-regulator peptide (100 nM) aswell as 1%DMSO

with test compounds or DMSO alone as negative control. All HTRF experiments were carried out in 384 well format using white flat

bottom polystyrol microtiter plates (Greiner Bio-One, Frickenhausen, Germany). Each sample was tested in three (dose-response)

or four (primary screen) technical replicates. After 2 h incubation at RT, fluorescence intensities (FI) after excitation at 340 nm were re-

corded at 520 nm for fluorescein acceptor fluorescence and 620 nm for Tb-SA donor fluorescence on a SPARK plate reader (Tecan

Deutschland GmbH). FI520nm was divided by FI620nm and multiplied with 10,000 to give a dimensionless HTRF signal. Dose-

response experiments with varying concentrations of the test compounds garcinoic acid and pioglitazone were conducted in the

same manner and setting. The co-regulator peptides in this experiment were the following: steroid receptor co-activator (SRC) 1-1,

Fluorescein-KYSQTSHKLVQLLTTTAEQQL-OH; SRC 1-2, Fluorescein-LTARHKILHRLLQEGSPSD-OH; SRC 1-3, Fluorescein-ESKD

HQLLRYLLDKDEKDL-OH; SRC 1-4, Fluorescein-GPQTPQAQQKSLLQQLLTE-OH; SRC 2-1, Fluorescein-DSKGQTKLLQLLTTKSDQ

M-OH; SRC 2-2, Fluorescein-LKEKHKILHRLLQDSSSPV-OH; SRC 2-3, Fluorescein-KKKENALLRYLLDKDDTKD-OH; SRC 3-1, Fluo-

rescein-ESKGHKKLLQLLTCSSDDR-OH; SRC 3-2, Fluorescein-LQEKHRILHKLLQNGNSPA-OH; SRC 3-3, Fluorescein-KKENNALLR

YLLDRDDPSD-OH; nuclear receptor co-repressor (NCOR) ID1, Fluorescein-RTHRLITLADHICQIITQDFARN-OH; NCOR ID2, Fluores-

cein-DPASNLGLEDIIRKALMGSFDDK-OH; silencing mediator for retinoid and thyroid hormone receptor (SMRT) ID1, Fluorescein-

GHQRVVTLAQHISEVITQDYTRH-OH; SMRT ID2, Fluorescein - HASTNMGLEAIIRKALMGKYDQW-OH; CREB-binding protein 1

(CBP-1), Fluorescein-AASKHKQLSELLRGGSGSS-OH; C33, Fluorescein-HVEMHPLLMGLLMESQWGA-OH; D11-FXXLF, Fluores-

cein-VESGSSRFMQLFMANDLLT-OH; D22, Fluorescein- LPYEGSLLLKLLRAPVEEV-OH; EAB1, Fluorescein-SSNHQSSRLIELLSR-

OH; EA2, Fluorescein-SSKGVLWRMLAEPVSR-OH; androgen receptor-associated protein 70 (ARA70), Fluorescein-SRETS

EKFKLLFQSYNVND-OH; N-terminal sequence of androgen receptor (ARN-term), Fluorescein-SKTYRGAFQNLFQSVREVI-OH; perox-

isome proliferator-activated receptor gamma co-activator 1-alpha (PGC1a), Fluorescein-EAEEPSLLKKLLLAPANTQ-OH; nuclear re-

ceptor co-activator 6 (NCoA6, also termed PRIPRAP250), Fluorescein-VTLTSPLLVNLLQSDISAG-OH; nuclear receptor interacting

protein 1 (NRIP1, also termed RIP140, interaction motif L6), Fluorescein-SHQKVTLLQLLLGHKNEEN-OH; RIP140L8, Fluorescein-

SFSKNGLLSRLLRQNQDSY-OH; TB3, Fluorescein-SSVASREWWVRELSR-OH; thyroid hormone receptor associated protein (TRAP)

TRAP220/DRIP-1, Fluorescein-KVSQNPILTSLLQITGNGG-OH; TRAP220/DRIP-2, Fluorescein-NTKNHPMLMNLLKDNPAQD-OH.

PPARg LBD expression, purification and crystallization
The PPARg LBD (aa. 203-477) was expressed as described previously (Gellrich et al., 2020). The protein initially purified by Ni2+-af-

finity chromatography was treated with TEV to remove the histidine tag. The cleaved protein was passed through reverse Ni2+-affinity

chromatography and further purified by size exclusion chromatography. The pure protein at 12 mg/mL in 20 mM Tris, pH 8, 200 mM

NaCl and 0.5 mM TCEP was mixed with the ligands at 10- and 5-fold molar excess for GA and rosiglitazone, respectively. Crystal-

lization was performed using sitting drop vapor diffusion method at 20�C and the solution containing 1.2-1.4 M ammonium sulfate,

0.1 M Tris, pH 7.5-8.0. Diffraction data were collected at Swiss Light Source, X06SA, and were processed and scaled with XDS

(Kabsch, 2010) and AIMLESS (Evans and Murshudov, 2013), respectively. Initial structure solution was obtained by molecular

replacement using Phaser (McCoy et al., 2007) and the published coordinates of PPARg (PDB: 6TSG (Gellrich et al., 2020)). Iterative

cycles of manual model rebuilding alternated with refinement were performed in Coot (Emsley et al., 2010) and REFMAC5 (Skubák

et al., 2004), respectively. Data collection and refinement statistics are summarized in Table S1.

Differential gene expression analysis
Sample preparation. HepG2 cells (DSMZ) were cultured in DMEM, high glucose supplemented with 10% fetal calf serum (FCS), so-

dium pyruvate (1mM), penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37�Cand 5%CO2 and seeded in 6-well plates (1.03106
e6 Cell Chemical Biology 28, 1489–1500.e1–e8, October 21, 2021
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cells/well) for gene expression analysis. 24 h after seeding, mediumwas changed tominimal essential medium (MEM) supplemented

with 1% charcoal-stripped FCS, penicillin (100 U/mL) and streptomycin (100 mg/mL). After further 24 h, medium was changed again

toMEMsupplemented as described above now additionally containing 0.1%DMSOand the test compounds (10 mMGA, 10 mMGA+

10 mMGW9662, 1 mMpioglitazone, or 10 mMGA + 1 mMpioglitazone) or 0.1%DMSO alone as control. Each treatment condition was

set up in four independent biological repeats (n = 4). After 8 h incubation, cells were harvested, washed twice with cold phosphate

buffered saline (PBS) and then directly used for RNA extraction by the E.Z.N.A.� Total RNA Kit I (R6834-02, Omega Bio-Tek Inc.,

Norcross, GA, USA).mRNA sequencing. A total amount of 1 mg RNA per sample was used as inputmaterial for the RNA sample prep-

arations. Sequencing libraries were generated using NEBNext� Ultra� RNA Library Prep Kit for Illumina� (New England Biolabs

(NEB), Ipswich, MA, U.S.A.) following manufacturer’s recommendations and index codes were added to attribute sequences to

each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried

out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA

was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA synthesis

was subsequently performed usingDNAPolymerase I and RNaseH. Remaining overhangswere converted into blunt ends via exonu-

clease/polymerase activities. After adenylation of 3’ ends of DNA fragments, NEBNext Adaptor with hairpin loop structure were

ligated to prepare for hybridization. In order to select cDNA fragments of preferentially 150�200 bp in length, the library fragments

were purified with AMPure XP system (Beckman Coulter, Beverly, USA). Then 3 mL USER Enzyme (NEB, USA) was used with size-

selected, adaptorligated cDNA at 37�C for 15 min followed by 5 min at 95�C before PCR. Then PCR was performed with Phusion

High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, PCR products were purified (AMPure XP system)

and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed

on a cBot Cluster Generation System using PE Cluster Kit cBot-HS (Illumina) according to themanufacturer’s instructions. After clus-

ter generation, the library preparations were sequenced on an Illumina NovaSeq 6000 platform and paired-end reads were gener-

ated.Data analysis. Raw data (raw reads) of FASTQ format were firstly processed through fastp (Chen et al., 2018). In this step, clean

data (clean reads) were obtained by removing reads containing adapter and poly-N sequences and reads with low quality from raw

data. At the same time, Q20, Q30 and GC content of the clean data were calculated. All the downstream analyses were based on the

clean data with high quality. Downstream analysis was performed using a combination of programs including STAR (Dobin et al.,

2013), HTseq (Anders et al., 2015), Cufflink (Trapnell et al., 2012) and wrapped scripts. Alignments were parsed using TopHat pro-

gram (Trapnell et al., 2012) and differential expressions were determined through DESeq2 (Love et al., 2014). KEGG enrichment anal-

ysis was implemented by the ClusterProfiler. Reference genome and gene model annotation files were downloaded from genome

website browser (NCBI/UCSC/Ensembl) directly. Indexes of the reference genome were built using STAR and paired-end clean

reads were aligned to the reference genome using STAR (v2.5). STAR used the method of Maximal Mappable Prefix (MMP) which

can generate a precise mapping result for junction reads. HTSeq v0.6.1 was used to count the read numbers mapped of each

gene. Reads per kilobase of exon model per million mapped reads (RPKM, considering the effect of sequencing depth and gene

length for the reads count at the same time) of each gene was calculated based on the length of the gene and reads count mapped

to this gene. Differential expression analysis between two conditions/groups (four biological replicates per condition) was performed

using the DESeq2 R package (2_1.6.3). DESeq2 provides statistical routines for determining differential expression in digital gene

expression data using a model based on the negative binomial distribution. The resulting p values were adjusted using the Benjamini

and Hochberg’s approach for controlling the False Discovery Rate (FDR). Genes with an adjusted p value < 0.05 found by DESeq2

were assigned as differentially expressed. Venn diagrams were prepared using the function vennDiagram in R based on the gene

list for different group. We used clusterProfiler R package (Yu et al., 2012) to test the statistical enrichment of differential

expression genes in KEGG pathways using the KEGG database resource (http://www.genome.jp/kegg/) (Kanehisa et al., 2017;

Ogata et al., 1999). Correlations between individual samples were determined using the cor.test function in R with options

set alternative =’’greater’’ and method =‘‘Spearman’’. To identify the correlation between difference, different samples were clus-

tered by expression level RPKM using hierarchical clustering distance method with the function heatmap, SOM (Self-organization

mapping) and kmeans using silhouette coefficient to adapt the optimal classification with default parameter in R.

Computational methods
General. Calculations were performed in Molecular Operating Environment (MOE, version 2018.0101, Chemical Computing Group

Inc. Montreal, QC, Canada) using default settings for each tool/function unless stated otherwise. Amber10:EHT was used as the

default force field for all calculations. Molecular docking of rosiglitazone and troglitazone. Docking was performed using the X-ray

structure of PPARg LBD complexed with GA (PDB: 7AWD). Protonation states of the complex were adjusted using the MOE Quick-

Prep tool. The compound was prepared using the MOE Wash tool: protonation state enumerate at pH 7.4; coordinates rebuild 3D.

Docking was performed using the following settings in the MOE Dock tool: receptor: receptor + solvent + allosteric bound GA; site:

ligand atoms (of orthosteric bound GA); placement: pharmacophore; score: London dG; poses: 100; refinement: induced fit; refine-

ment score: GBVI/WSA dG; poses: 10. As pharmacophore query the carbonyl oxygen of orthosteric bound GA was set as acceptor

feature with 1.5 radius. The highest ranked binding mode was used. Alignment and superimposition of PPARg:GA (PDB: 7AWD) with

PPARg:rosiglitazone (PDB: 7AWC) or PPARg:troglitazone (PDB: 6DGO (Shang et al., 2019), chain A) was performed after protonation

states of the complexes were adjusted using the MOE QuickPrep tool.
Cell Chemical Biology 28, 1489–1500.e1–e8, October 21, 2021 e7
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QUANTIFICATION AND STATISTICAL ANALYSIS

Reporter gene assays
Gal4-NR and PPRE reporter gene assays were performed in at least three biologically independent experiments in technical

duplicates. Statistical significance of Gal4-NR or PPRE activation by test compounds versus DMSOwas evaluated by two-sided stu-

dent’s t test. Effects with p < 0.05 were considered as statistically significant and only compound/target pairs with statistically sig-

nificant effect were considered as active. GraphPad Prism 7was used to fit dose-response curves by non-linear regression ([Agonist]

vs. response – Variable slope (four parameters)) and to calculate EC50 values.

Co-regulator recruitment assays
The co-regulator interaction screen was performed in four technical repeats, the dose-response curves were recorded with three

technical replicates. GraphPad Prism 7 was used to fit dose-response curves by non-linear regression ([Agonist] or [Inhibitor] vs.

response – Variable slope (four parameters)) and to calculate EC50 or IC50 values.

Differential gene expression experiment
For the differential gene expression experiment, HepG2 cells were treated with the test compounds or DMSO (0.1%) in four biolog-

ically independent repeats. Differential expression analysis between groups was performed using the DESeq2 R package (2_1.6.3)

using a model based on the negative binomial distribution. The resulting p values were adjusted using the Benjamini and Hochberg’s

approach for controlling the False Discovery Rate (FDR). Genes with an adjusted p value < 0.05 found by DESeq2 were assigned as

differentially expressed. Venn diagramswere prepared using the function vennDiagram in R based on the gene list for different group.

The clusterProfiler R packagewas used to test the statistical enrichment of differential expression genes in KEGGpathways using the

KEGG database resource (http://www.genome.jp/kegg/) (Kanehisa et al., 2017; Ogata et al., 1999). Correlations between individual

samples were determined using the cor.test function in R with options set alternative =’’greater’’ andmethod =‘‘Spearman’’. To iden-

tify the correlation between difference, different samples were clustered by expression level RPKM using hierarchical clustering dis-

tance method with the functions heatmap, SOM (Self-organization mapping) and kmeans using silhouette coefficient to adapt the

optimal classification with default parameter in R.
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Figure S1. Binding of garcinoic acid (GA) to PPARγ. Isothermal titration calorimetry of GA to 

the recombinant PPARγ LBD. GA binds to PPARγ with an affinity of approx. 10 µM and a 

ligand:protein stoichiometry (n) of approx. 2:1. See STAR Methods. 

 



 
 

 

Figure S2. Comparison of GA binding to PPARγ with other ligands. (A,B) Comparison of the 

PPARγ:troglitazone and PPARγ:GA:GA complexes. (A) Superimposition of PPARγ:tro-

glitazone (protein pink, ligand orange, PDB: 6DGO (Shang et al., 2019)) and PPARγ:GA:GA 

(protein blue, ligands blue and violet, PDB: 7AWD) shows similar conformations of the PPARγ 

LBD but a 3.8 Å shift of Arg288 to allow pocket formation for GA binding. The chromanol motifs 

of troglitazone (orange) and orthosteric GA (blue) are bound to different binding site regions. 

(B) The chromanol motifs of troglitazone (orange) and orthosteric GA (blue) are also not 

aligned when troglitazone is docked to the orthosteric pocket of the PPARγ:GA:GA complex 

(blue, PDB: 7AWD) and form different interactions. (C,D) Superimposition of PPARγ:ima-

tinib:SRC1 (protein beige, ligand teal, PDB: 6KTN (Jang et al., 2019)) with the PPARγ:GA:GA 

complex (blue, PDB: 7AWD) and docked rosiglitazone (orange) illustrates orthosteric and 

allosteric sites. (C) The overall conformation of PPARγ bound to GA or imatinib only differs in 

the Ω-loop and slightly in the position of H12. (D) Binding site view. See also Figure 2. 

  



 
 

Table S1. Data collection and refinement statistics for PPARγ-GA and PPARγ-rosiglitazone 

structures (see also Figure 2). 

Complex PPARγ-garcinoic acid PPARγ-rosiglitazone 

PDB codes 7AWD 7AWC 

Data Collection   
Resolutiona (Å) 46.22-1.93 (2.00-1.93) 46.33-1.74 (1.80-1.74) 
Spacegroup P 43212  P 43212 
Cell dimensions a=b=65.4, c=156.5 Å a=b=65.5, c=157.0 Å 
  α=β=γ=90.0° α=β=γ=90.0° 
No. unique reflections 26,357 (2,529) 36,073 (3,461) 
Completeness (%) 99.8 (100.0) 100.0 (100.0) 
I/σI 17.2 (2.2) 24.7 (2.2) 
Rmerge (%) 0.051 (0.910) 0.034 (0.930) 
CC (1/2) 0.999 (0.819) 1.000 (0.829) 
Redundancy 8.1 (8.4) 9.2 (9.5) 

Refinement   
No. atoms in refinement 
(P/L/O)b 

2,178/ 62/ 151 2,203/ 25/ 225 

B factor (P/L/O)b (Å2) 50/ 81/ 53 43/ 35/ 49 
Rfact (%) 18.9 17.4 
Rfree (%) 23.0 20.4 
rms deviation bond (Å) 0.014 0.016 
rms deviation angle (°) 1.4 1.5 

Molprobity Ramachandran   
Favour (%) 97.01 99.25 
Disallowed (%) 0 0 

a Value in brackets indicates high resolution shell statistics.  

b P/L/O indicates protein, ligand, and others. 
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The orphan nuclear receptor Nurr1 is responsive
to non-steroidal anti-inflammatory drugs
Sabine Willems1, Whitney Kilu1, Xiaomin Ni1,2, Apirat Chaikuad1,2, Stefan Knapp1,2, Jan Heering3 &

Daniel Merk1✉

Nuclear receptor related 1 (Nurr1) is an orphan ligand-activated transcription factor and

considered as neuroprotective transcriptional regulator with great potential as therapeutic

target for neurodegenerative diseases. However, the collection of available Nurr1 modulators

and mechanistic understanding of Nurr1 are limited. Here, we report the discovery of several

structurally diverse non-steroidal anti-inflammatory drugs as inverse Nurr1 agonists

demonstrating that Nurr1 activity can be regulated bidirectionally. As chemical tools, these

ligands enable unraveling the co-regulatory network of Nurr1 and the mode of action dis-

tinguishing agonists from inverse agonists. In addition to its ability to dimerize, we observe an

ability of Nurr1 to recruit several canonical nuclear receptor co-regulators in a ligand-

dependent fashion. Distinct dimerization states and co-regulator interaction patterns arise as

discriminating factors of Nurr1 agonists and inverse agonists. Our results contribute a valu-

able collection of Nurr1 modulators and relevant mechanistic insights for future Nurr1 target

validation and drug discovery.
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Nuclear receptor related 1 (Nurr1, NR4A2), a member of
the nerve growth factor-induced β subfamily of orphan
nuclear receptors1,2, is a neuroprotective transcription

factor mainly found in dopaminergic neurons. Levels of Nurr1
are diminished in Parkinson’s disease (PD) patients and midbrain
dopaminergic neuron development is Nurr1 dependent. More-
over, Nurr1 knock-out in mice in mature dopamine neurons
resembled the progressive pathology seen in early stage of PD3

suggesting therefore Nurr1 as promising target in PD treatment.
Nurr1 was originally considered as a ligand-independent

nuclear receptor (NR) due to its closed ligand-free conforma-
tion and its high constitutive activity1. However, recent reports
indicate that Nurr1 activity can be modulated with small-
molecule ligands. Despite the lack of a canonical binding site in
the apo structure of the Nurr1 ligand-binding domain (LBD),
dynamic NMR, hydrogen deuterium exchange, and mutagenesis
studies have defined two potentially overlapping ligand-binding
regions within the Nurr1 LBD for unsaturated fatty acids (UFAs)
and amodiaquine type ligands4–6. These putative, highly solvent
accessible binding sites5 are located on the LBD surface around
helix 3, which is distant from helix 12 that often has a canonical
activation function in other nuclear receptors. In addition, X-ray
structures of the Nurr1 LBD in complexes with prostaglandin A1
(PGA1, PDB-ID: 5Y417), prostaglandin A2 (PGA2, PDB-ID:
5YD68), and 5,6-dihydroindole (DHI, PDB-ID: 6DDA9) have
been reported recently, in which the ligands are covalently bound
in an induced pocket between helices 5 and 12 that is not present
in the apo structure.

Some recent studies have reported a number of Nurr1 ligands,
demonstrating the potential of modulation of the receptor activity
by small molecules. UFAs such as docosahexaenoic acid (DHA),
arachidonic acid, linoleic acid, and oleic acid were identified as
the first natural Nurr1 ligands4,5,10. Neutral antagonistic effects of
DHA and other UFA metabolites without intrinsic activity have
been suggested4,5,10, however, their cellular effects on Nurr1
activity and potential biological relevance remain elusive. Con-
versely, the prostaglandins E1 and A1 have recently been reported
as naturally occurring Nurr1 activators and found to exhibit
Nurr1-dependent neuroprotective effects7. A series of iso-
xazolopyridinones has been described as synthetic Nurr1 activa-
tors, albeit with weak activation efficacies not exceeding 2-fold
activation11. Recently, the antimalarials amodiaquine (AQ) and
chloroquine (CQ) with chloroquinoline scaffold were also dis-
covered as Nurr1 modulators with a slightly higher efficacy (~3-
fold activation) but markedly lower potency6. While the putative
neutral Nurr1 antagonism of UFAs requires further character-
ization, the prostaglandins E1 and A1 as well as all synthetic
Nurr1 ligands activate the nuclear receptor and further promote
its already high basal transcriptional inducer activity. The limited
efficacies of these Nurr1 activators coupled with the lack of
inverse Nurr1 agonists that suppress the receptor’s intrinsic
activity prompt further efforts in the search for potent Nurr1
ligands that can be used as a tool for biological studies of the
receptor’s roles in health and disease.

Here we report the discovery of several structurally diverse
cyclooxygenase (COX) inhibitors as Nurr1 modulators with dis-
tinct activity profiles. The tricyclic compounds oxaprozin, val-
decoxib, and parecoxib, as well as meloxicam markedly diminish
constitutive Nurr1 activity and thereby act as inverse Nurr1
agonists. Meclofenamic acid (MFA) is characterized as selective
Nurr1 modulator with agonist and inverse agonist properties.
Together with the previously reported Nurr1 agonists AQ and
CQ, these Nurr1 ligands serve as chemical tools to study the
receptor’s mode of action. Both classes of binders with converse
effects demonstrate that Nurr1 activity can be modulated by
small-molecule ligands in a bidirectional fashion. The use of

Nurr1 agonists and inverse agonists in cofactor recruitment
assays reveals potential interactions between Nurr1 and several
nuclear receptor co-regulators, including NCoR-1, NCoR-2,
NRIP1, and NCoA6, in a ligand-concentration-dependent man-
ner. Moreover, the Nurr1 modulators interestingly affect het-
erodimerization between Nurr1 and RXRα as well as Nurr1
homodimerization with distinctive profiles. Cross-titration addi-
tionally demonstrates that Nurr1 can be modulated simulta-
neously by the different types of binders suggesting distinct
binding sites. These results contribute to our understanding of
Nurr1 biology, and may open new avenues for pharmacological
Nurr1 modulation.

Results
Nurr1 reveals binding site close to the activation function. The
recently published co-crystal structures of the Nurr1 LBD bound
to prostaglandin A1 (PGA1; PDB-ID: 5Y417) and the dopamine
metabolite DHI (PDB-ID: 6DDA9) reveal a ligand-binding site
differing from typical nuclear receptor LBDs (Fig. 1). While most
nuclear receptors accommodate ligands inside the three-layer
sandwich LBD structure between helices 2, 3, 5, 6, 7, 11, and 12,
this pocket is located between helices 5 and 12 in Nurr1 and it is
closer to the LBD surface. In comparison to the Nurr1 apo
structure (PDB-ID: 1OVL1), the binding of PGA1 and DHI
requires an outward movement of helix 12 by ~10–21° from its
closed position, essential for activation, to create the ligand-
binding pocket. Such movement upon ligand binding affects and
may weaken the salt bridge between Lys590 (H12) and Glu440
(H5) observed in the ligand-free state, suggesting that this region
in proximity to helix 5 and 12 might provide a handle to mod-
ulate transcriptional inducer activity of Nurr1. In parallel, a dif-
ferent binding site has been postulated for the Nurr1 activator
AQ, and is located at the Nurr1 LBD surface between helices 3
and 66. Mutagenesis experiments support this assumption indi-
cating that Nurr1 has two, potentially independent, ligand-
binding pockets that enable modulation by small-molecule
ligands.

Cyclooxygenase inhibitors modulate NR4A receptors in vitro.
Inspired by the processed COX metabolite PGA1 as Nurr1
ligand7, we hypothesized that COX inhibitors might bind to
Nurr1, prompting us to screen a comprehensive collection of
drug-approved COX-1 and COX-2 inhibitors for Nurr1 mod-
ulation. To capture also selectivity or promiscuity among the
closely related NR4A receptors nerve growth factor-induced β
(Nur77, NR4A1) and neuron-derived orphan receptor 1 (NOR1,
NR4A3), we included all three NR4A receptors in this primary
screen. For this, we employed cellular hybrid reporter gene assays
based on chimeric receptors composed of the human NR4A
receptor LBD and the DNA binding domain of Gal4 from yeast.
A Gal4-sensitive firefly luciferase reporter construct served as
reporter gene and constitutively expressed renilla luciferase (SV40
promoter) was employed to normalize for transfection efficiency
and to monitor test compound toxicity. In agreement with their
natural behavior1, the chimeric Gal4-NR4A receptors revealed
strong ligand-independent, intrinsic transcriptional inducer
activity in this setting. AQ and CQ in conformity with literature6

activated Gal4-Nurr1 with EC50 values in an intermediate
micromolar range and up to 3.6-fold activation efficacy. To
exclude non-specific effects in this cellular test system, control
experiments were performed for all compounds affecting NR4A
receptor activity, in which the potent ligand-independent tran-
scriptional inducer Gal4-VP1612 replaced Gal4-NR in the assay
setup. Only compounds affecting NR4A-dependent but not
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VP16-dependent reporter activity were further considered as
NR4A modulators.

Thirty-nine non-steroidal anti-inflammatory drugs (NSAIDs)
covering all chemotypes of drug-approved COX inhibitors were
initially screened in the Gal4-NR4A reporter gene assays at
concentrations of 10 and 30 µM for NR4A modulatory activity
(Fig. 2a). Meclofenamic acid, clonixin, and tiaprofenic acid
enhanced Nurr1-dependent reporter activity (>1.5-fold activa-
tion) indicating Nurr1 agonism. Control experiments on Gal4-
VP16 revealed non-specific activity of clonixin and tiaprofenic
acid whereas the activity of meclofenamic acid was clearly Nurr1
mediated (Fig. 3e). Full dose–response characterization of
meclofenamic acid resulted in an EC50 value of 4.7 ± 0.1 µM
and 3.52 ± 0.05-fold maximum activation on Gal4-Nurr1 (Fig. 3a,
Table 1). For aceclofenac, the primary screen indicated Nurr1
repressor activity, however, full characterization conversely
revealed this compound as a potent Nurr1 agonist (EC50=
2.5 ± 0.1 µM, 1.99 ± 0.07-fold max. activation), suggesting that the
repressive effect at high concentration is likely due to inhibition
of firefly luciferase. Nurr1 repression (<0.80-fold activation) was
observed for oxaprozin, valdecoxib, and parecoxib at 10 or 30 µM.
Control experiments on Gal4-VP16 indicated no non-specific
reporter suppression (Fig. 3e, Supplementary Fig. 1b) and

dose–response characterization confirmed inverse agonism for
all three compounds (Fig. 3a, Supplementary Fig. 1c). Oxaprozin
was the strongest Nurr1 repressor and diminished Nurr1 activity
to 0.26 ± 0.08-fold minimum activation with an IC50 value of
40 ± 6 µM. Meloxicam demonstrated also strong repressor
efficacy with a higher IC50 value while valdecoxib and parecoxib
were less effective but had slightly lower IC50 values on Nurr1.

Neither the Nurr1 modulators discovered in our screening nor
the previously known ligands AQ and CQ were selective for
Nurr1 over the related NR4A receptors. AQ (100 µM) revealed
even stronger activation efficacy on Nur77 and NOR1 while CQ
(100 µM) and MFA (10 µM) as well as inverse agonists parecoxib
(30 µM) and oxaprozin (50 µM) caused similar modulation of all
three NR4A receptors (Fig. 2c, Supplementary Table 1). Gen-
erally, the activity of NSAIDs was similar on all three NR4As with
few exceptions (Fig. 2a, Supplementary Table 1). Lornoxicam and
mofezolac demonstrated inverse agonism on Nur77 and NOR1
(Supplementary Fig. 2) without affecting Nurr1 activity. Con-
sidering also the structural similarity of mofezolac and oxaprozin,
this suggests that selectivity amongst NR4As is achievable despite
their close similarity.

To profile also the selectivity of Nurr1 modulators MFA,
parecoxib and oxaprozin (Fig. 2d; aceclofenac, meloxicam, and

Fig. 1 Structural differences in apo and ligand-bound Nurr1 LBD. a Superposition of the Nurr1 LBD in apo state (PDB: 1OVL1, gray), Nurr1 LBD bound to
prostaglandin A1 (PGA1; PDB: 5Y417, cyan) and to dopamine metabolite 5,6-dihydroindole (DHI; PDB: 6DDA9, purple). The proposed binding region for
amodiaquine type ligands6 is highlighted in orange. b In apo state, helix 12 forms several contacts with helix 5, including a prominent salt-bridge interaction
between Lys590 and Glu440 likely stabilizing a transcriptionally active conformation of the activation function. Ligand binding causes an outward swing of
helix 12 for creating the binding pocket, which interferes helix 5 and 12 interaction as demonstrated for example by different Lys590-Glu440 distances in
different structures (shown in c). c Distances (D) between Lys590 (NH3

+) and Glu440 (CO2
−) measured in the different Nurr1 LBD X-ray structures.

Compared with the apo state (1OVL, gray), the DHI bound structure (6DDA, purple) revealed a diminished distance, while the distance was increased in
the PGA1 bound structure (5Y41, cyan). Bars represent the mean ± SD distances measured in the subunits of the respective structures.
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Fig. 2 Bidirectional modulation of Nurr1 activity by drug-approved COX inhibitors. a Screening of structurally diverse COX inhibitors for NR4A modulation
in uniform Gal4-hybrid reporter gene assays. Heatmap shows mean fold activation; n≥ 2; agonists > 1.5-fold activation (blue), inverse agonists < 0.8-fold
activation (magenta); all compounds displaying NR4A modulation in the primary screen were validated on Gal4-VP16 (n≥ 4) and only compounds not affecting
Gal4-VP16 activity were further considered. Activities marked with # were not significant compared with VP16 control. Compounds marked with * were found
to inhibit firefly luciferase. b Molecular structures and activities of Nurr1 modulators. AQ and CQ were reported as Nurr1 ligands previously6. EC50 and IC50

values were determined in the Gal4-Nurr1 hybrid reporter gene assay and are the mean ± SD; n≥ 3. Dose–response curves and control experiments on Gal4-
VP16 hybrid receptor are shown in Fig. 3. c Activity profiles of Nurr1 modulators on the NR4A family receptors; mean fold activation ± S.E.M.; n≥ 3. d Selectivity
profiles of MFA, parecoxib and oxaprozin on lipid-activated transcription factors outside the NR4A family. Heatmap shows mean rel. activation which refers to
reference agonists at 1 µM for PPARs (α: GW7647; γ: rosiglitazone; δ: L165,041), RXRα (bexarotene), RARα (tretinoin) and 100 µM for Nurr1 (AQ); n≥ 4.
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Fig. 3 Cellular and cell-free profiling of Nurr1 modulation by small-molecule ligands. a Gal4-hybrid reporter gene assay demonstrated Nurr1 activation by
AQ, CQ, and MFA as well as inverse Nurr1 agonism for parecoxib and oxaprozin. b–d Nurr1 full-length reporter gene assays with the human Nurr1 response
elements NBRE (Nurr1 monomer, b), NurRE (Nurr1 homodimer, c), and DR5 (Nurr1:RXR heterodimer, d) confirmed agonism of AQ and CQ (see also
Supplementary Fig. 3) as well as inverse agonism of parecoxib and oxaprozin while MFA revealed a selective modulatory profile. All cellular experiments
were performed in transiently transfected HEK293T cells. Results are the mean ± S.E.M.; n≥ 3. e Control experiments employing a Gal4-VP16 hybrid
receptor confirmed Nurr1 mediated activity of MFA, parecoxib, and oxaprozin. Boxplots show: center line, median; box limits, upper and lower quartiles;
whiskers, min/max; n≥ 4. *** p < 0.001. f With co-transfection of increasing amounts of Gal4-RXRα in the Gal4-Nurr1 reporter gene assay, activation
efficacy of MFA (relative to DMSO) and MFA/bexarotene (relative to bexarotene) dropped pointing to monomer preference of MFA. Variations in the
amount of Gal4-Nurr1 did not affect efficacy of MFA. Results are the mean ± S.E.M.; n≥ 3. g Nurr1 formed homodimers with high affinity in absence of
ligands (DMSO). Nurr1 activators AQ and CQ promoted homodimerization. The inverse agonists parecoxib and oxaprozin diminished Nurr1 dimer
formation and MFA entirely prevented homodimerization. Data are the mean ± S.E.M.; N≥ 3. h Nurr1 robustly heterodimerized with RXRα in apo state
(DMSO). The Nurr1 activator CQ promoted dimerization between Nurr1 and RXRα whereas AQ was indifferent, and parecoxib, oxaprozin, and MFA had the
opposite effect. Data are the mean ± S.E.M.; N≥ 3.
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valdecoxib in Supplementary Fig. 1d) outside the NR4A family,
we studied their activity on other lipid- and fatty acid mimetic13-
activated nuclear receptors (peroxisome proliferator-activated
receptors, PPAR; retinoid X receptor α, RXRα; retinoic acid
receptor α, RARα) which confirmed selectivity except weak RXR
agonism of oxaprozin which has been described previously14.

AQ, CQ, MFA, parecoxib, and oxaprozin displayed distinctive
activity profiles of Nurr1 modulation ranging from agonism to
inverse agonism, and therefore, emerged as a valuable set of tool
compounds to assess Nurr1 modulation by chemical ligands.

Modulation of Nurr1 depends on the DNA response element.
While the Gal4-hybrid reporter gene assay system is very reliable
and provides a uniform setting for screening, it is also artificial.
Physiologically, nuclear receptors have the ability to dimerize as a
key regulatory interaction. They can act as monomers, homo-
dimers or heterodimers with retinoid X receptor (RXR) the latter
of which has also been suggested for Nurr115. Understanding of
Nurr1 modulation by ligands, thus, must also take ligand effects
in more physiological settings into consideration where reporter
activity is controlled by the native human full-length Nurr1
protein as monomer, homodimer, or RXR heterodimer. To study
the effects of AQ, CQ, MFA, parecoxib, and oxaprozin on the
activity of full-length human Nurr1 in cellular settings, we
employed reporter constructs bearing a single repeat of the
human DNA response elements for the Nurr1 monomer (NGFI-
B response element, NBRE), the Nurr1 homodimer (Nur-
response element, NurRE), or the Nurr1:RXR heterodimer (direct
repeats spaced by 5 nucleotides, DR5) to control reporter gene
expression. Nurr1 (and for DR5 also RXRα) was overexpressed by
co-transfection of a CMV-dependent expression plasmid. These
cellular assay settings revealed further differences for the indivi-
dual Nurr1 modulators (Fig. 3b–d, Table 1). AQ robustly induced
reporter activity on all response elements confirming Nurr1
agonism. CQ activated all Nurr1 reporters as well (Supplementary
Fig. 3), but with markedly lower efficacy compared with AQ.
Parecoxib and oxaprozin exhibited strong inverse agonism on
NBRE, NurRE, and DR5 response elements, validating their
inverse agonist activity, as well. MFA, however, revealed a more
complex activity profile on the human Nurr1 response elements.
On the monomer response element (NBRE), MFA was inactive
while it suppressed activity of either Nurr1 dimer on NurRE and
DR5 suggesting a selective Nurr1 modulatory profile.

Nurr1 ligands modulate Nurr1 dimerization. The observation
of opposed effects of MFA on Nurr1 monomers and dimers
suggested crucial involvement of Nurr1 dimerization in mediat-
ing responses to ligands. Therefore, we studied association of the
LBDs of Nurr1 and RXR in time-resolved fluorescence resonance
energy transfer (TR-FRET) based settings using GFP-labeled
RXRα or Nurr1 LBDs and Tb-labeled Nurr1 LBD, from which the
results demonstrated robust homodimeric (Fig. 3g) and hetero-
dimeric binding (Fig. 3h) between the proteins in absence of a
ligand. Consistent with our observations from the cellular set-
tings, addition of Nurr1 ligands affected homo- and hetero-
dimerization of Nurr1 in a distinctive fashion. The Nurr1 agonist
AQ promoted formation of homodimers whereas the less effec-
tive agonist CQ enhanced homo- and heterodimerization. The
inverse agonists parecoxib and oxaprozin, in contrast, diminished
dimerization. Since oxaprozin also exhibits RXR agonism, its
effects on heterodimerization must be interpreted with care,
however. The Nurr1 modulator MFA exhibited the strongest
effect on Nurr1 homodimerization and fully prevented formation
of a Nurr1:Nurr1 dimer whereas heterodimerization was
decreased in presence of MFA but not entirely disrupted.T
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These observations further supported our hypothesis that the
selective Nurr1 modulatory effects of MFA are mediated by
changes in the dimerization state of the nuclear receptor. To
observe this activity in another cellular setting, we studied how
co-transfection of Gal4-RXRα affected MFA-mediated activation
of Gal4-Nurr1 (Fig. 3f). In accordance with our previous results,
increasing amounts of Gal4-RXRα resulted in a loss of activity of
MFA while varying amounts of Gal4-Nurr1 had no effect.

Changes in the dimerization state of Nurr1, thus, emerge as key
mechanism of Nurr1 modulation by small-molecule ligands.
Therein, agonists (AQ, CQ) promote dimerization while inverse
agonists (parecoxib, oxaprozin) diminish Nurr1 dimer formation.

Nurr1 recruits canonical nuclear receptor co-regulators. In
addition to dimerization, nuclear receptor activity depends on
interactions with various co-regulators. To capture also the

Fig. 4 Interaction pattern of the Nurr1 LBD with co-regulators. All interactions were studied in cell-free homogenous time-resolved fluorescence
resonance energy transfer (HTRF)-based settings. Tb-labeled Nurr1 LBD as FRET donor and Fluorescein-labeled co-regulator peptides as FRET acceptors
were used in (a–e). Tb-labeled NCoR-1 as FRET donor and GFP-labeled Nurr1 LBD as FRET acceptor were used in (f, g). a Twenty-nine peptides were
screened for recruitment to Nurr1 in presence of 1% DMSO-control or ligands AQ, CQ, MFA, parecoxib, and oxaprozin at 100 µM. Heatmap of co-regulator
recruitment screening shows the mean dimensionless HTRF signal, N= 4. b–e Dose–response curves of Nurr1 modulators in affecting recruitment of co-
regulators NCoR-1 (b), SMRT (c), PRIPRAP250 (d), and RIP140 (e). Data are the mean ± S.E.M.; N= 3. f, g Binding curves for the Nurr1–NCoR-1 interaction
in presence of 1% DMSO and AQ-type ligands (f) or NSAID-type ligands (g). Concentration of all ligands in (f) and (g) was fixed at 100 µM. Data are the
mean ± S.E.M.; N= 3.
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molecular mechanisms by which the Nurr1 co-regulator network
responds to small-molecule ligands, we studied co-regulator
binding to Nurr1 by TR-FRET in cell-free setting. We used a Tb-
cryptate-labeled Nurr1 LBD and twenty nine Fluorescein-labeled
co-regulator peptides (Fig. 4a). In absence of ligands, the Nurr1
LBD robustly recruited interaction motifs of nuclear receptor co-
repressors 1 (NCoR-1) and 2 (NCoR-2, also termed silencing
mediator for retinoid and thyroid hormone receptors, SMRT),
nuclear receptor interacting protein 1 (NRIP1, also termed
receptor interacting protein 140, RIP140), and nuclear receptor
co-activator 6 (NCoA6, also termed TRBP, PRIP, RAP250). In
agreement with earlier reports16, no strong direct association of
the Nurr1 LBD with the canonical steroid receptor co-activators
(SRC) was observed.

Nurr1 co-regulator interactions are responsive to ligands. We
then determined the effects of Nurr1 modulators AQ, CQ, MFA,
parecoxib, and oxaprozin (all at 100 µM) on the recruitment of all
twenty nine co-regulators to the Nurr1 LBD. While no pro-
nounced effects were detected for AQ and CQ in this primary
screen, MFA, parecoxib, and oxaprozin markedly altered the
Nurr1 recruitment ability for NCoR-1, SMRT, PRIPRAP, and
RIP140. In addition, the peptide D22 was recruited by Nurr1 in a
ligand-dependent fashion but not further considered due to its
artificial origin17. Full dose–response characterization further
confirmed distinctive ligand effects on co-regulator recruitment.
MFA, characterized as Nurr1 modulator in the cellular settings,
displaced NCoR-1, SMRT, PRIPRAP, and RIP140 from the
Nurr1 LBD in a dose-dependent fashion with similar potencies
(IC50 of 17–33 µM) (Table 1, Fig. 4b–e). The co-regulator
recruitment profile of the inverse Nurr1 agonist oxaprozin
resembled that of MFA despite lower potency of oxaprozin.
Parecoxib, in contrast, only displaced NCoR-1 and SMRT from
Nurr1 efficiently and merely tended to decrease the
Nurr1–PRIPRAP and Nurr1–RIP140 interactions. The Nurr1
agonist CQ revealed a tendency to promote recruitment of
NCoR-1, SMRT, PRIPRAP, and RIP140 while no effect was
observed for AQ. However, due to the photophysical character-
istics of AQ and CQ18, and potential interference with the HTRF
assay system through absorbance and quenching effects, these
results for AQ and CQ must be interpreted with care. Thus, we
employed a different setting and evaluated the affinity of Nurr1
for NCoR-1 binding in presence of the various ligands (Fig. 4f, g).
Since ligand concentration was fixed in this setting, interference
with the HTRF system is less prone to generate potential artifacts.
Titration of GFP-labeled Nurr1 LBD against Tb-labeled NCoR-1
revealed markedly reduced affinity of Nurr1 for NCoR-1
recruitment in presence of MFA (100 µM) while AQ (100 µM)
and CQ (100 µM) promoted the Nurr1–NCoR-1 interaction.

Thus, in addition to differential control of the Nurr1
dimerization state, ligands modulate Nurr1 activity by regulating
cofactor recruitment. Agonists (CQ and potentially AQ) enhance
recruitment of co-regulators such as NCoR-1, SMRT, PRIPRAP,
and RIP140 while inverse agonists (parecoxib, oxaprozin)
promote displacement of these co-factors.

NSAIDs and amodiaquine simultaneously modulate Nurr1.
The PGA1 bound Nurr1 LBD X-ray structure (PDB-ID: 5Y417)
together with the mutagenesis and NMR-based analysis6 of the
putative binding site for AQ on Nurr1 suggest the existence of
two independent ligand-binding pockets within the Nurr1 LBD
(Fig. 1a) potentially allowing simultaneous modulation by small-
molecule ligands. To test this hypothesis in vitro, we first treated

Fig. 5 Simultaneous modulation of Nurr1 by AQ and NSAIDs in cellular
reporter gene assays. a–d Cross-titration curves of MFA or parecoxib
and AQ on Gal4-Nurr1 (a) and on full-length human Nurr1 on the
human Nurr1 response elements NBRE (b), NurRE (c), and DR5 (d).
e Simultaneous titration of MFA and AQ (ratio 1:10) on Gal4-Nurr1.
f Cross-titration experiment of AQ with lower fixed concentration of
MFA (5 µM) in the Gal4-Nurr1 assay. All data are the mean ± S.E.M.;
n ≥ 3.
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cells in the Gal4-Nurr1 reporter gene assay setting with either
Nurr1 activator AQ or MFA at a fixed active concentration
(≥EC90) and then monitored the activation upon cross-titrating
the other respective agonist into the assay vice versa (Fig. 5a).
Both compounds revealed additive effects and together (50 µM
AQ and 10 µM MFA) achieved a strong Nurr1 activation, which
clearly exceeded their individual activation efficacies (Fig. 5a, e, f).
The EC50 values of both compounds were not markedly affected
by the presence of the other respective Nurr1 activator, suggesting
that they interact with the receptor independently. Next, we
performed a similar experiment but titrated both Nurr1 ligands in
a fixed ratio of MFA/AQ 1:10 corresponding to their ~10-fold
difference in potency, and observed a sigmoidal dose–response
that reached considerably higher maximum activation efficacy
than the individual compounds contradicting competitive beha-
vior (Fig. 5e). Enhanced activation efficacy of Gal4-Nurr1 was
also observed in cross-titration of AQ with lower fixed con-
centration (5 µM) of MFA (Fig. 5f). Furthermore, when we
combined AQ with the inverse agonist parecoxib in cross-
titration experiments (Fig. 5a), we found that the AQ
dose–response curve was shifted to lower efficacy in presence of
parecoxib. Together, these results strongly support our hypothesis
of different binding sites for AQ and NSAIDs within the Nurr1
LBD.

We then expanded the cross-titration experiments to the more
physiological settings of the full-length Nurr1 reporters
(Fig. 5b–d) which agreed with our previous observations. On all
three Nurr1 response elements, MFA (10 µM) and parecoxib
(50 µM) prevented the full unfolding of AQ’s agonistic potential
even at high AQ concentrations suggesting simultaneous binding
of either NSAID with AQ since with competitive antagonism,
high AQ concentrations would displace the competitor and reach
maximum efficacy.

Discussion
The orphan nuclear receptor Nurr1 has been characterized as a
neuroprotective and anti-neuroinflammatory transcription fac-
tor19. Evidence from animal models and human points to rele-
vance of Nurr1 in PD3,19,20, Alzheimer’s disease21,22, and
multiple sclerosis23–25 indicating a potential of the orphan
nuclear receptor as therapeutic target in neurodegenerative dis-
eases. However, the collection of Nurr1 modulators and knowl-
edge on the receptor’s molecular mode of action are limited
advocating mechanistic studies on Nurr1 function and the search
for new Nurr1 modulators as initial tool compounds for func-
tional studies.

To assist validation of Nurr1 as future therapeutic target, there
is a need for Nurr1 ligands as template for drug discovery and as
chemical tools for biological studies to improve our knowledge on
this orphan nuclear receptor. We have screened for alternative
and additional Nurr1 modulators with higher potencies and
distinct activity profiles, and employed them as in vitro tools for
mode of action studies. Based on the recently published X-ray
complex structure of the Nurr1 LBD bound to PGA17, which
arises from cyclooxygenase activity, we hypothesized that COX
inhibitors might potentially bind to Nurr1. We discovered the six
NSAIDs MFA, aceclofenac, oxaprozin, valdecoxib, parecoxib, and
meloxicam acting as Nurr1 modulators in cellular setting. Toge-
ther with the previously reported6 AQ-type Nurr1 ligands, the
NSAID-type Nurr1 modulators discovered in our screening
provide a valuable collection of initial tool compounds to evaluate
Nurr1 activity covering activators and inverse agonists. These
Nurr1 ligands demonstrate that the receptor’s constitutive tran-
scriptional inducer activity can be modulated by small molecules
in a bidirectional fashion. Thereby, Nurr1 resembles other

nuclear receptors such as the RAR-related orphan receptors
(RORs) which comprise high intrinsic activity and possess ago-
nistic and inverse agonistic ligands2. Moreover, the simultaneous
Nurr1 modulation by NSAIDs (MFA, parecoxib) and AQ
observed in cross-titration experiments suggests potentially the
existence of two ligand-binding pockets in Nurr1, both of which
can control the receptor activity.

The Gal4-hybrid reporter gene assay employed for our primary
screening is a robust test system but does not fully capture the
physiological behavior of nuclear receptors in terms of dimer-
ization. Jiang et al.26 recently demonstrated that Nurr1 mono-
mers, Nurr1 homodimers, and Nurr1:RXR heterodimers address
distinct response elements on DNA. To transfer our findings to
endogenous conditions with different Nurr1 DNA response ele-
ments and dimerization states, we profiled the entire set of initial
Nurr1 tool compounds (AQ, CQ, MFA, parecoxib, oxaprozin) in
reporter gene assays involving the human Nurr1 response ele-
ments NBRE, NurRE, and DR5 as well as the full-length human
Nurr1 protein as monomer, homodimer, or heterodimer.
Dose–response experiments on NBRE-, NurRE-, and DR5-
dependent reporter expression confirmed agonism of AQ and
CQ as well as inverse agonism of parecoxib and oxaprozin on
Nurr1 monomers (NBRE), homodimers (NurRE), and hetero-
dimers (DR5). MFA, however, exhibited a less consistent activity
profile with agonism on Gal4-Nurr1, inverse agonism on Nurr1
dimers (NurRE, DR5) and no activity on full-length Nurr1
monomers (NBRE). This observation suggests promising poten-
tial for (gene-)selective modulation of Nurr1 but also demon-
strates limitations of the Gal4-hybrid assay setting to study Nurr1
modulation since it was not predictive of MFA’s mode of activity
on full-length human Nurr1.

In order to observe the molecular modes by which agonists and
inverse agonists differentially modulate Nurr1, we studied the
dimerization behavior of the Nurr1 LBD and its interaction with
co-regulators in presence and absence of ligands. We observed
high affinity of Nurr1 to homodimerize and to form heterodimers
with RXR. These interactions were markedly affected by Nurr1
modulators and enable distinction between agonism and inverse
agonism with agonists promoting dimer formation and inverse
agonists decreasing dimerization. MFA was most effective in
countering Nurr1 dimer formation regarding both, homo- and
heterodimer which suggests that MFA shifts the binding equili-
brium of Nurr1 to a fully monomeric state. This is in line with
different behavior of the compound in cellular settings involving
monomers (Gal4-assay, NBRE) or dimers (NurRE, DR5) and

Fig. 6 Model of Nurr1 responses to modulation by small-molecule
ligands. Agonists promote dimerization of Nurr1 as a homodimer or as a
heterodimer with RXR and additionally stabilize interaction of the Nurr1 LBD
with co-regulators. Inverse agonists favor monomeric Nurr1 and decrease
Nurr1 co-regulator interactions.
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provides preliminary explanation why the observed activities of
MFA differed in different cellular settings. In addition, the ligand-
induced Nurr1 dimerization state appears to affect Nurr1 acti-
vation efficacy since AQ which primarily promoted Nurr1
homodimerization in cell-free setting concomitantly exhibited the
strongest activation efficacy on the human Nurr1 homodimer
response element (NurRE, >100-fold max. activation).

We then assessed how ligands modulate the interaction
between Nurr1 and co-regulators, and screened a library of
twenty nine known nuclear receptor co-regulator fragments for
their recruitment to Nurr1. We observed robust binding of
NCoR-1, NCoR-2, NCoA6, and NRIP1 to the Nurr1 LBD and
discovered that these interactions are responsive to Nurr1 ligands.
The Nurr1 agonist CQ revealed a trend to enhanced recruitment
of co-regulators and both AQ and CQ increased the affinity
between the Nurr1 LBD and NCoR-1 while inverse agonists
parecoxib and oxaprozin displaced co-regulator interaction
motifs from the Nurr1 LBD. Different effects of Nurr1 mod-
ulators on co-regulator recruitment to the Nurr1 LBD therefore
arise as further contributing factor to discriminate Nurr1 agonism
and inverse agonism. In addition, different effects of AQ and CQ
on co-regulator recruitment by Nurr1—beyond their distinctive
modulation of Nurr1 dimerization—provide a basis for their
different Nurr1 activation efficacies. Using a limited coverage of
potential interactors, our results indicated strongly a similar
ability of Nurr1 to other nuclear receptors for interactions with a
number of co-regulators and we postulate that further
biologically-relevant co-regulators might involve in Nurr1
regulation.

Based on our findings in orthogonal cellular and cell-free assay
systems, we conclude that bidirectional modulation of Nurr1 by
small-molecule ligands results from two contributions. Agonists
promote dimerization of Nurr1 as a homodimer or as a het-
erodimer with RXR and additionally stabilize interaction of the
Nurr1 LBD with co-regulators. Inverse agonists favor mono-
meric Nurr1 and decrease Nurr1 co-regulator interactions
(Fig. 6). These changes in protein–protein interactions of Nurr1
result in differential cellular effects on reporter/gene expression.
Therein, MFA exhibited a profile between agonism and inverse
agonism on different Nurr1 response elements and since these
DNA motifs are found in the promoter regions of different
genes, gene selective modulation of Nurr1 activity seems possible
with ligands that either favor monomeric or dimeric states. These
considerations give our observation of ligand-dependent pre-
ference of Nurr1 for monomeric or dimeric forms considerable
relevance.

Overall our studies have demonstrated that Nurr1 activity can
be modulated by small-molecule ligands in a bidirectional fashion
and we report first-in-class inverse Nurr1 agonists that counter
the receptor’s high constitutive transcriptional inducer activity.
The opposite activities of Nurr1 agonists and inverse agonists are
rationalized by their distinct effects on Nurr1’s interaction profile
with co-regulators and dimerization state. Moreover, our results
point to the existence of two binding sites within the Nurr1 LBD
that can accommodate ligands, of which the binding can mod-
ulate Nurr1 activity both independently and simultaneously. This
is demonstrated by pairs of modulators involving AQ and MFA
or parecoxib, which achieve different Nurr1 activation efficacy
when they are applied together compared with their individual
effects, offering potentially another avenue for the design of
selective Nurr1 modulators or agonists with enhanced efficacy.
These results markedly contribute to molecular understanding of
Nurr1’s activity and advocate the development of several types of
potent Nurr1 modulator tool compounds that address the dif-
ferent binding sites and distinct receptor responses to enable in
depth functional validation of Nurr1 as future drug target.

Methods
Reporter gene assays. Plasmids: The Gal4-fusion receptor plasmids pFA-CMV-
hNur77-LBD, pFA-CMV-hNURR1-LBD, and pFA-CMV-hNOR1-LBD coding for
the hinge region and LBD of the canonical isoforms of the human nuclear
receptors Nur77 (uniprot entry: hNUR77–P22736, residues 358–598), Nurr1
(uniprot entry: hNURR1–P43354, residues 360–598), and NOR1 (isoform alpha;
uniprot entry: hNOR1–Q92570-1, residues 393–626) were constructed by inte-
grating cDNA fragments obtained from PCR amplification using natural cDNA
(Nur77: GenBank entry: BC016147.1, purchased as I.M.A.G.E. cDNA clone from
Source BioScience, Nottingham, UK; Nurr1: GenBank entry: BC009288.2, pur-
chased as I.M.A.G.E. cDNA clone from Source BioSience) or the pcDNA3.1
plasmid OHu22293D (NOR1; GenScript, USA; NCBI ref. NM_173200.2) as tem-
plate between the BamHI cleavage site of the pFA-CMV vector (Stratagene, La
Jolla, CA, USA) and an afore inserted KpnI cleavage site. Frame and sequence of
the fusion plasmids were verified by sequencing. The Gal4-fusion receptor plasmids
used for selectivity profiling were pFA-CMV-hPPARα-LBD, pFA-CMV-hPPARγ-
LBD, pFA-CMV-hPPARδ-LBD, pFA-CMV-hRXRα-LBD, and pFA-CMV-hRARα-
LBD coding for the hinge region and ligand-binding domain of the canonical
isoform of the respective nuclear receptor have been reported previously27–29. pFR-
Luc (Stratagene) was used as reporter plasmid and pRL-SV40 (Promega, Madison,
WI, USA) for normalization of transfection efficiency and test compound toxicity.
The Gal4-VP1612 expressed from plasmid pECE-SV40-Gal4-VP1630 (Addgene,
entry 71728, Watertown, MA, USA) was used as ligand-independent transcrip-
tional inducer for control experiments. The reporter plasmid pFR-Luc (Stratagene)
used for the Gal4-hybrid assays contains a section between 176 to 83 base pairs
upstream of the start codon of the firefly CDS that encompasses five copies of the
Gal4 response element. To enable transactivation assays based on full-length NRs,
this section was replaced with the human Nurr1 response elements DR5 (pFR-Luc-
DR5; TGATAGGTTCACCGAAAGGTCA), NBRE NL3 (pFR-Luc-NBRE; TGA-
TATCGAAAACAAAAGGTCA), or NurRE (from proopiomelanocortin (POMC);
pFR-Luc-NurRE; TGATATTTACCTCCAAATGCCA), respectively. The human
nuclear receptors Nurr1 (pcDNA3.1-hNurr1-NE; #102363, Addgene, Cambridge,
MA, USA) and, for DR5, RXRα (pSG5-hRXR31) were overexpressed. Assay pro-
cedure: HEK293T cells (German Collection of Microorganisms and Cell Cultures
(DSMZ), Braunschweig, Germany) were grown in DMEM high glucose, supple-
mented with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 µg/mL) at 37 °C and 5% CO2. The day before transfection,
HEK293T cells were seeded in 96-well plates (3 × 104 cells/well). Before transfec-
tion, medium was changed to Opti-MEM without supplements. Transient trans-
fection was performed using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol with the corresponding plasmid
mixture. For Gal4-hybrid assays, the plasmid mixtures comprised the respective
Gal4-fusion nuclear receptor plasmid (pFA-CMV-NR-LBD), pFR-Luc, and pRL-
SV40. For assays on full-length human Nurr1, the plasmid mixtures were
pcDNA3.1-hNurr1-NE/pFR-Luc-NBRE/pRL-SV40 (NBRE), pcDNA3.1-hNurr1-
NE/pFR-Luc-NurRE/pRL-SV40 (NurRE), and pcDNA3.1-hNurr1-NE/pSG5-RXR/
pFR-Luc-DR5/pRL-SV40 (DR5). Five hours after transfection, medium was
changed to Opti-MEM supplemented with penicillin (100 U/mL) and streptomycin
(100 µg/mL), now additionally containing 0.1% DMSO and the respective test
compound or 0.1% DMSO alone as untreated control. Each concentration was
tested in duplicates and each experiment was performed independently at least
three times. Following overnight (12–14 h) incubation with the test compounds,
cells were assayed for luciferase activity using Dual-Glo™ Luciferase Assay System
(Promega) according to the manufacturer’s protocol. Luminescence was measured
with a Spark 10M luminometer (Tecan Group Ltd., Männedorf, Switzerland).
Normalization of transfection efficiency and cell growth was done by division of
firefly luciferase data by renilla luciferase data and multiplying the value by 1000
resulting in relative light units (RLU). Fold activation was obtained by dividing the
mean RLU of a test compound at a respective concentration by the mean RLU of
untreated control. Max. relative activation refers to fold reporter activation of a test
compound divided by the fold activation of the respective reference agonist
(PPARα: GW7647; PPARγ: pioglitazone/rosiglitazone29; PPARδ: L165,041; RXRα:
bexarotene; RARα: tretinoin; all at a concentration of 1 µM; Nurr1: amodiaquine
(100 µM)). All hybrid assays were validated with the above mentioned reference
agonists which yielded EC50 values in agreement with the literature.

Production of recombinant RXRα and Nurr1 fusion proteins. The coding
sequence for RXRα LBD and Nurr1 LBD was codon optimized for E. coli and
purchased from Geneart (Regensburg, Germany), respectively. For expression of
fusion proteins with N-terminal green fluorescent protein (GFP), an expression
construct based on pET29b was prepared. For this, the entire section between the
original NdeI site and the forth position following the His-Tag coding sequence of
pET29b was replaced, hence, essentially leaving only the vector backbone unmo-
dified. The section was replaced by a sequence encoding a restriction site for NcoI
(overlapping with the start codon) and an open reading frame for Met-Gly-[His10-
Tag]-Asp-Tyr-Asp-Ile-Pro-Thr-Thr-[TEV site]-superfolder GFP32 followed by
restriction sites for BamHI (in frame) and XhoI. The sequences coding for the
LBDs of RXRα (uniprot entry: P19793-1, residues 226–462) or Nurr1 (uniprot
entry: P43354-1, residues 364–598) each followed by a stop codon were then
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introduced in frame between the afore inserted restriction sites for BamHI
and XhoI.

For generation of biotinylated Nurr1 LBD, the pMal vector system (New
England Biolabs, NEB, Ipswich, MA, USA) was used. In pMal-c2E, the section
between the sequence encoding 10x Asparagine (Asn10) and the SalI restriction site
was replaced with a sequence encoding Leu-Gly-Ile-Glu-Leu-Val-[His8-Tag]-Asp-
Tyr-Asp-Ile-Pro-Gly-Thr-Leu-[TEV site] followed by an Avi-Tag and restriction
sites for BamHI and XhoI. The sequence encoding Nurr1 (aa 364–598) followed by
two stop codons was cloned in frame between these restriction sites. From this
construct, a fusion protein is expressed with N-terminal maltose-binding protein
(MBP) followed by an Asn10 linker, a His8-Tag, a cleavage site for TEV protease, an
Avi-Tag, and the Nurr1 LBD with unmodified C-terminus.

For expression, E. coli T7 express cells (NEB) were co-transformed with pGro7
(TAKARA Bio Inc., Kusatsu, Japan) and one of the Nurr1 (pMal or pET) or RXRα
(pET) expression constructs and selected overnight at 37 °C on LB (Luria Broth)
agar containing 34 µg/ml chloramphenicol and either 100 µg/ml ampicillin (for
pMal) or 35 µg/ml kanamycin (for pET). Culture in liquid LB was inoculated and
grown at 37 °C with constant shaking at 180 rpm until optical density at 600 nm
(OD600) reached 0.7. At this time point, expression of the chaperone GroEL/ES
from pGro7 was induced with 1 g/L L(+)-Arabinose and the temperature was
reduced to 20 °C. At OD600= 1 expression of the target protein was induced by
addition of 0.5 mM IPTG. After 12–16 h, cells were harvested by centrifugation and
resuspended in buffer A (400 mM NaCl, 20 mM NaPi pH 7.8, 10% (w/v) Glycerol,
and 20 mM ß-mercaptoethanol). Cells were kept on ice and disrupted in presence
of 1 mM ATP, DNAse I, RNAse A, 20 mM MgSO4, and EDTA-free cOmplete™
protease inhibitor cocktail (F. Hoffmann-La Roche AG, Basel, Switzerland) by
addition of lysozyme and 10 passages through an Invensys APV-1000 homogenizer
(APV Systems, Silkeborg, Denmark). Cell debris was removed by centrifugation at
16,500 × g for 20 min at 4 °C.

Purification was achieved by immobilized metal chromatography (IMAC) using
columns packed with Ni Sepharose 6 Fast Flow resin on an ÄKTApurifier FPLC
system (GE Healthcare, Chicago, IL, USA). After washing with buffer
supplemented with 50 mM imidazole the protein was eluted with 300 mM
imidazole. Afterward, GFP fusion proteins were processed with His tagged TEV
protease overnight while imidazole content was reduced to 10 mM by dialysis
against buffer A in order to allow for reverse IMAC. The flow through was
concentrated and applied to size exclusion chromatography using a 16/60
Superdex200™ column equilibrated and run in HTRF assay buffer [25 mM HEPES
pH 7.5, 150 mM KF, 10% (w/v) glycerol, 5 mM DTT]. Following the initial IMAC
purification step, the MBP fusion protein for generation of biotin-labeled Nurr1
LBD was processed with MBP-tagged TEV protease during overnight dialysis
against buffer A. Afterward, uncleaved fusion protein, free MBP-Tag, and TEV
protease were removed by passaging through a gravity flow column packed with
Amylose High Flow resin (NEB). The flow through was then supplemented with
0.5 mM biotin, 0.5 mM ATP, 5 mM MgCl2, and E. coli biotin ligase birA at a molar
ratio of ~1:10 for enzymatic conjugation of biotin to the lysine residue in the avitag.
After overnight incubation at 4 °C, the solution was subjected to a column packed
with 5 ml monomeric avidin UltraLink™ resin (Pierce Biotechnology Inc.,
Rockford, IL, USA). Unlabeled protein and birA were removed by washing for 10
column volumes with buffer A before biotin-labeled Nurr1 LBD was eluted using
buffer A supplemented with 2 mM biotin. The product was then concentrated and
subjected to size exclusion chromatography using a 10/30 Superdex75™ column
equilibrated and run in HTRF assay buffer.

Nurr1 co-regulator recruitment assays. Recruitment of co-regulator peptides to
the Nurr1 LBD was studied in a homogeneous time-resolved fluorescence reso-
nance energy transfer (HT-FRET) assay system. Terbium cryptate as streptavidin
conjugate (Tb-SA; Cisbio Bioassays, Codolet, France) was used as FRET donor for
stable coupling to biotinylated recombinant Nurr1-LBD protein. Twenty-nine co-
regulator peptides fused to fluorescein as FRET acceptor were purchased from
ThermoFisher Scientific (Life Technologies GmbH, Darmstadt, Germany). Assay
solutions were prepared in HTRF assay buffer supplemented with 0.1% (w/v)
CHAPS and contained recombinant biotinylated Nurr1 LBD (final concentration 3
nM), Tb-SA (3 nM) and the respective fluorescein-labeled co-regulator peptide
(100 nM) as well as 1% DMSO with test compounds at 100 µM or DMSO alone as
negative control. All HTRF experiments were carried out in 384 well format using
white flat bottom polystyrol microtiter plates (Greiner Bio-One, Frickenhausen,
Germany). After 2 h incubation at RT, fluorescence intensities (FI) after excitation
at 340 nm were recorded at 520 nm for fluorescein acceptor fluorescence and 620
nm for Tb-SA donor fluorescence on a SPARK plate reader (Tecan Group Ltd.).
FI520nm was divided by FI620nm and multiplied with 10,000 to give a dimen-
sionless HTRF signal. Dose–response experiments with varying concentrations of
the test compounds amodiaquine, chloroquine, meclofenamic acid, parecoxib, and
oxaprozin were conducted in the same manner and setting. The co-regulator
peptides in this experiment were the following: steroid receptor co-activator (SRC)
1-1, Fluorescein-KYSQTSHKLVQLLTTTAEQQL-OH; SRC 1-2, Fluorescein-
LTARHKILHRLLQEGSPSD-OH; SRC 1-3, Fluorescein-ESKDHQLLRYLLDK-
DEKDL-OH; SRC 1-4, Fluorescein-GPQTPQAQQKSLLQQLLTE-OH; SRC 2-1,
Fluorescein-DSKGQTKLLQLLTTKSDQM-OH; SRC 2-2, Fluorescein-LKEKH
KILHRLLQDSSSPV-OH; SRC 2-3, Fluorescein-KKKENALLRYLLDKDDTKD-

OH; SRC 3-1, Fluorescein-ESKGHKKLLQLLTCSSDDR-OH; SRC 3-2, Fluor-
escein-LQEKHRILHKLLQNGNSPA-OH; SRC 3-3, Fluorescein-KKENNALLR
YLLDRDDPSD-OH; nuclear receptor co-repressor (NCOR) ID1, Fluorescein-
RTHRLITLADHICQIITQDFARN-OH; NCOR ID2, Fluorescein-DPASNLGLE
DIIRKALMGSFDDK-OH; silencing mediator for retinoid and thyroid hormone
receptor (SMRT) ID1, Fluorescein-GHQRVVTLAQHISEVITQDYTRH-OH;
SMRT ID2, Fluorescein-HASTNMGLEAIIRKALMGKYDQW-OH; CREB-binding
protein 1 (CBP-1), Fluorescein-AASKHKQLSELLRGGSGSS-OH; C33, Fluor-
escein-HVEMHPLLMGLLMESQWGA-OH; D11-FXXLF, Fluorescein-
VESGSSRFMQLFMANDLLT-OH; D22, Fluorescein-LPYEGSLLLKLLRAPVEEV-
OH; EAB1, Fluorescein-SSNHQSSRLIELLSR-OH; EA2, Fluorescein-SSKGV
LWRMLAEPVSR-OH; androgen receptor-associated protein 70 (ARA70), Fluor-
escein-SRETSEKFKLLFQSYNVND-OH; N-terminal sequence of androgen recep-
tor (AR N-term), Fluorescein-SKTYRGAFQNLFQSVREVI-OH; peroxisome
proliferator-activated receptor gamma co-activator 1-alpha (PGC1a), Fluorescein-
EAEEPSLLKKLLLAPANTQ-OH; nuclear receptor co-activator 6 (NCoA6, also
termed PRIPRAP250), Fluorescein-VTLTSPLLVNLLQSDISAG-OH, nuclear
receptor interacting protein 1 (NRIP1, also termed RIP140, interaction motif L6),
Fluorescein-SHQKVTLLQLLLGHKNEEN-OH; RIP140L8, Fluorescein-
SFSKNGLLSRLLRQNQDSY-OH; TB3, Fluorescein-SSVASREWWVRELSR-OH;
thyroid hormone receptor-associated protein (TRAP) TRAP220/DRIP-1, Fluor-
escein-KVSQNPILTSLLQITGNGG-OH; TRAP220/DRIP-2, Fluorescein-
NTKNHPMLMNLLKDNPAQD-OH.

Nurr1–RXR heterodimerization. Strength and modulation of the formation of the
heterodimer composed of the LBDs of Nurr1 and RXRα was investigated by
titration of GFP-RXRα LBD against a fixed concentration of Nurr1 LBD. Assay
solutions were prepared in HTRF assay buffer supplemented with 0.1% (w/v)
CHAPS as well as 1% DMSO with test compounds at 100 µM or DMSO alone as
negative control. The FRET donor complex formed from biotinylated Nurr1 LBD
(final concentration 0.375 nM) and Tb-SA (0.75 nM) was kept constant while the
concentration of GFP-RXRα LBD was varied starting with 4 µM as the highest
concentration and titrated with a dilution factor of 0.7. Free GFP was added to keep
the total GFP content stable at 4 µM throughout the entire series in order to
suppress artefacts from changes in degree of diffusion enhanced FRET. Samples
were equilibrated at RT for 2 h before FI520 and FI620 were recorded after exci-
tation at 340 nm, and the HTRF signal was calculated as described above.

Nurr1 homodimerization. Nurr1 homodimerization was studied by the same
strategy using GFP-Nurr1 LBD instead of GFP-RXRα LBD. Since affinity observed
for Nurr1 homodimer formation was higher, the maximum concentration for GFP-
Nurr1 LBD and the total GFP concentration was reduced to 500 nM.

Nurr1–NCoR-1 interaction. The Nurr1–NCoR-1 interaction was studied by
titrating GFP-Nurr1 LBD against biotinylated NCoR-1 copeptide (18 nM) and Tb-
SA (12 nM) in presence of a fixed concentration (100 µM, in assay buffer con-
taining 1% DMSO) of the respective ligand or 1% DMSO. To maintain a constant
GFP concentration, free GFP protein was added to the dilution series. The
experiments were performed in HTRF assay buffer (150 mM KF, 25 mM HEPES
pH 7.5 (KOH), 5% (w/v) Glycerol, supplemented with 0.1% (w/v) CHAPS and
5 mM DTT) with 1% DMSO in an assay volume of 20 µl. After 1 h incubation at
RT, fluorescence intensities after excitation at 340 nm were recorded at 520 nm for
GFP acceptor fluorescence and 620 nm for Tb-SA donor fluorescence and the
HTRF signal was calculated as described above.

Computational methods. General: Calculations were conducted in Molecular
Operating Environment (MOE, version 2018.0101, Chemical Computing Group
Inc., Montreal, QC, Canada) using default settings for each tool/function unless
stated otherwise. Crystal structure analysis: Alignment of the Nurr1 LBD in apo
state (PDB: 1OVL1), bound to prostaglandin A1 (PDB: 5Y417) and to dopamine
metabolite DHI (PDB: 6DDA9) was conducted using MOE sequence editor. The
subunits B were used in all cases. The proposed binding region for amodiaquine
type ligands was highlighted according to annotated amino acids from NMR
perturbation experiments and mutational studies6. Distances of the salt bridge
between Lys590 to Glu440 were measured in angstrom (Å) in MOE from nitrogen
(NH3

+) of Lys590 to oxygen (O−) of Glu440. Data shown are the mean ± SD
corresponding to the different subunits of the X-ray structures.

Statistics. Calculations and graphical analysis of experimental data was conducted
using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla,
CA, USA) and Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA,
USA). All cellular experiments were performed with at least three independent
biological repeats (n ≥ 3), each in duplicates. The cell-free experiments were per-
formed with three technical replicates (N= 3), whereas the cofactor screen was
performed with four technical replicates (N= 4). All dose–response curves were
calculated in GraphPad Prism using a nonlinear regression with variable slope
([Agonist] or [Inhibitor] vs. response; four parameters). Statistical significance
was evaluated by two-tailed student’s t-test (two samples, unequal variance; cal-
culated in Excel) with n ≥ 4. Results were considered statistically significant with
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p values < 0.05; significance levels are denoted as *p < 0.05, **p < 0.01, ***p <
0.001. Boxplots were generated in GraphPad Prism and show: center line, median;
box limits, upper and lower quartiles; whiskers, min/max; n ≥ 4.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The datasets generated and analyzed during the current study are available from the
corresponding author on reasonable request.
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Supplementary Figures and Tables 

 

 

Supplementary Figure 1. Bidirectional modulation of Nurr1 activity by drug approved COX 

inhibitors. (a) Molecular structures and activities of Nurr1 modulators aceclofenac, valdecoxib and 

meloxicam. EC50 and IC50 values were determined in the Gal4-Nurr1 hybrid reporter gene assay 

and are the mean ± SD; n ≥ 3. (b) Control experiments employing a Gal4-VP16 hybrid receptor 

confirmed Nurr1 mediated activity of aceclofenac, valdecoxib and oxaprozin. Boxplots show: 

center line, median; box limits, upper and lower quartiles; whiskers, min/max; n ≥ 4. *** p < 0.001. 

(c) Gal4-hybrid reporter gene assay demonstrated Nurr1 activation by aceclofenac as well as 

inverse Nurr1 agonism for valdecoxib and meloxicam. Results are mean ± S.E.M.; n ≥ 3. (d) 

Selectivity profile of Nurr1 modulators over lipid activated transcription factors. Heatmap shows 

mean rel. activation which refers to reference agonists at 1 µM for PPARs (: GW7647; : 

rosiglitazone; : L165,041), RXR (bexaroten), RAR (tretinoin) and 100 µM for Nurr1 (AQ); n ≥ 

4. 
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Supplementary Figure 2. Inverse agonists of related NR4A receptors Nur77 and NOR1 not 

affecting Nurr1 activity. (a) Molecular structures of NR4A receptor modulators lornoxicam and 

mofezolac. (b) Control experiments employing a Gal4-VP16 hybrid receptor confirmed Nur77 and 

NOR1 mediated activity of lornoxicam and mofezolac. Boxplots show: center line, median; box 

limits, upper and lower quartiles; whiskers, min/max; n ≥ 4. * p < 0.05, ** p < 0.01 *** p < 0.001. 

(c) Dose-response curves demonstrate dose-dependent inverse Nur77 and NOR1 agonism. Data 

are mean ± SD, n ≥ 3. 

 

 

Supplementary Figure 3. Cellular profiling of Nurr1 modulator chloroquine (CQ). Data shown 

here are identical with Fig. 3a-d for CQ in the manuscript but y-axis scaling has been adapted 

here to depict the CQ dose-response. The Nurr1 activation efficacy of CQ is markedly lower 

compared to AQ. (a) Gal4-hybrid reporter gene assay demonstrated Nurr1 activation by CQ. (b-

d) Nurr1 full-length reporter gene assays with the human Nurr1 response elements NBRE (Nurr1 

monomer, b), NurRE (Nurr1 homodimer, c), and DR5 (Nurr1:RXR heterodimer, d) confirmed 

agonism of CQ. All cellular experiments were performed in transiently transfected HEK293T cells. 

Results are the mean ± S.E.M.; n ≥ 3.   
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Supplementary Table 1. Activity of NSAIDs on NR4A nuclear receptors Nur77 (NR4A1), Nurr1 

(NR4A2) and NOR1 (NR4A3) determined in uniform Gal4-hybrid reporter gene assays in 

transiently transfected HEK293T cells. Activity was verified using Gal4-VP161,2 as control and only 

compounds with statistically significant (p < 0.05) activity on the respective NR4A receptor versus 

VP16 control are reported as active. EC50/IC50 values are reported in [µM]. Values in parentheses 

are min./max. activation compared to 0.1% DMSO serving as vehicle. Data are the mean ± SD, 

n≥3. 

 Nur77 Nurr1 NOR1 

meclofenamic acid 
EC50 3.9 ± 0.7 

(3.3 ± 0.4) 
EC50 4.7 ± 0.1 
(3.52 ± 0.05) 

EC50 7.9 ± 0.8 
(5.5 ± 0.6) 

meloxicam 
IC50 73 ± 2 

(0.23 ± 0.02) 
IC50 77 ± 24 
(0.2 ± 0.1) 

IC50 84 ± 17 
(0.1 ± 0.1) 

lornoxicam 
IC50 9.4 ± 6.3 
(0.63 ± 0.09) 

- 
IC50 24 ± 3 

(0.62 ± 0.02) 

aceclofenac - 
EC50 2.5 ± 0.1 
(1.99 ± 0.07) 

- 

mofezolac 
IC50 30 ± 1 

(0.38 ± 0.02) 
- 

IC50 33 ± 5 
(0.32 ± 0.10) 

oxaprozin 
IC50 16 ± 5 
(0.2 ± 0.1) 

IC50 40 ± 6 
(0.26 ± 0.08) 

IC50 22 ± 4 
(≥ 0.00) 

valdecoxib - 
IC50 13 ± 3 

(0.52 ± 0.04) 
- 

parecoxib 
IC50 23.7 ± 0.2 

(0.1 ± 0.0) 
IC50 13.4 ± 0.3 
(0.48 ± 0.01) 

IC50 25 ± 4 
(0.22 ± 0.05) 
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ABSTRACT: The ligand-activated transcription factor nuclear
receptor related-1 (Nurr1) exhibits great potential for neuro-
degenerative disease treatment, but potent Nurr1 modulators to
further probe and validate the nuclear receptor as a therapeutic
target are lacking. We have systematically studied the structure−
activity relationship of the 4-amino-7-chloroquinoline scaffold
contained in Nurr1 activators amodiaquine and chloroquine and
discovered fragment-like analogues that activated Nurr1 in several
cellular settings. The most active descendants promoted the
transcriptional activity of Nurr1 on human response elements as
monomer, homodimer, and heterodimer and markedly enhanced
Nurr1-dependent gene expression in human astrocytes. As a tool to
elucidate mechanisms involving in Nurr1 activation, these Nurr1
agonists induced robust recruitment of NCoR1 and NCoR2 co-
regulators to the Nurr1 ligand binding domain and promoted Nurr1 dimerization. These findings provide important insights in
Nurr1 regulation. The fragment-sized Nurr1 agonists are appealing starting points for medicinal chemistry and valuable early Nurr1
agonist tools for pharmacology and chemical biology.

■ INTRODUCTION

The ligand-sensing transcription factor nuclear receptor
related-1 (Nurr1, NR4A2)1 is an orphan nuclear receptor
with neuroprotective properties. Nurr1 is found in several
neuronal cells with particularly high expression in dopaminer-
gic neurons.2 It regulates the expression of various genes in
dopamine metabolism and transport, which turned out to be
crucial for the protection and survival of dopaminergic
neurons.2 Altered expression of Nurr1 in patients of
Parkinson’s Disease (PD) and the observation that neuronal
Nurr1 knockout in mice causes a phenotype resembling PD
further point to high therapeutic potential of Nurr1
modulation in PD and other neurodegenerative pathologies.2,3

The prostaglandins PGA1 and PGE1 were recently discovered
as endogenous Nurr1 ligands with intermediate micromolar
potency and neuroprotective effects.4 However, the lack of
potent Nurr1 modulators as tools hinders further evaluation
and validation of Nurr1 as a therapeutic target.
Amodiaquine (AQ, 1), chloroquine (CQ, 2), and glafenine

(3) have been reported as first-in-class activators of Nurr13

with micromolar activity (Table 1). These compounds
importantly demonstrate that Nurr1 can be activated with
small molecules. However, their limited potency and their
effects on various other proteins and signaling pathways5−13

render them insufficient as tools for pharmacology and
chemical biology. Optimized Nurr1 activators are required to

study the role of the orphan nuclear receptor in health and
disease.
Munoz-Tello et al.13 have recently demonstrated that among

the putative Nurr1 modulators reported in the literature, only
AQ (1), CQ (2), and cytosporone B act as direct ligands of the
nuclear receptor to control its transcriptional activity. More-
over, this recent study confirms previous observations that AQ
(1) and CQ (2) likely target the canonical ligand binding site
of the Nurr1 ligand binding domain (LBD)3 in contrast to
PGA1 and PGE1, which bind to a noncanonical site between
helices H5, H11, and H12.4 These important findings13 make
the AQ/CQ chemotype of Nurr1 modulators an attractive
starting point for the development of Nurr1 targeting tool
compounds.
Using 1−3 as the starting matter, we have assessed the

structure−activity relationship (SAR) of this AQ chemotype of
Nurr1 ligands by a rapid fragment-based strategy. We have
discovered that the 4-amino-7-chloroquinoline (4) scaffold
alone is sufficient for Nurr1 activation despite low potency. By
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systematically varying its substitution pattern, we discovered
potent, fragment-like Nurr1 agonists (24 and 26), which
activated Nurr1 in cellular and cell-free settings. 26 evolves as a
valuable chemical tool to probe molecular mechanisms of
Nurr1 activation. In contrast to AQ and CQ, whose tool
compound applicability is hindered by nonspecific effects on
transcriptional activity,13 26 overcomes this limitation. Using
26 for functional studies, we observed robust recruitment of
the nuclear receptor co-regulators NCoR1 and NCoR2 to
Nurr1 by 26 and a promoting effect on Nurr1 homodimeriza-
tion, which provide improved understanding of molecular
Nurr1 activation mechanisms.

■ RESULTS AND DISCUSSION
Chemistry. Nurr1 modulators 4−33 were synthesized

according to Schemes 1 and 2 or commercially available. 6
and 29−33 were prepared from the respective 4-chloroquino-
lines 12 and 34 and the respective amines 35−40 by
nucleophilic aromatic substitution according to a previously
reported procedure to 614 with suitable adaptions (Scheme 1).
27 and 28 were generated by reductive amination from 5-

chloronapthalen-1-amine (24) and the respective ketones 41
and 42 (Scheme 2).

Biological Evaluation. A cellular hybrid reporter gene
assay in HEK293 cells served as a primary test system to
determine Nurr1 modulation by 1−33. This assay is based on
a hybrid receptor construct composed of the human Nurr1
LBD and the Gal4 DNA binding domain from yeast. A Gal4-
sensitive firefly luciferase construct served as the reporter gene,
and constitutively expressed renilla luciferase (SV40 promoter)
was used to normalize for transfection efficiency and to
monitor test compound toxicity. In agreement with the
constitutively active nature of Nurr1,1 the chimeric Gal4-
Nurr1 receptor displays strong intrinsic transcriptional inducer
activity also in the absence of a ligand. As a control experiment,
all tested compounds were assessed for unspecific effects on
reporter activity in an analogous setting with the potent
transcriptional inducer Gal4-VP1615 replacing Gal4-Nurr1
(Figure S1). By providing insights into the type of activity
(agonist or inverse agonist), potency, and efficacy of the tested
compounds, this hybrid reporter gene assay appeared as the
most suitable primary test system, especially since knowledge
on Nurr1-interacting co-regulators and their response to
ligands as the basis for cell-free recruitment assays is still
limited.16

For further insights into cellular Nurr1 modulation in more
physiological settings, selected compounds were profiled for
activation of full-length human Nurr1 as the monomer,
homodimer, or RXR-heterodimer. For this, firefly reporter

Table 1. SAR of Side-Chain Motifs in the AQ/CQ
Chemotype. Biological Activity of 1−10 on Nurr1 In Vitroa

aActivity was determined in a Gal4-Nurr1 hybrid reporter gene assay.
EC50 and IC50 values are the mean ± SD; n ≥ 3. Max. fold activation
refers to fold reporter activity compared to DMSO (0.1%)-treated
cells. bInactive: no significant effect on reporter activity (≥1.5-fold
activation or compared to Gal4-VP16 at the highest nontoxic
concentration as indicated).

Scheme 1. Synthesis of 6 and 29−33a

aReagents and conditions: (a) KI, EtOH, 2 N HCl, 90 °C, 14−20 h;
(b) EtOH, μw, 140 °C, 36−48 h.

Scheme 2. Synthesis of 27 and 28a

aReagents and conditions: (a) HOAc, DCE, room temperature, 30
min; then NaB(OAc)3H, DCE, 50 °C, 24 h.
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constructs comprising a single repeat of the respective human
response elements of monomeric Nurr1 (NBRE), the Nurr1
homodimer (NurRE), or the RXR-Nurr1 heterodimer (DR5)
in front of the reporter gene were used. Nurr1 and, in the case
of DR5, also RXRα were overexpressed using CMV promoter-
dependent expression constructs. As for the hybrid Gal4-Nurr1
assay, constitutively expressed renilla luciferase served for
normalization purposes. In addition, effects of selected
compounds on Nurr1-regulated gene expression were
evaluated in Nurr1 expressing17 T98G glioblastoma cells on
the mRNA level by quantitative real-time polymerase chain
reaction (qRT-PCR).
Nurr1 modulation was also studied in cell-free, homoge-

neous time-resolved fluorescence resonance energy transfer
(HTRF)-based settings using Tb3+-cryptate-labeled co-regu-
lator peptides derived from NCoR1 and NCoR2 as FRET
donors and recombinant, GFP-labeled Nurr1 LBD protein as
the FRET acceptor.
Structure−Activity Relationship. All three reported

Nurr1 activators AQ (1), CQ (2), and glafenine (3) share
an identical 4-amino-7-chloroquinoline scaffold prompting the
hypothesis that this shared structural feature strongly
contributes to their biological activity on Nurr1. To
preliminarily test this assumption, we determined the Nurr1
modulatory activity of a small series of further 4-amino-7-
chloroquinoline derivatives (4−10, Table 1).
AQ (1) and CQ (2) activated Gal4-Nurr1 with intermediate

micromolar EC50 values of 36 ± 4 μM (3.6 ± 0.1 max. fold
activation) and 47 ± 5 μM (2.0 ± 0.1 max. fold activation),
respectively, which agreed with their reported activities3 and
validated our in vitro test system. Glafenine (3) turned out to
be too toxic to be reasonably characterized in the cellular
setting. The minimal shared structure 4-amino-7-chloroquino-
line (4) of AQ (1) and CQ (2) was indeed sufficient to
activate Nurr1 despite lower potency in a high micromolar
range. AQ analogue 5 lacking the phenolic hydroxyl group
retained reduced Nurr1 agonistic potency, too, while removal
of the diethylaminomethyl motif (6) resulted in full loss of
activity. Replacement of the basic side chain of AQ (1) and
CQ (2) by a butyric acid motif of similar size in 7 produced an
inverse agonist that markedly reduced the transcriptional
activity of Nurr1. A small lipophilic isopentyl side chain residue
(8) recovered Nurr1 agonism with a remarkable 1.8 μM EC50
value but low activation efficacy. The bulkier 4-methylcyclo-
hexyl- (9) and benzyl- (10) derivatives failed to modulate
Nurr1 activity. These preliminary SAR observations indicate
that the side chain motif contributes to Nurr1 modulation but
characterize the 4-amino-7-chloroquinoline (4) as the key
structural feature for Nurr1 modulation. Intrigued by the
observation that the fragment-sized structure 4 was sufficient
to activate Nurr1, we studied the SAR of the isolated
chloroquinoline-amine motif individually.
First, we evaluated the individual contributions of structural

features of 4 to Nurr1 activation by their systematic removal
(Table 2). 7-Chloroquinoline (11) lacking the 4-amino group
revealed inverse Nurr1 agonism with moderate repressor
efficacy, while 4,7-dichloroquinoline (12) was inactive pointing
to an important contribution of the amino group to Nurr1
activation. 4-Aminoquinoline (13) lacking the 7-chlorine
substituent was inactive, too, indicating the chlorine as another
important feature for Nurr1 agonism. Introduction of an
additional methyl group in the 2-position of the 4-amino-7-

chloroquinoline (14) was accompanied with a remarkable gain
in potency by almost a factor of 10 compared to 4.
We then systematically varied the regiochemistry of the

essential chlorine and amine substituents (Table 3). Shifting
the chlorine atom from the 7- (4) to the 6- (15) or 8-position
(16) strongly promoted potency on Nurr1, with 8-chloro-4-
aminoquinoline (16) as the most favored isomer. For the
amine substituent, agonism on Nurr1 was lost when the amino
group was moved from the 4-position in 4 to the 2- (17) or 3-
position (18), while shifting the amine to the benzoid ring in
the 5-position (19) was favored by Nurr1. However, this
structural modification turned out to be incompatible with the
favored 6- (15) or 8-position (16) of the chlorine substituent
since 6-chloro-5-aminoquinoline (20) and 8-chloro-5-amino-
quinoline (21) were inactive. When we replaced the 8-chlorine
substituent of the preferred chloroquinolineamine isomer 16
by a bulkier trifluoromethyl group (22) or by a smaller fluorine
atom (23), we observed a drastic loss in potency, suggesting
that the chlorine atom was highly favored in this position.
Eventually, we also addressed the contribution of the quinoline
nitrogen atom in the favored regioisomer 16 whose removal in
naphthalene 24 was favored and promoted potency by a factor
of 5, whereas shifting the nitrogen by one position to
isoquinoline 25 resulted in inactivity.
The in vitro activities of 11−25 demonstrated the presence

and regiochemistry of the amine and chlorine substituents as
crucial contributing factors for potency on Nurr1. Additionally,
we observed an increase in potency for a methyl group in the
2-position. Combination of this favorable methyl substituent
(14) with a preferred regiochemistry of the chlorine and amine
substituents (16) in 26 further enhanced potency to a low
micromolar EC50 value (Table 4).

Table 2. Contribution of Chlorine and Amine Residues in
the Chloroquinolineamine Scaffold. Biological Activity of
11−14 on Nurr1 In Vitroa

aActivity was determined in a Gal4-Nurr1 hybrid reporter gene assay.
EC50 and IC50 values are the mean ± SD; n ≥ 3. Max. fold activation
refers to fold reporter activity compared to DMSO (0.1%)-treated
cells. bInactive: no significant effect on reporter activity (≥1.5-fold
activation or compared to Gal4-VP16 at the highest nontoxic
concentration as indicated).
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Our systematic SAR analysis of 4 and analogues as Nurr1
agonists rendered 24 and 26 as the most favorable derivatives.
With EC50 values of 7 and 17 μM, respectively, both fragment-
like molecules 24 and 26 possess slightly higher potencies on
Nurr1 than the template drugs AQ (1) and CQ (2) while

comprising markedly lower molecular weights. Accordingly, 24
and 26 are superior in terms of ligand efficiency (LE),
lipophilic ligand efficiency (LLE), and size-independent ligand
efficiency (SILE)18 compared to AQ (1) and CQ (2), which
were employed as leads (Table 5).

In an attempt to recombine 24 and 26 with the substituents
of the template drugs, we prepared and characterized the
respective CQ analogues (Table 6). Compound 27 resulting
from fusion of CQ (2) and fragment 24 was active but too
toxic for full dose−response characterization on Gal4-Nurr1.
Its potency was inferior to fragment 24 but might be a minor
improvement over CQ (2). To exclude steric hindrance as a
reason for the surprisingly low potency of 27, we studied its
smaller dimethyl analogue 28, which was inactive up to 10 μM
and toxic at higher concentrations. The fusion of 26 and 2 in
29 was nontoxic but inactive on Gal4-Nurr1 up to high 100
μM concentration. Despite the undesirable nonspecific
activities of AQ (1),5−10,20,21 we also fused 26 with the AQ
side chain, but the resulting compound 30 was inactive, too.
These results suggest that recombination of the optimized
fragment with the AQ (1) or CQ (2) side chains was not a
constructive strategy to achieve further optimization.
The early SAR analysis had also revealed a branched

lipophilic side chain (8) as favored for Nurr1 activation.
Hence, we additionally probed fusion of this isopentyl motif
and related small lipophilic groups with the optimized
chloroquinoline fragment 26 (31−33, Table 6). All three
derivatives comprising an isopropyl (31), n-butyl (32), or
isopentyl (33) substituent activated Nurr1 with micromolar

Table 3. SAR and Biological Activity of Chloroquinoline-
Amine Regioisomers 15−25 on Nurr1 In Vitroa

aActivity was determined in a Gal4-Nurr1 hybrid reporter gene assay.
EC50 values are the mean ± SD; n ≥ 3. Max. fold activation refers to
fold reporter activity compared to DMSO (0.1%)-treated cells.
bInactive: no significant effect on reporter activity (≥1.5-fold
activation or compared to Gal4-VP16 at the highest nontoxic
concentration as indicated).

Table 4. Fused SAR in the Chloroquinolineamine Fragment.
Biological Activity of 14, 16, and 26 on Nurr1 In Vitroa

aActivity was determined in a Gal4-Nurr1 hybrid reporter gene assay.
EC50 values are the mean ± SD; n ≥ 3. Max. fold activation refers to
fold reporter activity compared to DMSO (0.1%)-treated cells.

Table 5. Efficiency Metrics of Nurr1 Agonistsa

ID EC50 (Nurr1) LE LLEb SILE

1 36 ± 4 μM 0.24 −0.39 1.7
2 47 ± 5 μM 0.27 −0.95 1.7
24 7.3 ± 0.5 μM 0.59 1.85 2.4
26 17 ± 6 μM 0.50 1.83 2.2

aMetrics were calculated as described in ref 18. balogP for LLE
calculations was retrieved from the ALOGPS 2.1 resource.19
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potencies, but neither modification provided an improvement
in potency compared to the fragment 26. Together, the weak
Nurr1 modulatory activities of the fused derivatives 27−33,
hence, indicate that the SAR of the chloroquinoline core and
the side chain motif is not additive and that systematic efforts
are needed for further optimization.
While compound 24 evolved as the most potent Nurr1

agonist in this study, it also exhibited nonspecific effects on the
control gene (renilla luciferase) in our reporter gene assays
(Figures S2a and S3). Its efficacy in Nurr1 activation may
therefore be overestimated. Control experiments on Gal4-
VP16 (Figure S1) and a pronounced increase in Nurr1-
induced reporter activity demonstrate, however, that 24

activates Nurr1 despite nonspecific effects. Of note, the
previously reported Nurr1 agonists CQ (2) and especially
AQ (1) cause opposite nonspecific effects on control gene
activity (Figure S2a), indicating nonspecific transcriptional
activation as already observed by Munoz-Tello et al.13

Compound 26, in contrast, did not affect renilla activity
(Figure S2a) and VP16-dependent transcriptional activity
(Figure S1), suggesting it as an improved Nurr1 agonist tool
with reduced nonspecific effects.
Based on these considerations, 26 evolved as the most

attractive fragment descendant of AQ (1) and CQ (2) for
further studies on Nurr1 agonist characteristics. In addition,
fragment 24 presents as an attractive starting point for further
optimization despite nonspecific activity that will require
attention (Figure S2). Hence, we studied the effects of 24 and
26 on Nurr1 activity in more physiological settings involving
the full-length human nuclear receptor (Figure 1a and 1b;

Figure S4). Both compounds activated the Nurr1 monomer,
homodimer, and RXR-heterodimer on the human Nurr1
response elements NBRE, NurRE, and DR5. In line with the
hybrid reporter gene assay data (Figure S5), 24 revealed higher
potency compared to 26 and CQ (2),16 while 26 activated the
human Nurr1 response elements with higher efficacy. To
confirm Nurr1 modulation also in an orthogonal native cellular
setting, we determined the effects of 24 and 26 on Nurr1-

Table 6. Biological Activity of Fused Structures 27−33 on
Nurr1 In Vitroa

aActivity was determined in a Gal4-Nurr1 hybrid reporter gene assay.
EC50 values are the mean ± SD; n ≥ 3. Max. fold activation refers to
fold reporter activity compared to DMSO (0.1%)-treated cells.
bInactive: no significant effect on reporter activity (≥1.5-fold
activation or compared to Gal4-VP16 at the highest nontoxic
concentration as indicated).

Figure 1. Nurr1 agonism of 24 and 26 in cellular settings. (a, b)
Nurr1 agonist activity of (a) 24 and (b) 26 on full-length human
Nurr1 as the monomer (NBRE), homodimer (NurRE), and RXR-
heterodimer (DR5). Data are the mean ± S.E.M.; n ≥ 3. Individual
curves are shown in Figure S4, and corresponding EC50 values are
listed in Table S1. (c) Effects of 24 and 26 on mRNA expression of
vesicular monoamine transporter 2 (VMAT2) and tyrosine
hydroxylase (TH) in human astrocytes (T98G). CQ (2) for
comparison. Nurr1 agonists 24 and 26 strongly promoted Nurr1-
regulated VMAT2 and TH expression in a dose-dependent manner.
Data are the mean ± S.E.M.; n = 4. mRNA levels were determined by
qRT-PCR and analyzed by the 2‑ΔΔCt method. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. DMSO control (t-test).
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regulated gene expression in Nurr1 expressing17 human
astrocytes (T98G) on the mRNA level (Figure 1c). Both 24
and 26 caused a marked induction of vesicular monoamine
transporter 2 (VMAT2; SLC18A2) and tyrosine hydroxylase
(TH) in a dose-dependent fashion. These results demonstrate
Nurr1 activation by 24 and 26 in various cellular settings, and
hence, fully characterize the fragments 24 and 26 as Nurr1
agonists useful as lead compounds for medicinal chemistry and
as early tools to study Nurr1 biology.
The chloroquinoline 26 comprises a consistent Nurr1

agonist profile in multiple orthogonal cellular settings including
hybrid and full-length Nurr1 reporter gene assays and gene
expression studies in native cells. In addition, the compound is
characterized by reduced nonspecific effects compared to AQ
(1) and CQ (2) and thus seemed suitable as a tool to study
regulatory interactions involving in Nurr1 activation in HTRF-
based systems. Using inverse Nurr1 agonists, we have
previously discovered a ligand-sensitive interaction of Nurr1
with the nuclear receptor co-repressors NCoR1 and NCoR2.16

However, the previously available Nurr1 agonists AQ (1) and
CQ (2) exhibited very weak (CQ) or no (AQ) effects at all on
the binding of these co-regulators to Nurr1.16 In addition, their
nonspecific transcriptional effects put the applicability of AQ
(1) and CQ (2) as tools into question. The regulatory
contributions of the bona fide co-repressors NCoR1 and
NCoR2 to Nurr1 activation, thus, remained elusive. Initial
experiments (not shown) suggested enhanced recruitment of
NCoR1 and NCoR2 upon binding of 26 to the Nurr1 LBD,
which aligned with our previous finding that these co-
regulators are displaced from Nurr1 by inverse agonists. To
avoid any photophysical effects of 26 in studying co-regulator
recruitment to Nurr1, we determined NCoR1 and NCoR2
binding by titrating the GFP-labeled Nurr1 LBD in the
presence of a fixed concentration of 26 and a fixed
concentration of the FRET donor-labeled co-regulator peptide.
The FRET acceptor concentration was also kept constant
throughout the titration by adding respective amounts of free
GFP. This setting ensured that any photophysical effects of 26
were constant over the full curve and that an increase in the
HTRF signal only resulted from binding of the labeled co-
regulator to the labeled Nurr1 LBD. Using this assay setup, we
observed a dose-dependent increase in NCoR1 and NCoR2
recruitment to the Nurr1 LBD in the presence of 26 (20 and
100 μM, Figure 2a and 2b) or 24 (100 μM, Figure S6). In line
with the previously discovered co-regulator displacement by

inverse agonists, these results indicate involvement of NCoR1
and NCoR2 binding in Nurr1 activation. This is further
supported by the fact that Nurr1 acts as a constitutive
transcriptional activator and markedly recruits NCoR1 and
NCoR2 also in the apo state (Figure 2a and 2b, DMSO). In
addition to effects on NCoR1 and NCoR2 recruitment, we
have previously observed a ligand-sensitive dimerization of the
Nurr1 LBD,16 wherein inverse Nurr1 agonists strongly
counteracted Nurr1 homodimer formation. In line with this,
the Nurr1 activators 24 and 26 enhanced Nurr1 homodime-
rization (Figure 2c; Figure S6) as another factor likely
involving in Nurr1 activation. This observation aligns with
the higher agonist efficacy of 26 on the human Nurr1
homodimer response element NurRE (Figure 1b). Hence, the
Nurr1 agonist 26 as a tool in HTRF settings revealed increased
recruitment of NCoR1 and NCoR2 to the Nurr1 LBD as well
as enhanced Nurr1 homodimerization as contributing factors
of Nurr1 activation.

■ CONCLUSIONS

The available collection of direct Nurr1 modulating small
molecules is scarce, limiting further efforts to validate Nurr1 as
a drug target. Munoz-Tello et al.13 have demonstrated that the
majority of the putative Nurr1 ligands does not directly
interact with the nuclear receptor and thereby characterized
the AQ/CQ chemotype as the most suitable starting point for
further tool compound development. They have also shown
that despite directly activating Nurr1, AQ and CQ have
nonspecific effects on transcriptional activity, limiting their
applicability as tools to study Nurr1. This aligns with several
previously reported activities of the antimalarials5−13 and with
our observation of elevated control gene transcription upon
AQ and CQ treatment.
By fragmentation of the AQ/CQ chemotype of Nurr1

activators and systematic SAR elucidation of the fragment-
sized chloroquinoline scaffold, we discovered 24 and 26 as
novel Nurr1 agonists. Despite providing only moderately
increased potency compared to AQ and CQ, these compounds
have remarkably lower size and molecular weight, which make
them attractive lead compounds for further expansion and
optimization by medicinal chemistry. In addition, while 24 also
exhibited nonspecific (potentially cytotoxic) effects on tran-
scriptional activity, 26 had no such activity. Thereby, 26
overcomes one limitation of AQ and CQ as Nurr1 ligands, and

Figure 2. Effects of Nurr1 agonist 26 (20 and 100 μM) on co-regulator recruitment to the Nurr1 LBD in homogeneous time-resolved fluorescence
resonance energy transfer (HTRF) assays. (a) Recruitment of Tb3+-cryptate-labeled NCoR1 to the sGFP-labeled Nurr1 LBD. (b) Recruitment of
Tb3+-cryptate-labeled NCoR2 to the sGFP-labeled Nurr1 LBD. (c) Homodimerization between the Tb3+-cryptate-labeled and sGFP-labeled Nurr1
LBD. Data are the mean ± SD; N = 3. Compound 24 exhibits comparable effects (Figure S6).
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hence, is a valuable early Nurr1 agonist tool to study the
receptor’s molecular and cellular function. Using 26 for
extended functional studies, we confirmed the hypothesis
that the inverse Nurr1 agonist responsive16 co-regulators
NCoR1 and NCoR2 are robustly recruited to Nurr1 in the
presence of agonists, which together with strengthened Nurr1
homodimerization upon binding of 26 provides insights in the
activation mechanism of Nurr1.

■ EXPERIMENTAL SECTION
Chemistry. General. All chemicals and solvents for synthesis were

obtained from commercial sources in reagent grade and used without
further purification. TLC was performed using TLC plates (silica gel
60 F254, 0.2 mm, Merck or Alugram Xtra Sil G/UV 0.2 mm,
Macherey-Nagel) with detection under UV light (254 and 366 nm).
Preparative column chromatography was performed using Silicagel 60
(Macherey-Nagel) and solvents of technical grade. Reactions with air-
or moisture-sensitive compounds were carried out under an argon
atmosphere and in anhydrous solvents. NMR spectra were recorded
on Bruker AV 500 and AV 600 spectrometers (Bruker Corporation,
Billerica, MA, USA). Chemical shifts (δ) are reported in ppm relative
to TMS and coupling constants (J) in Hz. Multiplicity of signals is
indicated as s for singlet, d for doublet, t for triplet, q for quartet, and
m for multiplet. High-resolution mass spectra were recorded on a
MALDI LTQ ORBITRAP XL instrument (Thermo Fisher Scientific)
or on a Bruker maXis ESI-Qq-TOF-MS instrument (Bruker).
Compound purity was analyzed using a Varian ProStar HPLC
(SpectraLab Scientific Inc., Markham, ON, Canada) equipped with a
MultoHigh100 Phenyl-5 μ 240 + 4 mm column (CS-Chromatogra-
phie Service GmbH, Langerwehe, Germany) using a gradient (H2O/
MeOH 80:20 + 0.1% formic acid isocratic for 5 min to MeOH + 0.1%
formic acid after additional 45 min and MeOH + 0.1% formic acid for
additional 10 min) at a flow rate of 1 mL/min and UV detection at
245 and 280 nm. All final compounds for biological evaluation had a
purity >95% according to the AUC at 245 and 280 nm UV detection.
Final compounds from commercial sources were obtained from Sigma
Aldrich, Enamine, TCI, Fluorochem, abcr, Apollo Scientific or Life
Chemicals and had a purity >95% according to the supplier’s
certificate.
4-((7-Chloroquinolin-4-yl)amino)phenol (6). 4,7-Dichloroquino-

line (12, 0.99 g, 5.0 mmol, 1.0 equiv), 4-aminophenol (35, 0.60 g, 5.5
mmol, 1.1 equiv), and a catalytic amount of potassium iodide were
dissolved in ethanol (EtOH, 20 mL), aqueous hydrochloric acid (1.0
mL, 2 N) was added dropwise, and the mixture was stirred under
reflux for 14 h. After cooling to room temperature, the crude product
was filtered off and washed with EtOH to obtain 6 as a yellow solid in
98% yield. 1H NMR (500 MHz, DMSO-d6): δ = 10.99 (s, 1H), 9.94
(s, 1H), 8.80 (d, J = 9.1 Hz, 1H), 8.45 (d, J = 7.1 Hz, 1H), 8.14 (d, J =
2.0 Hz, 1H), 7.84 (dd, J = 9.1, 2.1 Hz, 1H), 7.30−7.19 (m, 2H),
7.00−6.93 (m, 2H), 6.62 (d, J = 7.0 Hz, 1H). 13C NMR (126 MHz,
DMSO-d6): δ = 157.09, 155.43, 143.10, 139.02, 138.31, 127.69,
127.23, 127.19 (2C), 125.98, 119.19, 116.49 (2C), 115.66, 99.99.
HRMS (MALDI): m/z calculated 271.06327 for C15H12ClN2O,
found 271.06403 ([M + H]+).
N4-(5-Chloronaphthalen-1-yl)-N1,N1-diethylpentane-1,4-diamine

(27). 5-Chloronaphthalen-1-amine (24, 89 mg, 0.50 mmol, 1.0 equiv)
and 5-(diethylamino)pentan-2-one (41, 73 μL, 0.55 mmol, 1.1 equiv)
were dissolved in 1,2-dichloroethane (10 mL), molecular sieves (4 Å)
were added, and the mixture was stirred at room temperature for 2 h.
Then, acetic acid (0.75 mL) was added, and the mixture was stirred at
50 °C for another 2 h. NaB(OAc)3H (0.32 g, 1.5 mmol, 3.0 equiv)
was then added, and the mixture was stirred at 50 °C for 24 h. After
quenching with aqueous sodium hydroxide solution (100 mL, 1 M),
phases were separated, and the aqueous layer was extracted twice with
EtOAc (2x 100 mL). The combined organic layers were dried over
Na2SO4, and solvents were removed under reduced pressure. The
crude product was purified by column chromatography in hexane/
EtOAc (10:1) + 2% triethylamine to obtain 27 as a brown oil in 45%
yield. 1H NMR (500 MHz, acetone-d6): δ = 8.14 (dt, J = 8.6, 1.0 Hz,

1H), 7.56 (dd, J = 7.4, 1.0 Hz, 1H), 7.51−7.40 (m, 2H), 7.32 (dd, J =
8.6, 7.3 Hz, 1H), 6.74 (dt, J = 7.3, 1.0 Hz, 1H), 5.43 (s, 1H), 3.80−
3.71 (m, 1H), 2.54−2.45 (m, 6H), 1.86−1.78 (m, 1H), 1.69−1.58
(m, 3H), 1.30 (d, J = 6.3 Hz, 3H), 0.98 (t, J = 7.1 Hz, 6H). 13C NMR
(126 MHz, acetone-d6): δ = 144.93, 132.72, 132.44, 129.17, 126.86,
125.65, 124.43, 121.54, 111.98, 105.72, 53.51, 49.24, 47.55 (2C),
35.01, 24.70, 20.63, 12.12 (2C). HRMS (ESI+): m/z calculated
320.1973 for C19H28ClN2, found 320.1982 ([M + H]+).

N4-(5-Chloronaphthalen-1-yl)-N1,N1-dimethylpentane-1,4-diamine
(28). 5-Chloronaphthalen-1-amine (24, 44 mg, 0.25 mmol, 1.0 equiv)
and 5-(dimethylamino)pentan-2-one (42, 50 mg, 0.33 mmol, 1.3
equiv) were dissolved in 1,2-dichloroethane (10 mL), molecular
sieves (4 Å) were added, and the mixture was stirred at room
temperature for 2 h. Then, acetic acid (0.75 mL) was added, and the
mixture was stirred at 50 °C for another 2 h. NaB(OAc)3H (0.16 g,
0.75 mmol, 3.0 equiv) was then added, and the mixture was stirred at
50 °C for 24 h. After quenching with aqueous sodium hydroxide
solution (50 mL, 1 M), phases were separated, and the aqueous layer
was extracted twice with EtOAc (2x 25 mL). The combined organic
layers were dried over Na2SO4, and solvents were removed under
reduced pressure. The crude product was purified by column
chromatography with hexane/EtOAc (1:1) and acetone/toluene
(20:1) + 2% triethylamine to obtain 28 as a pale brown solid in
25% yield. 1H NMR (500 MHz, acetone-d6): δ = 8.16 (dt, J = 8.6, 0.9
Hz, 1H), 7.56 (dd, J = 7.4, 1.0 Hz, 1H), 7.51−7.41 (m, 2H), 7.33 (dd,
J = 8.6, 7.4 Hz, 1H), 6.73 (dt, J = 7.2, 1.1 Hz, 1H), 3.79−3.73 (m,
1H), 2.50 (t, J = 7.0 Hz, 2H), 2.31 (s, 6H), 1.90−1.61 (m, 4H), 1.30
(d, J = 6.3 Hz, 3H). 13C NMR (126 MHz, acetone-d6) δ 144.93,
132.71, 132.39, 129.17, 126.88, 125.68, 124.46, 121.67, 111.98,
105.63, 59.56, 49.15, 44.76 (2C), 34.70, 24.32, 20.76. HRMS (ESI+):
m/z calculated 291.1628 for C17H24ClN2, found 291.1626 ([M +
H]+).

N4-(8-Chloro-2-methylquinolin-4-yl)-N1,N1-diethylpentane-1,4-di-
amine (29). 4,8-Dichloro-2-methylquinoline (34, 106 mg, 0.5 mmol,
1.0 equiv) and N1,N1-diethylpentane-1,4-diamine (37, 0.12 mL, 0.6
mmol, 1.2 equiv) were dissolved in EtOH (6 mL). The mixture was
stirred under microwave irradiation at 140 °C for 36 h. After cooling
to room temperature, the solvent was removed under vacuum. The
crude product was purified by column chromatography using a
gradient of hexane/EtOAc (5:1) + 2% triethylamine to hexane/
EtOAc (1:1) + 2% triethylamine to obtain 29 as a pale yellow solid in
54% yield. 1H NMR (600 MHz, deuterium oxide): δ = 7.90 (d, J = 8.5
Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.30 (t, J = 8.0 Hz, 1H), 6.58 (s,
1H), 3.90−3.82 (m, 1H), 3.17 (q, J = 7.2 Hz, 4H), 2.96−2.91 (m,
2H), 2.49 (s, 3H), 1.23 (d, J = 6.3 Hz, 3H), 1.15 (t, J = 7.3 Hz, 6H),
1.06−1.01 (m, 4H). 13C NMR (126 MHz, DMSO-d6): δ = 160.90,
150.68, 144.75, 131.99, 130.01, 123.74, 121.57, 119.50, 99.90, 52.34,
49.22, 48.27 (2C), 33.93, 25.84, 23.08, 20.47, 11.44 (2C). HRMS
(ESI+): m/z calculated 334.2050 for C19H29ClN3, found 334.2055
([M + H]+).

4-((8-Chloro-2-methylquinolin-4-yl)amino)-2-((diethylamino)-
methyl)phenol (30). 4,8-Dichloro-2-methylquinoline (34, 0.21 g, 1.0
mmol, 1.0 equiv), 4-amino-2-(diethylamino)methyl)phenol dihydro-
chloride (36, 293 mg, 1.1 mmol, 1.1 equiv), and a catalytic amount of
potassium iodide were dissolved in EtOH (30 mL), aqueous
hydrochloric acid (0.2 mL, 2 N) was added dropwise, and the
mixture was stirred under reflux for 20 h. After cooling to room
temperature, the mixture was filtered, and the filtrate was
concentrated under reduced pressure. The crude product was washed
with cold EtOH to obtain 30 as a yellow solid in 51% yield. 1H NMR
(500 MHz, deuterium oxide): δ = 8.18 (dd, J = 8.6, 1.2 Hz, 1H), 7.99
(dd, J = 7.7, 1.2 Hz, 1H), 7.60 (t, 1H), 7.46−7.41 (m, 2H), 7.19−7.14
(m, 1H), 6.67 (s, 1H), 4.37 (s, 2H), 3.30 (dq, J = 10.1, 7.2 Hz, 4H),
2.62 (s, 3H), 1.38 (t, J = 7.3 Hz, 6H). 13C NMR (126 MHz,
Deuterium Oxide): δ = 156.20, 156.16, 155.95, 135.40, 134.52,
130.28, 129.90, 129.18, 127.36, 124.08, 121.94, 118.78, 117.82,
117.66, 101.72, 52.20, 48.36 (2C), 20.68, 8.83 (2C). HRMS
(MALDI): m/z calculated 370.16807 for C21H25ClN3O, found
370.16737 ([M + H]+).
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8-Chloro-N-isopropyl-2-methylquinolin-4-amine (31). 4,8-Di-
chloro-2-methylquinoline (34, 0.11 g, 0.50 mmol, 1.0 equiv) and
propan-2-amine (38, 51 μL, 0.60 mmol, 1.2 equiv) were dissolved in
EtOH (6.0 mL), and the mixture was stirred for 36 h at 140 °C under
microwave irradiation. The solvent was evaporated in vacuum,
aqueous sodium hydroxide solution (20 mL) and ethyl acetate (20
mL) were added, phases were separated, and the aqueous layer was
extracted two times with ethyl acetate (2x 20 mL). The combined
organic layers were dried over Na2SO4, and the solvent was
evaporated in vacuum. The crude product was purified by column
chromatography (hexane/ethyl acetate 5:1 + 2% NEt3 and hexane/
ethyl acetate 1:1 + 2% NEt3) to obtain the title compound as a yellow
oil (15 mg, 13%). 1H NMR (500 MHz, Acetone-d6): δ = 8.05 (dd, J =
8.5, 1.3 Hz, 1H), 7.70 (dd, J = 7.4, 1.3 Hz, 1H), 7.29−7.22 (m, 1H),
6.54 (s, 1H), 6.14 (d, J = 6.9 Hz, 1H), 4.01−3.90 (m, 1H), 2.54 (s,
3H), 1.34 (d, J = 6.4 Hz, 6H). 13C NMR (126 MHz, acetone-d6): δ =
160.73, 150.50, 145.82, 133.84, 129.73, 123.57, 120.86, 120.12,
100.33, 44.81, 25.92, 22.31 (2C). HRMS (MALDI): m/z calculated
235.09965 for C13H16ClN2, found 235.10002 ([M + H]+).
N-Butyl-8-chloro-2-methylquinolin-4-amine (32). 4,8-Dichloro-2-

methylquinoline (34, 0.11 g, 0.50 mmol, 1.0 equiv) and butan-1-
amine (39, 73 mg, 1.0 mmol, 2.0 equiv) were dissolved in EtOH (6.0
mL), and the mixture was stirred for 48 h at 140 °C under microwave
irradiation. The solvent was evaporated in vacuum, and the crude
product was purified by column chromatography (hexane/ethyl
acetate 5:1 + 2% NEt3) to obtain the title compound as a yellow oil
(30 mg, 24%). 1H NMR (500 MHz, CDCl3): δ = 7.71−7.64 (m, 2H),
7.20 (t, J = 8.0 Hz, 1H), 6.26 (s, 1H), 3.27−3.22 (m, 2H), 2.62 (s,
3H), 1.72−1.65 (m, 2H), 1.48−1.40 (m, 2H), 0.94 (t, J = 7.4 Hz,
3H). 13C NMR (126 MHz, CDCl3): δ = 159.86, 150.46, 129.63,
123.57, 118.83, 118.61, 99.63, 43.18, 30.92, 25.76, 20.34, 13.85.
HRMS (MALDI): m/z calculated 249.11530 for C14H18ClN2, found
249.11583 ([M + H]+).
8-Chloro-2-methyl-N-(3-methylbutan-2-yl)quinolin-4-amine (33).

4,8-Dichloro-2-methylquinoline (34, 0.11 g, 0.50 mmol, 1.0 equiv)
and 3-methylbutan-2-amine (40, 87 mg, 1.0 mmol, 2.0 equiv) were
dissolved in EtOH (6.0 mL), and the mixture was stirred for 48 h at
140 °C under microwave irradiation. The solvent was evaporated in
vacuum, aqueous sodium hydroxide solution (20 mL) and ethyl
acetate (20 mL) were added, phases were separated, and the aqueous
layer was extracted two times with ethyl acetate (2x 20 mL). The
combined organic layers were dried over Na2SO4, and the solvent was
evaporated in vacuum. The crude product was purified by column
chromatography (hexane/ethyl acetate 5:1 + 2% NEt3 and hexane/
ethyl acetate 1:1 + 2% NEt3) to obtain the title compound as a green
oil (6 mg, 4%). 1H NMR (500 MHz, MeOD): δ = 8.08 (dd, J = 8.5,
1.2 Hz, 1H), 7.70 (dd, J = 7.5, 1.2 Hz, 1H), 7.31−7.26 (m, 1H), 6.49
(s, 1H), 3.57 (quint., J = 6.7 Hz, 1H), 2.53 (s, 3H), 1.95−1.84 (m, J =
6.8, 1H), 1.19 (d, J = 6.6, 3H), 0.94−0.91 (m, 6H). 13C NMR (126
MHz, MeOD): δ = 159.03, 152.19, 130.57, 123.81, 120.37, 118.63,
99.28, 54.29, 32.47, 22.35, 18.62, 17.36, 15.44. HRMS (MALDI): m/z
calculated 263.13095 for C15H20ClN2, found 263.13157 ([M + H]+).
Hybrid Gal4-Nurr1 Reporter Gene Assay. Plasmids. The Gal4-

fusion receptor plasmid pFA-CMV-hNURR1-LBD16 coding for the
hinge region and LBD of the canonical isoform of human Nurr1 has
been reported previously. The Gal4-VP1615 fusion protein expressed
from plasmid pECE-SV40-Gal4-VP1622 (Addgene, entry 71728,
Watertown, MA, USA) served as a ligand-independent transcriptional
inducer for control experiments. pFR-Luc (Stratagene, La Jolla, CA,
USA) was used as a reporter plasmid and pRL-SV40 (Promega,
Madison, WI, USA) for normalization of transfection efficiency and
test compound toxicity. Assay procedure. HEK293T cells were grown
in DMEM high glucose, supplemented with 10% fetal calf serum
(FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. The day before
transfection, HEK293T cells were seeded in 96-well plates (3 × 104

cells/well). The medium was changed to Opti-MEM without
supplements right before transfection. Transient transfection was
performed using the Lipofectamine LTX reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol with

pFR-Luc (Stratagene), pRL-SV40 (Promega), and the corresponding
Gal4-fusion nuclear receptor plasmid pFA-CMV-hNR-LBD. Five
hours after transfection, the medium was changed to Opti-MEM
supplemented with penicillin (100 U/mL) and streptomycin (100
μg/mL), now additionally containing 0.1% DMSO and the respective
test compound or 0.1% DMSO alone as untreated control. Each
concentration was tested in duplicates, and each experiment was
performed independently at least three times. The Gal4-VP16 control
experiments were carried out in duplicates as well, with at least four
independent repeats. Following overnight (12−14 h) incubation with
the test compounds, the cells were assayed for luciferase activity using
the Dual-GloTM Luciferase Assay System (Promega) according to the
manufacturer’s protocol. Luminescence was measured with a Spark 10
M luminometer (Tecan Group AG, Ma ̈nnedorf, Switzerland).
Normalization of transfection efficiency and cell growth were done
by division of firefly luciferase data by renilla luciferase data and
multiplying the value by 1000 resulting in relative light units (RLU).
Fold activation was obtained by dividing the mean RLU of a test
compound at a respective concentration by the mean RLU of
untreated control. The hybrid assay was validated with amodiaquine
and chloroquine as reference agonists, which yielded EC50 values in
agreement with the literature. For dose−response curve fitting and
calculation of EC50/IC50 values, the equations “[Agonist]/[Inhibitor]
vs. response − variable slope (four parameters)” were performed with
mean fold activations ± SD using GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA, USA).

Full-Length Nurr1 Reporter Gene Assays. Plasmids: The
reporter plasmids pFR-Luc-NBRE,16 pFR-Luc-NurRE,16 and pFR-
Luc-DR516 each containing one copy of the respective human Nurr1
response element NBRE Nl3 (TGATATCGAAAACAAAAGGTCA),
NurRE (from POMC; TGATATTTACCTCCAAATGCCA), or DR5
(TGATAGGTTCACCGAAAGGTCA) were described previously.
The full length human nuclear receptor Nurr1 (pcDNA3.1-hNurr1-
NE; Addgene, entry 102363) and, for DR5, RXRα (pSG5-hRXR23)
were overexpressed. pFL-SV40 (Promega) was used for normalization
of transfection efficacy and evaluation of compound toxicity. Assay
procedure: HEK293T cells were grown in DMEM high glucose,
supplemented with 10% FCS, sodium pyruvate (1 mM), penicillin
(100 U/mL), and streptomycin (100 μg/mL) at 37 °C and 5% CO2.
The day before transfection, HEK293T cells were seeded in 96-well
plates (3 × 104 cells/well). The medium was changed to Opti-MEM
without supplements right before transfection. Transient transfection
was performed using the Lipofectamine LTX reagent (Invitrogen)
according to the manufacturer’s protocol with pFR-Luc-NBRE,16

pFR-Luc-NurRE16 or pFR-Luc-DR5,16 pRL-SV40 (Promega), the
human full length receptor plasmid pcDNA3.1-hNurr1-NE, and, for
DR5, also pSG5-hRXR.23 Five hours after transfection, the medium
was changed to Opti-MEM supplemented with penicillin (100 U/
mL) and streptomycin (100 μg/mL), now additionally containing
0.1% DMSO and the respective test compound or 0.1% DMSO alone
as untreated control. For full dose−response characterization, each
concentration was tested in duplicates and each experiment was
performed independently at least three times. Following overnight
(12−14 h) incubation with the test compounds, the cells were assayed
for luciferase activity using a Dual-GloTM Luciferase Assay System
(Promega) according to the manufacturer’s protocol. Luminescence
was measured with a Spark 10 M luminometer (Tecan Group AG).
Normalization of transfection efficiency and cell growth were done by
division of firefly luciferase data by renilla luciferase data and
multiplying the value by 1000 resulting in RLU. Fold activation was
obtained by dividing the mean RLU of a test compound at a
respective concentration by the mean RLU of untreated control. The
full length Nurr1 reporter gene assays were validated with
amodiaquine and chloroquine as reference agonists.

Nurr1 Co-Regulator Recruitment Assays. Interaction of co-
regulator peptides to the Nurr1-LBD was studied in a homogeneous
time-resolved fluorescence resonance energy transfer (HT-FRET)
assay system. Terbium cryptate as streptavidin conjugate (Tb-SA;
Cisbio Bioassays, Codolet, France) was used as FRET donor for
stable coupling to biotinylated co-regulator peptides NCoR1 or
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NCoR2. As FRET acceptor, recombinant Nurr1-LBD protein16 fused
to sGFP was used, which has been reported previously. GFP-Nurr1-
LBD was titrated against biotinylated NCoR1 (1 nM) or NCoR2 (18
nM) copeptide and Tb-SA (2 or 12 nM, respectively) in the presence
of a fixed concentration (20 or 100 μM, in assay buffer containing 1%
DMSO) of the respective ligand or 1% DMSO. To maintain a
constant GFP concentration, free GFP protein was added to the
dilution series. The experiments were performed in HTRF assay
buffer (150 mM KF, 25 mM HEPES pH 7.5 (KOH), 5% (w/v)
Glycerol, supplemented with 0.1% (w/v) CHAPS and 5 mM DTT)
with 1% DMSO in an assay volume of 20 μL. All HTRF experiments
were carried out in a 384-well format using white flat bottom
polystyrol microtiter plates (Greiner Bio-One, Frickenhausen,
Germany), and each concentration was tested in technical triplicates.
After 1 h incubation at room temperature, fluorescence intensities
after excitation at 340 nm were recorded at 520 nm for GFP acceptor
fluorescence and 620 nm for Tb-SA donor fluorescence on a SPARK
plate reader (Tecan Group Ltd.). FI520nm was divided by FI620nm
and multiplied with 10,000 to give a dimensionless HTRF signal.
ΔHTRFs were calculated as differences between each individual
HTFR value and the corresponding untreated control (1% DMSO) of
the same dissolution series. For the dose−response curve fitting, the
equation “[Agonist] vs. response − variable slope (four parameters)”
was performed with three replicate values of ΔHTRF using GraphPad
Prism (version 7.00, GraphPad Software). The co-regulator peptides
were purchased from Eurogentec (Seraing, Belgium), and sequences
were the following: nuclear receptor co-repressor 1 (NCoR1) nuclear
receptor-interaction domain 1 (ID1), Biotin-GMGQVPRTHRLI-
TLADHICQIITQDFARN-COOH; and NCoR2 ID2, Biotin-SQAV-
QEHASTNMGLEAIIRKALMGKYDQW-COOH.
Nurr1 Homodimerization Assay. Modulation of Nurr1 LBD

homodimerization was studied in an HT-FRET assay setup using the
biotinylated recombinant Nurr1 LBD16 and GFP-Nurr1 LBD. Assay
solutions were prepared in HTRF assay buffer supplemented with
0.1% (w/v) CHAPS and 5 mM DTT as well as 1% DMSO with test
compounds 24 (100 μM) and 26 (20 or 100 μM) or DMSO alone as
negative control. The biotinylated Nurr1 LBD (0.375 nM) and Tb-SA
(0.75 nM) served as the FRET donor complex, which was kept
constant, while the GFP-coupled protein as the FRET acceptor was
varied in concentration. Titration of the GFP-Nurr1 LBD started at
500 nM, and each concentration was tested in technical triplicates.
Accordingly, free GFP was added to keep the total GFP content stable
throughout the entire series in order to suppress artifacts from
changes in the degree of diffusion-enhanced FRET. The samples were
equilibrated at room temperature for 2 h before FI520nm and
FI620nm were recorded after excitation at 340 nm, and the HTRF
signal, ΔHTRF, and dose−response curves were calculated as
described above.
Quantification of Nurr1-Regulated mRNA Expression in

T98G Cells by qRT-PCR. T98G cells were grown in 6-well plates
(2.5 × 105 cells/well) in DMEM high glucose, supplemented with
10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2. Before incubation
with test compounds, the medium was changed to DMEM
supplemented with 1% charcoal-stripped FCS, sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) for 24
h. For gene expression analysis, the cells were incubated with 2 (50
μM), 24 (10 or 30 μM), 26 (10 or 30 μM), or 0.1% DMSO as
untreated control for 8 h. The cells were then harvested and directly
used for RNA extraction. Total RNA (3 μg) was extracted from T98G
cells by the E.Z.N.A. Total RNA Kit I (R6834−02, Omega Bio-Tek,
Inc., Norcross, GA). RNA was reverse-transcribed into cDNA using
the High-Capacity RNA-to-cDNA Kit (4387406, Thermo Fischer
Scientific, Inc.) according to the manufacturer’s protocol. Nurr1 target
gene expression was evaluated by qRT-PCR analysis with a
StepOnePlus System (Life Technologies, Carlsbad, CA) using
Power SYBR Green (Life Technologies; 12.5 μL/well). Each sample
was set up in duplicates and repeated in four independent
experiments. The expression was quantified by the comparative
2‑ΔΔCt method, and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) served as the reference gene. Primer sequences for
Nurr1 target genes vesicular monoamine transporter 2 (VMAT2) and
tyrosine hydroxylase (TH) were obtained from OriGene (OriGene
Technologies Inc., Rockville, MD, USA). The following PCR primers
were used: hGAPDH: 5′-ATA TGA TTC CAC CCA TGG CA (fw),
5′-GAT GAT GAC CCT TTT GGC TC (rev), hVMAT2: 5′-GCT
ATG CCT TCC TGC TGA TTG C (fw), 5′-CCA AGG CGA TTC
CCA TGA CGT T (rev), and hTH: 5′-GCT GGA CAA GTG TCA
TCA CCT G (fw), and 5′-CCT GTA CTG GAA GGC GAT CTC A
(rev).
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Supplementary Figures and Tables 

 

Figure S1. Control experiments employing a Gal4-VP16 hybrid receptor were performed for all 

tested compounds to confirm or refute Gal4-Nurr1 mediated activity in the cellular hybrid reporter 

gene assay. Boxplots show: center line, median; box limits, upper and lower quartiles; whiskers, 

min/max; n ≥ 4. * p < 0.05, ** p < 0.01 *** p < 0.001 (t-test). 
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Figure S2. Nonspecific effects and cytotoxicity of Nurr1 agonists. (a) Relative renilla luminescence 

from cellular Gal4 hybrid reporter gene assay in HEK293T cells compared to DMSO 0.1% control 

reveals pronounced non-specific effects on transcriptional activity for AQ and 24. Data are the 

mean ± SEM; n ≥ 3. (b) Treatment of human astrocytes (T98G) and HEK293T cells with increasing 

concentrations of 24 and 26 revealed no cytotoxicity up to 300 μM in HEK293T cells and 

increasing toxicity from 100 µM in astrocytes. Cell viability was determined by a WST-1 assay. CQ 

(2) is shown for comparison. Data are the mean ± SEM; n ≥ 3. 

 

 

 

 

 
Figure S3. Raw luminescence data for 24 from the cellular Gal4-Nurr1 hybrid reporter gene assay. 

Relative light units (RLU) were obtained by division of firefly luciferase data by renilla luciferase 

data and multiplying the value by 1000. Although a pronounced increase in firefly activity shows 

Gal4-Nurr1 activation by 24, its Nurr1 activation efficacy is overestimated as a result of decreasing 

renilla activity. Data are the mean ± SEM; n ≥ 4. 
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Figure S4. Activity of 24 (a) and 26 (b) in cellular full length Nurr1 reporter gene assays employing 

the human Nurr1 response elements NBRE (monomer), NurRE (homodimer) and DR5 

(heterodimer with RXRα) to govern reporter gene expression. Data are the mean ± SEM, n≥3. 

Statistical significance is indicated compared to DMSO 0.1% control, * p < 0.05, ** p < 0.01 *** p 

< 0.001 (t-test). 

 

 

 
Figure S5. Activity of 24 (a) and 26 (b) in the cellular Gal4-Nurr1 hybrid reporter gene assay. CQ 

(2) is shown for comparison. Data are the mean ± SEM; n≥3. 
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Figure S6. Effects of Nurr1 agonist 24 on co-factor binding to the Nurr1 LBD and on Nurr1 

homodimerization in homogenous time-resolved fluorescence resonance energy transfer (HTRF) 

assays. (a) NCoR1 interaction with the Nurr1 LBD. (b) NCoR2 interaction with the Nurr1 LBD. (c) 

Nurr1-Nurr1 homodimerization. Data are the mean ± SD; N = 3. 

 

 

Table S1. Summarized cellular Nurr1 modulatory activities of fragments 24 and 26. The Gal4-

Nurr1 hybrid reporter gene assay and full length Nurr1 reporter gene assays under control of the 

NBRE (monomer), NurRE (homodimer) and DR5 (heterodimer with RXRα) response elements 

were performed in transiently transfected HEK293T cells. Values in parentheses are max. 

activation compared to 0.1% DMSO serving as vehicle. Data are the mean ± SD, n≥3. Hillslopes 

calculated from non-linear fit ([Agonist] vs. response -- Variable slope (four parameters)). 

 24 26 

Gal4-Nurr1 

EC50 7.3 ± 0.5 µM 

(5.28 ± 0.15 fold act.) 

hillslope 2.00 ± 0.19 

EC50 17 ± 6 µM 

(1.71 ± 0.11 fold act.) 

hillslope 2.42 ± 1.31 

NBRE:  

Nurr1 monomer 

EC50 7.7 ± 3.3 µM 

(1.74 ± 0.16 fold act.) 

hillslope 1.31 ± 0.75 

EC50 92 ± 21 µM 

(3.23 ± 0.44 fold act.) 

hillslope 2.09 ± 0.71 

NurRE:  

Nurr1 homodimer 

EC50 6.5 ± 1.6 µM 

(2.12 ± 0.10 fold act.) 

hillslope 2.31 ± 1.21 

EC50 95 ± 15 µM 

(4.92 ± 0.73 fold act.) 

hillslope 2.90 ± 0.85 

DR5: 

Nurr1:RXRα heterodimer 

EC50 14 ± 5 µM 

(2.15 ± 0.29 fold act.) 

hillslope 1.41 ± 0.50 

EC50 92 ± 18 µM 

(3.24 ± 0.44 fold act.) 

hillslope 2.86 ± 1.29 
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Supplementary Methods 

WST-1 Toxicity Assay  

WST-1 assay (Roche Diagnostics International AG, Rotkreuz, Switzerland) was performed 

according to the manufacturer’s protocol. In brief, T98G cells and HEK293T cells were seeded in 

DMEM high glucose, supplemented with sodium pyruvate (1 mM), penicillin (100 U/mL), 

streptomycin (100 μg/mL), and 10% FCS in 96-well plates at a density of 3 × 104 cells/well, 

respectively. After 24 h, the medium was changed to DMEM high glucose, supplemented with 

penicillin (100 U/mL), streptomycin (100 μg/mL), and 1% charcoal stripped FCS additionally 

containing 0.1% DMSO and the test compound 2, 24 or 26 (final concentrations 0.1 μM, 1 μM, 

10 μM, 30 μM, 100 μM, and 300 μM) or 0.1% DMSO alone as negative control. After 24 h, WST 

reagent (Roche Diagnostics International AG) was added to each well according to the 

manufacturer’s instructions. After 45 min incubation, absorption (450 nm/reference, 620 nm) was 

determined with a Spark 10M luminometer (Tecan Group AG, Männedorf, Switzerland). Each 

experiment was repeated at least three times in duplicates. 

 



 

 



 

 



 

 

 



 

 



 

 



 

 

 



 

 

 

 



 

 



314 

  



315 

16.6 Development and profiling of inverse agonist tools for the 
neuroprotective transcription factor Nurr1 
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nist tools for the neuroprotective transcription factor Nurr1. J. Med. Chem. 2021, 64 (20), 15126-15140. 
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ABSTRACT: The ligand-sensing transcription factor nuclear
receptor related 1 (Nurr1) evolves as an appealing target to treat
neurodegenerative diseases. Despite its therapeutic potential
observed in various rodent models, potent modulators for Nurr1
are lacking as pharmacological tools. Here, we report the
structure−activity relationship and systematic optimization of
indole-based inverse Nurr1 agonists. Optimized analogues
decreased the receptor’s intrinsic transcriptional activity by up to
more than 90% and revealed preference for inhibiting Nurr1
monomer activity. In orthogonal cell-free settings, we detected
displacement of NCoRs and disruption of the Nurr1 homodimer
as molecular modes of action. The inverse Nurr1 agonists reduced
the expression of Nurr1-regulated genes in T98G cells, and
treatment with an inverse Nurr1 agonist mimicked the effect of Nurr1 silencing on interleukin-6 release from LPS-stimulated human
astrocytes. The indole-based inverse Nurr1 agonists valuably extend the toolbox of Nurr1 modulators to further probe the role of
Nurr1 in neuroinflammation, cancer, and beyond.

■ INTRODUCTION
Nuclear receptor related 1 (Nurr1) is a ligand-activated
transcription factor belonging to the nuclear receptor protein
family.1 Nurr1 expression is high in the central nervous system
where the receptor is mainly found in (dopaminergic)
neurons.2 Several lines of evidence point to a critical role of
Nurr1 in neurodegeneration and neuroinflammation. Altered
Nurr1 expression levels have been detected in Parkinson’s
disease (PD),3 Alzheimer’s disease (AD),4,5 and multiple
sclerosis (MS).6 Similarly, Nurr1 expression was diminished in
AD (5XFAD)4 and PD (MPTP)3 rodent models. Moreover,
knockout of Nurr1 in dopaminergic neurons in mice produced
a phenotype resembling progressive PD,2 and heterozygous
Nurr1 knockout mice developed experimental autoimmune
encephalomyelitis (EAE) faster than wild-type mice.7

Pharmacological Nurr1 modulation, hence, may hold remark-
able therapeutic potential in neurodegenerative diseases.4−6,8,9

Experimental validation of Nurr1 as a therapeutic target is,
however, hindered by the lack of Nurr1 modulators as tool
compounds.
Nurr1 displays high ligand-independent transcriptional

inducer activity and likely lacks the canonical ligand binding
site of nuclear receptors.1,10,11 A number of small molecules
have been reported as Nurr1 ligands, but a recent systematic
analysis by Munoz-Tello et al.12 revealed also indirect effects
for several Nurr1 modulators. The antimalarial amodiaquine
(AQ, 1),13 certain fatty acid metabolites,10,14 the dopamine
metabolite 5,6-dihydroxyindole (DHI)15 and analogues,16 and

AQ-fragments17 act as direct Nurr1 activators. Additionally, we
have discovered several nonsteroidal anti-inflammatory drugs18

such as 2 and 3 as direct Nurr1 modulators (Chart 1).
However, 1−3 mainly target other macromolecules and
signaling pathways19−22 than Nurr1 with higher potency and
can only serve as early tools for functional studies on Nurr1.
Novel Nurr1 ligands are hence needed to probe the
therapeutic potential of Nurr1 in neurodegeneration and
other pathologies. Importantly, while the moderately potent
Nurr1 agonist AQ (1) has been successfully used to probe
Nurr1 activation in vivo,5,13,23,24 no potent inverse Nurr1
agonist that blocks the nuclear receptor’s high basal activity is
available to date.
In an in vitro fragment screening campaign to identify

chemical starting matter for Nurr1 ligand development, we
have discovered the indole derivative 4 as a weak repressor of
Nurr1 activity (IC50 48 μM). Using 4 as a lead, we have
systematically elucidated the structure−activity relationship
(SAR) of this new Nurr1 ligand chemotype with analogues 5−
42 to obtain the efficient inverse Nurr1 agonists 31 and 40,
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which decreased residual Nurr1 activity by up to 90%. Cell-free
assays indicated disruption of the Nurr1 homodimer as well as
NCoR displacement from Nurr1 as modes of action, and the
inverse agonists revealed a preference for Nurr1 monomer
inhibition on the NBRE response element. In human T98G
astrocytes, the inverse Nurr1 agonist 31 exacerbated the
neuroinflammatory response to LPS in a similar fashion as
Nurr1 knockdown. Compounds 31 and 40 hence emerge as
valuable new tools to study the mechanisms and biology of
Nurr1.

■ RESULTS AND DISCUSSION
Compounds 5−19 and 22−42 were prepared according to
Schemes 1−7. Compounds 20 and 21 were commercially

available. 2-Methylindole-3-carboxylic acid methyl ester (5)
was obtained by treating 2-iodoaniline (43) with methyl
acetoacetate (44) in the presence of Cu2O. The 2-chloroindole
analogue 6 was synthesized by treating 4 with NCS (Scheme
1).
Further analogues of 4 with methyl, chloro, methoxy, or

bromo substituents on the ring system (7−14 and 26−28)
were obtained by esterification of the respective free indole-3-
carboxylic acids 45−55 (Scheme 2).
N-substituted derivatives 15−18 were prepared from 4 using

dimethyl (for 15) or diethyl sulfate (for 16) and base,
iodobenzene (56) and CuI (for 17), or benzyl bromide (57)

and base (for 18). The free indole-3-carboxylic acid (19) was
obtained by alkaline hydrolysis of 4 and then served for the
preparation of esters 23−25 (Scheme 3).
For the synthesis of ethyl ketone 22, indole (58) was treated

with Et2AlCl followed by propionyl chloride (59, Scheme 4).
5-Phenyl (29)- and 5-benzyl (30)-substituted indole-3-

carboxylic acid methyl esters were obtained from the 5-
bromoindole 28 by Suzuki coupling with boronic acids 60 and
61, respectively (Scheme 5). Treatment of 29 with dimethyl
sulfate afforded the N-methyl analogue 31. The 3-thienyl
derivative 38 was synthesized following the same strategy by
Suzuki coupling of 28 with boronic acid 62 to 63 followed by
methylation with dimethyl sulfate. Further 5-aryl-substituted
indole-3-carboxylic acid methyl esters 35−37 and 39 and 40
were prepared by a more economic inverted strategy. For this,
28 was first N-methylated with iodomethane to 64, which was

Chart 1. Known Nurr1 ligands 1−3 and screening hit 4.

Scheme 1. Synthesis of 5 and 6a

aReagents and conditions: (a) methyl acetoacetate (44), Cu2O,
Cs2CO3, DMSO/H2O (3:1), 100 °C, 6 h, 51%; (b) NCS, DMF, 75
°C, 2 h, 27%.

Scheme 2. Synthesis of 7−14 and 26−28a

aReagents and conditions: (a) methanol, H2SO4, 70−80 °C, 5−23 h,
6−89%.

Scheme 3. Synthesis of 15−19 and 23−25a

aReagents and conditions: (a) dimethyl sulfate or diethyl sulfate,
NaOH, DMF, 130 °C, 4−5 h, 17−35%; (b) iodobenzene (56), CuI,
Cs2CO3, DMF, 120 °C, 24 h, 3%; (c) benzyl bromide (57), NaH,
DMF, rt, 3.5 h, 59%; (d) KOH, H2O, 65 °C, overnight, 87%; (e)
ethanol, H2SO4, 80 °C, 5 h, 23%; (f) oxalyl chloride, CH2Cl2, DMF,
rt, 3 h, then t-BuOH, KOtBu, rt, 2 h, 60%; (g) SOCl2, phenol,
CH2Cl2, DMF, reflux, 7.5 d, 4%.

Scheme 4. Synthesis of 22a

aReagents and conditions: (a) Et2AlCl, CH2Cl2, 0 °C, 45 min, then
propionyl chloride (59), 0 °C, 3 h, 11%.
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then used for Suzuki coupling with boronic acids 65−69 to
obtain 35−37 and 39−40.
Amide analogues 32−34 of 31 were prepared by hydrolysis

of 31 to the free carboxylic acid 70, which was then treated
with methylamine, ethylamine, or dimethylamine, respectively,
in the presence of EDC·HCl and 4-DMAP (Scheme 6).
The tetrasubstituted indole 41 was prepared according to

Scheme 7 from 5-bromo-7-chloroindole (71), which was first
treated with trichloroacetyl chloride (72) followed by
methanol and base to introduce the 3-carboxylic acid methyl
ester in 73. Methylation with iodomethane afforded 74, which
was reacted with boronic acid 69 under Suzuki conditions to
obtain 41.
Nurr1 modulation by 4−42 was determined in a cellular

(HEK293T) hybrid reporter gene assay based on the human
Nurr1 ligand binding domain (LBD) fused to the DNA
binding domain of the yeast protein Gal4 with a Gal4-

responsive firefly luciferase serving as a reporter gene. To
normalize for transfection efficiency and to monitor test
compound toxicity, a constitutively expressed renilla luciferase
was cotransfected. In this assay, Nurr1 displays high transcrip-
tional inducer activity in the absence of a ligand. Known Nurr1
activators AQ (1) and meclofenamic acid (MFA, 2) were used
to validate the test system and to continuously monitor assay
performance.
The fragment-like indole-3-carboxylic acid methyl ester (4)

was discovered as a weak inverse Nurr1 agonist in a systematic
screening for Nurr1 modulators. It presented as an attractive
starting point for systematic structural optimization toward
inverse Nurr1 agonists since its low molecular weight allowed
for marked expansion. To identify suitable positions for
derivatization of the scaffold, we commenced our SAR
elucidation by probing every free position of the indole
skeleton of 4 for toleration of a methyl and chlorine substituent
(5−14, Table 1). Substitution in the 2-position was tolerated

for both the methyl group (5) and the chlorine atom (6) with
little effect on potency but slight preference for chlorine.
Substituents in the 4-position (7 and 8) were not favored. In
the 5-position, a methyl group (9) and a chlorine substituent
(10) promoted potency, but in the case of 9, the lower IC50
value was accompanied by a marked drop in Nurr1 repression
efficacy. The 6-position tolerated a methyl substituent (11)
and favored a chlorine atom (12), but both substitutions
diminished repressor efficacy, as well. In the 7-position, a
methyl substituent (13) was tolerated, and a chlorine atom
(14) enhanced potency without loss in efficacy.
We also evaluated substituents on the indole nitrogen (15−

18, Table 2) and observed a twofold improvement in inverse
agonist potency for N-methyl analogue 15. Extension to N-
ethyl (16) decreased potency and efficacy, suggesting that
further chain elongation was not constructive. Phenyl
derivative 17 lost inverse agonistic potency but even promoted
Nurr1 activity, and benzyl derivative 18 was inactive. Based on
these preliminary SAR data, the 5- (9 and 10) and 7- (13 and

Scheme 5. Synthesis of 29−31, 35−40, and 42a

aReagents and conditions: (a) boronic acid 60−62, Pd(PPh3)4,
Na2CO3, 1,4-dioxane/H2O (4:1), reflux, 14−72 h, 2−84%; (b)
dimethyl sulfate, NaOH, DMF, 130 °C, 16−24 h, 7%; (c) NaH,
DMF, CH3I, 0 °C to rt, 4 h, 87%; (d) boronic acid 65−69,
Pd(PPh3)4, Na2CO3, 1,4-dioxane/H2O (4:1), reflux, 16−72 h, 49−
93%.

Scheme 6. Synthesis of 32−34a

aReagents and conditions: (a) LiOH, H2O/THF, 90 °C, 28 h, 78%;
(b) methylamine, ethylamine, or dimethylamine, EDC·HCl, 4-DMAP,
THF, DMF, reflux, 16−24 h, 27−75%.

Scheme 7. Synthesis of 41a

aReagents and conditions: (a) trichloroacetyl chloride (72), pyridine,
CH2Cl2, 48 °C, 14 h, then KOH, MeOH, rt, 21 h, 50%; (b) CH3I,
NaH, DMF, 0 °C, 6 h, 65%; (c) 3-pyridylboronic acid (69),
Pd(PPh3)4, Na2CO3, dioxane/H2O (4:1), reflux, 16 h, 40%.

Table 1. Systematic Evaluation of Substituents on the
Indole Skeletona

ID R1 R2 R3 R4 R5
Nurr1 IC50 [μM]
(remaining act.)

4 H H H H H 48 ± 11 (0.31 ± 0.08)
5 CH3 H H H H 53 ± 20 (0.29 ± 0.18)
6 Cl H H H H 34 ± 10 (0.39 ± 0.09)
7 H CH3 H H H Inactive
8 H Cl H H H 55 ± 7 (0.72 ± 0.03)
9 H H CH3 H H 20 ± 4 (0.61 ± 0.03)
10 H H Cl H H 24 ± 5 (0.18 ± 0.06)
11 H H H CH3 H 57 ± 7 (0.49 ± 0.05)
12 H H H Cl H 8.9 ± 0.1 (0.73 ± 0.01)
13 H H H H CH3 35 ± 6 (0.46 ± 0.07)
14 H H H H Cl 19 ± 9 (0.30 ± 0.15)

aInverse agonist activity of 4−14 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Data are the mean ± S.E.M.,
n ≥ 3. Remaining activity refers to 0.1% DMSO-treated cells.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01077
J. Med. Chem. 2021, 64, 15126−15140

15128

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01077?fig=tbl1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


14) positions appeared as the most favored for structural
expansion, and an N-methyl moiety (15) seemed worth
preserving in optimized compounds.
Subsequently, we studied the SAR of the ester moiety (19−

25, Table 3). The free carboxylate 19, the aldehyde 20, and the

ketones 21 and 22 were inactive on Nurr1, indicating that the
ester was essential. Alternative aliphatic esters (ethyl (23) and
tert-butyl (24)) were, however, neither tolerated, and the
phenyl ester analogue 25 even exhibited Nurr1 agonistic
activity. Such a shift from inverse agonism to agonism had
already occurred in N-phenyl derivative 17, suggesting an
important role of phenyl modification in causing agonist
activity. Flexible alignment of 25 with AQ (Figure S1) indeed
demonstrated high structural similarity of both Nurr1 agonists
and revealed superposition of the phenyl ester motif in 25 with
the phenyl amine of AQ. Since this phenyl residue also
distinguishes AQ from chloroquine,12,13,18 which is a
considerably less-efficient Nurr1 agonist, it likely contributes
key interactions with Nurr1 that promote activation.
Following up on the promising results for 5- and 7-

derivatizations on the indole skeleton, we systematically
probed further substituents in these positions (26−31, Table
4). Introduction of a 5-methoxy group (26) conserved the
favorable inverse agonistic potency of 9 and 10, while a 7-
methoxy substituent (27) disrupted activity, indicating more

potential for further modifications in the 5-position. A 5-
bromine substituent (28) slightly enhanced potency, while a 5-
phenyl residue (29) had a pronounced effect and generated the
first inverse Nurr1 agonist with low micromolar potency. The
benzyl analogue 30 was inactive, suggesting that the rigid and
linear geometry of the biaryl structure in 29 was essential.
Introduction of the favored N-methyl substituent of 15 in 31
did not further enhance potency.
In another attempt to replace the potentially labile methyl

ester motif, we used the optimized analogue 31 to probe the
potential of amide groups in the 3-position (Table 5). The
methylamide analogue 32, however, showed a 10-fold loss in
potency, and larger N-substituents (ethyl, 33; isopropyl, 34)
led to inactive compounds.

Subsequently, we probed the SAR of the favored 5-aryl
substituent (35−40, Table 6) by replacing the phenyl moiety
through furyl (35 and 36), thiophenyl (37 and 38) and pyridyl
(39 and 40) heterocycles. Introduction of furan (35 and 36)
was well tolerated and markedly enhanced efficacy regarding
Nurr1 repression despite a slight loss in potency for the 3-furyl

Table 2. Evaluation of Indole N-Substituentsa

ID R6 Nurr1 IC50 [μM] (remaining act.)

4 H 48 ± 11 (0.31 ± 0.08)
15 CH3 21 ± 2 (0.31 ± 0.04)
16 CH2−CH3 31 ± 2 (0.73 ± 0.02)
17 Ph agonist, EC50 81 ± 3 μM (1.9 ± 0.1-fold act.)
18 Bn inactive

aInverse agonist activity of 15−18 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Compound 4 is shown for
comparison. Data are the mean ± S.E.M., n ≥ 3. Remaining activity
refers to 0.1% DMSO-treated cells.

Table 3. Evaluation of the Ester Motifa

ID R7 Nurr1 IC50 [μM] (remaining act.)

4 −COOCH3 48± 11 (0.31 ± 0.08)
19 −COOH inactive
20 −CHO inactive
21 −COCH3 inactive
22 −COCH2CH3 inactive
23 −COOCH2CH3 inactive
24 −COOtBu inactive
25 −COOPh agonist, EC50 11 ± 1 μM (1.93 ± 0.02-fold act.)

aInverse agonist activity of 19−25 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Compound 4 is shown for
comparison. Data are the mean ± S.E.M., n ≥ 3. Remaining activity
refers to 0.1% DMSO-treated cells.

Table 4. Focused Evaluation of Substituents in the Favored
Indole 5- and 7-positionsa

ID R3 R5 R6 Nurr1 IC50 [μM] (remaining act.)

9 CH3 H H 20 ± 4 (0.61 ± 0.03)
10 Cl H H 24 ± 5 (0.18 ± 0.06)
26 OCH3 H H 23 ± 3 (0.28 ± 0.04)
13 H CH3 H 35 ± 6 (0.46 ± 0.07)
14 H Cl H 19 ± 9 (0.30 ± 0.15)
27 H OCH3 H inactive
28 Br H H 15 ± 3 (0.16 ± 0.07)
29 Ph H H 2.5 ± 0.5 (0.56 ± 0.02)
30 Bn H H inactive
15 H H CH3 21 ± 2 (0.31 ± 0.04)
31 Ph H CH3 2.3 ± 0.7 (0.58 ± 0.04)

aInverse agonist activity of 26−31 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Compounds 9, 10, and 13-
15 are shown for comparison. Data are the mean ± S.E.M., n ≥ 3.
Remaining activity refers to 0.1% DMSO-treated cells.

Table 5. Replacement of the Ester Motif in 31 by Amidesa

ID R7 Nurr1 IC50 [μM] (remaining act.)

31 −COOCH3 2.3 ± 0.7 (0.58 ± 0.07)
32 −CONHCH3 14 ± 3 (0.08 ± 0.05)
33 −CONHCH2CH3 Inactive
34 −CON(CH3)2 >30 μMb

aInverse agonist activity of 32−34 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Compound 31 is shown for
comparison. Data are the mean ± S.E.M., n ≥ 3. Remaining activity
refers to 0.1% DMSO-treated cells. bA precise IC50 value could not be
determined due to toxicity.
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analogue 36. The same held true for the thiophene analogues
37 and 38, which both had similar potency as phenyl derivative
31 and slightly higher Nurr1 repression efficacy. Among the
pyridine analogues 39 and 40, 3-pyridyl derivative 40
comprised a favorable profile with an IC50 value of 3.8 μM
and high Nurr1 repression efficacy with as low as 6% remaining
Nurr1 activity. The 4-pyridyl derivative 39 was less active.
In an attempt to fuse all favored modifications on the indole

skeleton, we eventually combined the 7-chlorine substituent
(14), the N-methyl residue (15), and the 3-pyridyl motif in 5-
position (40) in one molecule (41), which was a potent and
efficient inverse Nurr1 agonist but failed to outmatch 31 and
40. As N-methylation had not markedly enhanced potency in
the case of 31 (vs 29), we also probed the corresponding free
indole analogue 42 lacking the N-methyl substituent of 40.
Despite only minor differences, 42 was slightly less active on
Nurr1 than 40 in terms of the IC50 value and repression
efficacy, however, indicating that the N-methyl group was
favored in this case.
Our SAR evaluation (summarized in Figure 1) revealed aryl

substituents in the 5-position of the indole scaffold as highly
favored modification to gain inverse Nurr1 agonistic potency.
Therein, 3-pyridyl and 3-furyl motifs were also preferred in

terms of Nurr1 repression efficacy, potentially suggesting a
polar contact of the heteroatom in this region. The mechanistic
basis of differing inverse Nurr1 agonist efficacy remains to be
elucidated but likely resembles other nuclear receptors where
differential shifts in coregulator recruitment and dimerization
equilibria result in distinct levels of activation or repres-
sion.25−29 In addition to the 5-substituent, we identified
structural optimization potential for modifications in 1- and 7-
positions but with lower impact. Interestingly, a phenyl ester or
N-phenyl substituent inverted the activity to agonism,
potentially allowing optimization of the chemotype to Nurr1
activators, too. For the envisioned use as an inverse agonist
tool, the trisubstituted indole derivatives 31 (5-phenyl) and 40
(5-pyridin-3-yl) evolved as the most active compounds of this
series and were hence selected for further in vitro profiling and
for mechanistic evaluation of inverse Nurr1 agonism.
For preliminary insights into the potential binding site of the

indole-based inverse agonists on Nurr1, we performed cross-
titration experiments with 40 and the reference Nurr1 agonist
AQ (Figure 2). The presence of AQ (100 μM) shifted the

dose−response curve of 40 upward (to higher Nurr1 activity,
Figure 2a) but did not alter the IC50 value (3.8 μM vs 3.7 μM)
of the inverse agonist, suggesting no competitive binding with
AQ. Congruently, titration of AQ in the presence of 40 (30
μM) resulted in a marked downward shift of the dose−
response curve without a relevant change in the EC50 (41 μM
vs 82 μM) of AQ (Figure 2b). Hence, while the agonists 17
and 25 potentially address the AQ binding site, the indole-
based inverse Nurr1 agonists likely bind to a different site than
the AQ-type agonists. Their structural similarity with recently

Table 6. Evaluation of Heterocycles as Substituents in the
Indole 5-Positiona

aInverse agonist activity of 35−42 on Nurr1 was determined in a
cellular Gal4 hybrid reporter gene assay. Compound 31 is shown for
comparison. Data are the mean ± S.E.M., n ≥ 3. Remaining activity
refers to 0.1% DMSO-treated cells.

Figure 1. SAR summary of indole-based inverse Nurr1 agonists.

Figure 2. Cross-titration experiments in the Gal4-Nurr1 assay with 40
and AQ suggested no competitive behavior but different binding sites.
(a) Dose−response curve of 40 in the absence and presence of AQ
(100 μM). (b) Dose−response curve of AQ in the absence and
presence of 40 (30 μM). Data are the mean ± S.E.M. reporter
activation vs 0.1% DMSO; n ≥ 3.
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reported DHI analogues may point to binding in the epitope of
DHI between helices 4/5, 11 and 12.16

To obtain mechanistic insights into the mode of action of
the indole-based inverse Nurr1 agonists, we studied how 40
modulated Nurr1 on the molecular level in homogeneous
time-resolved fluorescence resonance energy transfer (HTRF)-
based settings. Nuclear receptor coregulator fragment−biotin
conjugates coupled to Tb3+-cryptate-labeled streptavidin (Tb-
SA) served as FRET donor with the GFP-labeled Nurr1 LBD
as FRET acceptor. For dimerization experiments, biotin Nurr1
LBD coupled to Tb-SA was used as the FRET donor together
with GFP-labeled Nurr1 or RXRα LBD as the FRET acceptor.
We have previously observed ligand-sensitive interactions of
Nurr1 with NCoR1 and NCoR217,18 and hence probed
whether 40 would affect NCoR recruitment to Nurr1 (Figure
3a,b). Indeed, 40 efficiently displaced both coregulators from

the Nurr1 LBD with intermediate micromolar IC50 values
(NCoR1: 57 μM, NCoR2: 29 μM), which aligns with our
previous observations on NCoR release from Nurr1 upon
inverse agonist binding.18 In contrast, no effect of 40 on
binding of the coactivators NCoA6, SRC1, and CBP-1 to
Nurr1 was observable (Figure 3c).
In addition to coregulator recruitment, nuclear receptor

activity is critically modulated by monomer−oligomer

equilibria, and we have previously found pronounced
homodimerization of Nurr1, which has also turned out to be
responsive to ligands.17,18 The inverse Nurr1 agonist 40
antagonized homodimerization of Nurr1 in a dose-dependent
fashion (Figure 3d). Heterodimerization of Nurr1 with RXRα
was not affected by 40 (Figure 3e). Hence, modulation of the
homodimerization state of Nurr1 and NCoR displacement
evolve as major mechanistic contributions to inverse Nurr1
agonism.
Next, we evaluated the effects of 31 and 40 on human full-

length Nurr1 in cellular settings. Dose−response character-
ization of 31 and 40 in reporter gene assays for the human
Nurr1 response elements NBRE (monomer), NurRE (homo-
dimer), and DR5 (RXR-heterodimer) interestingly revealed a
preference for the Nurr1 monomer (Table 7). Both inverse

agonists counteracted Nurr1 activity on the monomer response
element NBRE but were inactive up to 50 μM on NurRE and
DR5, which aligns with their effect on Nurr1 in the HTRF-
based assays.
Further in vitro profiling of 31 and 40 showed no

pronounced cytotoxicity in a WST-1 assay in T98G cells or
HEK293T cells (Figure 4a). Compound 31 was nontoxic up to
a high 100 μM concentration, while 40 exhibited slight
antiproliferative effects above 30 μM. Selectivity profiling of 31
and 40 on nuclear receptors (Figure 4b) revealed preference

Figure 3. Effects of inverse Nurr1 agonist 40 on Nurr1 coregulator
interactions and dimerization. (a−c) 40 displaced NCoR1 (a) and
NCoR2 (b) from Nurr1 but had no effect on the binding of NCoA6,
SRC1, and CBP-1 (c) to Nurr1. Data are mean ± SD HTRF, N = 4.
(d,e) 40 efficiently blocked Nurr1 homodimerization (d) in a dose-
dependent fashion, while no effect on Nurr1-RXRα heterodimer
formation (e) was observable. Data are mean ± SD HTRF, N = 3.

Table 7. Activities of 31 and 40 on Human Response
Elements for Full-Length Nurr1

NBRE (monomer) NurRE (homodimer) DR5 (heterodimer)

31 IC50 = 5 ± 3 μM inactive inactive
40 IC50 = 10 ± 4 μM inactive inactive

Figure 4. In vitro characterization of inverse Nurr1 agonists. (a)
Compound 31 was nontoxic in a WST-1 assay in T98G and
HEK293T cells up to 100 μM. Compound 40 exhibited slight
antiproliferative effects ≥30 μM. (b) Compounds 31 and 40 revealed
preference for Nurr1 in the NR4A family and did not affect the
activity of other nuclear receptors. All assays were performed in the
Gal4-format. Data are the mean ± S.E.M. relative reporter activity vs
0.1% DMSO; n = 3.
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over the related NR4A receptors Nur77 and NOR-1, which
was stronger for 40. Both inverse Nurr1 agonists showed no
effect on nuclear receptor activity outside the NR4A subfamily.
Moreover, target prediction by the similarity ensemble
approach (SEA)30 revealed no relevant similarity of 31 to
the ligands of any target (max. Tanimoto coefficient (Tc) < 0.5
for all targets) and only moderate similarity of 40 to CYP11B2
ligands (Tc 0.54, E value 2.255 × 10−65). Hence, both
compounds appear suitable as early tools for cellular studies on
Nurr1.
To validate inverse Nurr1 agonism of 31 and 40 in a native

setting, we evaluated their effects on Nurr1-regulated gene
expression in Nurr1-expressing human astrocytes (T98G) on
the mRNA level by quantitative real-time polymerase chain
reaction (qRT-PCR, Figure 5a). Compound 31 caused a

pronounced downregulation of the Nurr1-regulated genes
DOPA decarboxylase (DDC), tyrosine hydroxylase (TH), and
vesicular monoamine transporter 2 (VMAT2). Compound 40
diminished the expression of Nurr1-regulated genes too but
also affected the reference gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), further suggesting toxic effects.
Hence, despite the higher efficacy of 40 in the Gal4-Nurr1
assay, 31 evolved as a better suitable tool compound for
cellular studies.

Eventually, we aimed to probe Nurr1-mediated biological
effects of the inverse agonists in a native cellular setting and
evaluated how inverse Nurr1 agonism would affect the
inflammatory response of T98G cells to lipopolysaccharide
(LPS) treatment. To exclude any toxic effects, the inverse
agonist 31 was used for these experiments. T98G cells produce
remarkable amounts of interleukin-6 (IL-6) upon LPS
treatment. When we silenced Nurr1 by RNAi (Figure 5b),
we detected a pronounced increase in IL-6 release (Figure 5c),
confirming involvement of Nurr1 in inflammatory signaling in
T98G cells. When LPS-stimulated T98G cells were treated
with the inverse Nurr1 agonist 31, IL-6 release was also
significantly enhanced, despite weaker efficacy compared to
silencing (Figure 5d).

■ CONCLUSIONS
Several lines of evidence point to a remarkable potential of
Nurr1 as a therapeutic target in neurodegeneration4−6,8 and
cancer.31,32 Potent Nurr1 modulators enabling pharmacolog-
ical control of Nurr1 are lacking but required for target
validation studies. Since Nurr1 has a pronounced constitutive
activity, inverse agonists are needed as tools to probe the
effects of reduced Nurr1 activity.
Using a weak inverse agonist from an in vitro screening for

Nurr1 modulators as a lead compound, we have developed
inverse Nurr1 agonists with a trisubstituted indole skeleton.
Nurr1 modulation by these compounds has been confirmed in
several orthogonal cellular and cell-free settings. Therein, we
observed displacement of NCoRs from Nurr1 and disruption
of the Nurr1 homodimer as mechanistic contributions to
inverse Nurr1 agonism, while no effect on Nurr1-RXR
heterodimerization was detectable. Cellular studies involving
full-length human Nurr1 and reporter constructs for all three
human Nurr1 response elements (NBRE, NurRE, and DR5)18

revealed a functional preference for the Nurr1 monomer too.
This is in contrast to oxaprozin (3) and parecoxib, which we
have previously identified as weak inverse Nurr1 agonists on all
Nurr1 response elements.18 Gene expression studies in human
astrocytes (T98G) confirmed effects of the indole-based
inverse Nurr1 agonists 31 and 40 on Nurr1 activity in a
cellular setting and hence cellular target engagement. As 40
also exhibited cytotoxic effects, 31 evolves as the most suitable
inverse Nurr1 agonist tool compound. Treatment of LPS-
stimulated human astrocytes with the inverse Nurr1 agonist 31
indicated importance of Nurr1 in the protection against
inflammatory stimulation. Like siRNA-mediated Nurr1 knock-
down, 31 increased the LPS-induced IL-6 release by astrocytes,
further confirming a critical role of Nurr1 in neuro-
inflammation and validating 31 as a valuable inverse Nurr1
agonist tool.

■ EXPERIMENTAL SECTION
Chemistry. General. All used chemicals were purchased from

commercial sources (Alfa Aesar, Sigma-Aldrich, TCI, abcr, Chempur,
and Fluorochem), at least 95% pure, and used without further
purification. Test compound 4 was obtained from abcr, test
compounds 20 and 21 were acquired from Alfa Aesar. All reactions
were carried out under an argon atmosphere in oven-dried glassware
and in absolute solvents purchased from Sigma-Aldrich. Solvents used
for compound purification by column chromatography (n-hexane and
ethyl acetate) were of technical grade and used without further
purification. Deuterated solvents DMSO-d6 and acetone-d6 used for
NMR spectroscopy were purchased and used without further drying.
Thin-layer chromatography (TLC) was performed on silica (particle

Figure 5. Biological effects of inverse Nurr1 agonists 31 and 40. (a)
Compounds 31 and 40 affected Nurr1-regulated mRNA expression of
DOPA decarboxylase (DDC), tyrosine hydroxylase (TH), and
vesicular monoamine transporter 2 (VMAT2). Data are mean ±
S.E.M. relative mRNA expression as determined by the 2−ΔCt method
with GAPDH as a reference gene. n = 4. (b) siRNA-mediated
silencing of Nurr1 in T98G astrocytes. Data are mean ± S.E.M.
relative Nurr1 mRNA expression as determined by the 2−ΔCt method
with GAPDH as a reference gene; n = 8. (c) LPS-treated (1 μg/mL)
human glioblastoma cells (T98G) released considerable amounts of
interleukin-6 (IL-6), which was remarkably enhanced by siRNA-
mediated Nurr1 knockdown, suggesting reverse Nurr1 involvement in
this inflammatory response. Data are the mean ± S.E.M. IL-6 levels; n
= 3. (d) Similarly, the inverse Nurr1 agonist 31 significantly promoted
IL-6 release from LPS-treated T98G cells. Data are the mean ±
S.E.M. IL-6 levels; n = 4. #p < 0.1, *p < 0.05, **p < 0.01 (t-test).
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size of 60 μm)-coated aluminum plates with a UV254 fluorescence
indicator from Macherey-Nagel. Purification by column chromatog-
raphy was carried out using silica gel from Sigma-Aldrich. For
preparative HPLC purification, a Shimadzu Preparative LC-20A
Prominence (Shimadzu, Kyoto, Japan) was used with the following
settings: Column: Luna (10μ C18 (2) 100 Å; 250 × 21.2 mm;
Phenomenex, Torrance, CA, USA). NMR spectra were recorded on
Bruker AV300, AV400, and AV500 spectrometers (Bruker Corpo-
ration, Billerica, MA, USA). Chemical shift values (δ) are reported in
ppm, and coupling constants (J) are shown in Hertz (Hz). Signal
multiplicities are abbreviated as s for singlet, d for duplet, t for triplet,
q for quartet, and m for multiplet. ESI mass spectra were recorded on
a VG Platform II device (Thermo Fisher Scientific, Waltham, MA,
USA), and high-resolution mass spectra were obtained on an LTQ
Orbitrap XL device (Thermo Fisher Scientific). Purity of all final
products was analyzed by HPLC on a Varian ProStar HPLC
instrument from SpectraLab Scientific Inc. equipped with a MultiHigh
100 Phenyl-5μ, 240 + 4 mm column at a flow rate of 1 mL per minute
and UV-detection (254 and 280 nm). Only compounds having ≥95%
purity (AUC at 254 and 280 nm) were used for biological testing.
General Procedures. General Procedure (a) for Esterifications

(7−14). The respective carboxylic acid, 45−52, was dissolved in
methanol (20 mL), and H2SO4 (conc., 1 mL) was added. The
solution was stirred at 80 °C for 5 h. After cooling to room
temperature, the resulting solution was neutralized with diluted
NaOH solution. The solvent was removed under reduced pressure.
The resulting residue was dissolved in EtOAc (20 mL) and washed
with H2O (10 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 2:1).
General Procedure (b) for Esterifications (26 and 27). The

respective carboxylic acid 53 or 54 was dissolved in methanol (20
mL), and H2SO4 (conc., 1 mL) was added. The solution was stirred at
70 °C for 23 h. After cooling to room temperature, the resulting
solution was neutralized with diluted NaOH solution, and the
solvents were evaporated under reduced pressure. The resulting
residue was dissolved in EtOAc (20 mL) and washed with H2O (10
mL). The organic layer was dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 2:1).
General Procedure (c) for Suzuki Couplings (35−37 and 39).

Compound 64 (1.00 equiv), the respective boronic acid (1.20 equiv),
Pd(PPh3)4 (0.05 equiv), and Na2CO3 (3.00 equiv) were dissolved in
1,4-dioxane/H2O (15 mL, 4:1). The solution was stirred under reflux
for 16 h. After cooling to room temperature, the catalyst was removed
by filtration over celite, and EtOAc (30 mL) was added to the filtrate,
which was washed with H2O (3 × 10 mL). The organic layer was
dried (Na2SO4), filtered, and concentrated. Further purification was
performed by column chromatography (n-hexane/EtOAc 3:1).
2-Methyl-1H-indole-3-carboxylic Acid Methyl Ester (5). A

solution of 2-iodoaniline (43, 200 mg, 0.91 mmol, 1.00 equiv),
methyl acetoacetate (44, 128 mg, 1.09 mmol, 1.20 equiv), Cu2O
(13.0 mg, 0.09 mmol, 10 mol %), and Cs2CO3 (298 mg, 0.91 mmol,
1.00 equiv) in DMSO/H2O (4 mL, 3:1) was stirred at 100 °C for 6 h.
After cooling to room temperature, EtOAc (20 mL) was added, and
the solution was washed with saturated NaCl solution (10 mL) and
H2O (10 mL). The organic layer was dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 5 as a brown solid
(88 mg, 51%). 1H NMR (500 MHz, DMSO-d6): δ 11.82 (s, 1H),
7.91−7.90 (m, 1H), 7.37−7.33 (m, 1H), 7.14−7.09 (m, 2H), 3.80 (s,
3H), 2.65 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 165.52,
144.66, 134.77, 126.76, 121.65, 120.91, 120.33, 111.20, 102.56, 50.43,
13.73. MS (ESI+): m/z calcd for C11H12NO2, 190.08; found, 190.12
([M + H]+). HRMS (MALDI): m/z calcd for C11H12NO2,
190.08626; found, 190.08631 ([M + H]+).
2-Chloro-1H-indole-3-carboxylic Acid Methyl Ester (6). A

solution of NCS (153 mg, 1.14 mmol, 1.00 equiv) in DMF (5 mL)
was added to a solution of methyl 1H-indole-3-carboxylate (4, 200
mg, 1.14 mmol, 1.00 equiv) in DMF (5 mL) at room temperature.

The reaction mixture was stirred at 75 °C for 2 h. After cooling to
room temperature, the solvent was evaporated under reduced
pressure, and H2O (10 mL) was slowly added. The solution was
extracted with EtOAc (3 × 20 mL), and the combined organic layers
were washed with H2O (10 mL) and a saturated NaCl solution (10
mL), dried (Na2SO4), filtered, and concentrated. Further purification
was performed by column chromatography (n-hexane/EtOAc 3:1) to
yield 6 as a colorless solid (65 mg, 27%). 1H NMR (500 MHz,
DMSO-d6): δ 12.81 (s, 1H), 7.96−7.94 (m, 1H), 7.40−7.38 (m, 1H),
7.25−7.18 (m, 2H), 3.84 (s, 3H). 13C NMR (126 MHz, DMSO-d6):
δ 163.46, 134.14, 129.92, 125.72, 123.02, 121.83, 120.49, 111.46,
102.31, 50.95. MS (ESI+): m/z calcd for C10H9ClNO2, 210.02; found,
210.11 ([M + H]+). HRMS (MALDI): m/z calcd for C10H9ClNO2,
210.03163; found, 210.03174 ([M + H]+).

4-Methyl-1H-indole-3-carboxylic Acid Methyl Ester (7). Prepara-
tion was according to general procedure (a) using 45 (200 mg, 1.14
mmol, 1.00 equiv) to yield 7 as a brown solid (13 mg, 6%). 1H NMR
(500 MHz, acetone-d6): δ 10.90 (s, 1H), 8.04 (d, J = 3.0 Hz, 1H),
7.32 (d, J = 8.1 Hz, 1H), 7.10−7.07 (m, 1H), 6.94 (d, J = 7.2 Hz,
1H), 3.78 (s, 3H), 2.82 (s, 3H). 13C NMR (126 MHz, acetone-d6): δ
165.50, 138.42, 133.70, 133.53, 132.36, 124.18, 123.63, 110.63,
110.58, 51.00, 22.64. MS (ESI+): m/z calcd for C11H12NO2, 190.08;
found, 190.06 ([M + H]+). HRMS (MALDI): m/z calcd for
C11H11NO2, 189.07843; found, 189.07818 (M•).

4-Chloro-1H-indole-3-carboxylic Acid Methyl Ester (8). Prepara-
tion was according to general procedure (a) using 46 (200 mg, 1.02
mmol, 1.00 equiv) to yield 8 as a brown solid (38 mg, 18%). 1H NMR
(500 MHz, DMSO-d6): δ 12.17 (s, 1H), 8.12 (s, 1H), 7.48−7.43 (m,
1H), 7.21−7.16 (m, 2H), 3.76 (s, 3H). 13C NMR (126 MHz, DMSO-
d6): δ 163.49, 138.38, 134.19, 124.89, 123.30, 122.74, 122.42, 111.54,
106.85, 50.91. MS (ESI+): m/z calcd for C10H9ClNO2, 210.02; found,
210.00 ([M + H]+). HRMS (MALDI): m/z calcd for C10H8ClNO2,
209.02381; found, 209.02348 (M•).

5-Methyl-1H-indole-3-carboxylic Acid Methyl Ester (9). Prepara-
tion was according to general procedure (a) using 47 (200 mg, 1.14
mmol, 1.00 equiv) to yield 9 as a brown solid (68 mg, 32%). 1H NMR
(500 MHz, DMSO-d6): δ 11.80 (s, 1H), 8.01 (d, J = 3.0 Hz, 1H),
7.79 (s, 1H), 7.35 (d, J = 8.3 Hz, 1H), 7.02 (dd, J = 8.3 Hz, 1.4 Hz,
1H), 3.79 (s, 3H), 2.41 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.85, 134.71, 132.40, 130.03, 125.91, 123.93, 120.08, 112.02,
105.83, 50.59, 21.36. MS (ESI+): m/z calcd for C11H12NO2, 190.08;
found, 190.09 ([M + H]+). HRMS (MALDI): m/z calcd for
C11H12NO2, 190.08626; found, 190.08610 ([M + H]+).

5-Chloro-1H-indole-3-carboxylic Acid Methyl Ester (10). Prep-
aration was according to general procedure (a) using 48 (200 mg,
1.02 mmol, 1.00 equiv) to yield 10 as a brown solid (88 mg, 41%). 1H
NMR (500 MHz, DMSO-d6): δ 12.12 (s, 1H), 8.16 (d, J = 3.0 Hz,
1H), 7.96 (d, J = 2.0 Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.22 (dd, J =
8.6 Hz, 1H), 3.81 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.42, 134.89, 133.95, 126.78, 126.08, 122.49, 119.51, 114.08,
106.13, 50.84. MS (ESI−): m/z calcd for C10H7ClNO2, 208.02; found,
207.98 ([M − H]−). HRMS (MALDI): m/z calcd for C10H9ClNO2,
210.03163; found, 210.03136 ([M + H]+).

6-Methyl-1H-indole-3-carboxylic Acid Methyl Ester (11). Prep-
aration was according to general procedure (a) using 49 (200 mg,
1.14 mmol, 1.00 equiv) to yield 11 as a brown solid (120 mg, 56%).
1H NMR (500 MHz, DMSO-d6): δ 11.77 (s, 1H), 7.99 (d, J = 2.9 Hz,
1H), 7.85 (d, J = 8.1 Hz, 1H), 7.26 (s, 1H), 7.01 (d, J = 8.1 Hz, 1H),
3.78 (s, 3H), 2.40 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.88, 136.82, 131.90, 131.65, 123.53, 123.03, 120.15, 112.12,
106.25, 50.65, 21.30. MS (ESI+): m/z calcd for C11H12NO2, 190.08;
found, 190.08 ([M + H]+). HRMS (MALDI): m/z calcd for
C11H12NO2, 190.08626; found, 190.08600 ([M + H]+).

6-Chloro-1H-indole-3-carboxylic Acid Methyl Ester (12). Prep-
aration was according to general procedure (a) using 50 (200 mg,
1.02 mmol, 1.00 equiv) to yield 12 as an orange solid (167 mg, 78%).
1H NMR (500 MHz, DMSO-d6): δ 12.03 (s, 1H), 8.13 (d, J = 2.9 Hz,
1H), 7.97 (d, J = 8.5 Hz, 1H), 7.53 (d, J = 1.8 Hz, 1H), 7.21 (dd, J =
8.5 Hz, 1H), 3.80 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.45, 136.79, 133.49, 127.05, 124.40, 121.75, 121.66, 112.07,
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106.55, 50.83. MS (ESI−): m/z calcd for C10H7ClNO2, 208.02; found,
207.98 ([M − H]−). HRMS (MALDI): m/z calcd for C10H9ClNO2,
210.03163; found, 210.03181 ([M + H]+).
7-Methyl-1H-indole-3-carboxylic Acid Methyl Ester (13). Prep-

aration was according to general procedure (a) using 51 (200 mg,
1.14 mmol, 1.00 equiv) to yield 13 as a colorless solid (135 mg,
63%).1H NMR (500 MHz, DMSO-d6): δ 11.95 (s, 1H), 8.06 (d, J =
3.0 Hz, 1H), 7.83 (d, J = 7.9 Hz, 1H), 7.10−7.07 (m, 1H), 7.00 (d, J
= 7.1 Hz, 1H), 3.80 (s, 3H), 2.49 (s, 3H). 13C NMR (126 MHz,
DMSO-d6): δ 164.85, 135.88, 132.06, 125.45, 122.93, 121.69, 121.47,
118.01, 106.71, 50.64, 16.69. MS (ESI+): m/z calcd for C11H12NO2,
190.08; found, 190.07 ([M + H]+). HRMS (MALDI): m/z calcd for
C11H12NO2, 190.08626; found, 190.08588 ([M + H]+).
7-Chloro-1H-indole-3-carboxylic Acid Methyl Ester (14). Prep-

aration was according to general procedure (a) using 52 (200 mg,
1.02 mmol, 1.00 equiv) to yield 14 as an orange solid (190 mg,
89%).1H NMR (500 MHz, DMSO-d6): δ 12.37 (s, 1H), 8.11 (d, J =
2.6 Hz, 1H), 7.97 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 7.6 Hz, 1H), 7.19
(t, J = 7.8 Hz, 1H), 3.82 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.36, 133.30, 133.29, 127.54, 122.42, 122.07, 119.48, 116.70,
107.64, 50.90. MS (ESI+): m/z calcd for C10H9ClNO2, 210.02; found,
210.00 ([M + H]+). HRMS (MALDI): m/z calcd for C10H9ClNO2,
210.03163; found, 210.03179 ([M + H]+).
1-Methylindole-3-carboxylic Acid Methyl Ester (15). A solution of

4 (200 mg, 1.14 mmol, 1.00 equiv), dimethyl sulfate (0.33 mL, 3.43
mmol, 3.00 equiv), and NaOH (100 mg, 2.50 mmol, 2.20 equiv) in
DMF (7 mL) was stirred at 130 °C for 4 h. After cooling to 0 °C, cold
H2O (40 mL) was added; the precipitate was filtered off, and the
crude product was purified by column chromatography (n-hexane/
EtOAc 3:1) to yield 15 as a colorless solid (76 mg, 35%). 1H NMR
(500 MHz, DMSO-d6): δ 8.13 (s, 1H), 8.00 (d, J = 7.5 Hz, 1H), 7.54
(d, J = 8.0 Hz, 1H), 7.29−7.21 (m, 2H), 3.86 (s, 3H), 3.80 (s, 3H).
13C NMR (126 MHz, DMSO-d6): δ 164.47, 136.97, 136.21, 126.03,
122.42, 121.58, 120.55, 110.81, 105.09, 50.68, 33.07. MS (ESI+): m/z
calcd for C11H12NO2, 190.08; found, 190.13 ([M + H]+). HRMS
(MALDI): m/z calcd for C11H12NO2, 190.08626; found, 190.08631
([M + H]+).
1-Ethylindole-3-carboxylic Acid Methyl Ester (16). A solution of 4

(200 mg, 1.14 mmol, 1.00 equiv), diethyl sulfate (0.45 mL, 3.43
mmol, 3.00 equiv), and NaOH (100 mg, 2.50 mmol, 2.20 equiv) in
DMF (7 mL) was stirred at 130 °C for 5 h. After cooling to room
temperature, the solvent was evaporated under reduced pressure, and
the resulting residue was dissolved in EtOAc (20 mL) and washed
with H2O (10 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 16 as a colorless
solid (34 mg, 17%). 1H NMR (500 MHz, acetone-d6): δ 8.13−8.11
(m, 1H), 8.02 (s, 1H), 7.54 (d, J = 8.1 Hz, 1H), 7.28−7.20 (m, 2H),
4.34 (q, J = 7.3 Hz, 2H), 3.83 (s, 3H), 1.49 (t, J = 7.3 Hz, 3H). 13C
NMR (126 MHz, acetone-d6): δ 165.45, 137.28, 134.83, 127.81,
123.28, 122.28, 122.10, 111.19, 107.24, 50.85, 42.13, 15.58. MS
(ESI+): m/z calcd for C12H14NO2, 204.09; found, 204.07 ([M + H]+).
HRMS (MALDI): m/z calcd for C12H14NO2, 204.10191; found,
204.10184 ([M + H]+).
1-Phenylindole-3-carboxylic Acid Methyl Ester (17). A solution of

4 (200 mg, 1.14 mmol, 1.00 equiv), iodobenzene (56, 166 mg, 0.82
mmol, 1.00 equiv), CuI (31.0 mg, 0.16 mmol, 20 mol %), and
Cs2CO3 (532 mg, 1.63 mmol, 2.00 equiv) in DMF (7 mL) was stirred
at 120 °C for 24 h. After cooling to room temperature, H2O was
added (10 mL), and the solution was extracted with EtOAc (3 × 20
mL). The combined organic layers were dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 2:1) to yield 17 as a colorless
solid (6 mg, 3%). 1H NMR (500 MHz, acetone-d6): δ 8.24−8.20 (m,
1H), 8.16 (s, 1H), 7.69−7.64 (m, 4H), 7.56−7.51 (m, 2H), 7.33−
7.29 (m, 2H), 3.88 (s, 3H). 13C NMR (126 MHz, acetone-d6): δ
165.35, 139.31, 137.54, 134.99, 130.82, 128.77, 127.97, 125.75,
124.32, 123.17, 122.35, 111.91, 109.61, 51.18. MS (ESI+): m/z calcd
for C16H14NO2, 252.09; found, 252.13 ([M + H]+). HRMS

(MALDI): m/z calcd for C16H14NO2, 252.10191; found, 252.10212
([M + H]+).

1-Benzylindole-3-carboxylic Acid Methyl Ester (18). DMF (7 mL)
was added to 4 (200 mg, 1.14 mmol, 1.00 equiv) and NaH (60.0 mg,
2.51 mmol, 1.10 equiv) at 0 °C. Benzyl bromide (57, 0.35 mL, 2.97
mmol, 1.30 equiv) was added dropwise at 0 °C, and the reaction
mixture was stirred at room temperature for 3.5 h. H2O was then
added (10 mL), and the solution was extracted with EtOAc (3 × 20
mL). The combined organic layers were dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 5:1) to yield 18 as a colorless
solid (355 mg, 59%). 1H NMR (500 MHz, DMSO-d6): δ 8.32 (s,
1H), 8.04−8.00 (m, 1H), 7.57−7.53 (m, 1H), 7.34−7.19 (m, 7H),
5.51 (s, 2H), 3.81 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.88, 137.53, 136.67, 136.07, 129.14, 128.15, 127.77, 126.74,
123.05, 122.15, 121.17, 111.76, 106.26, 51.21, 50.04. MS (ESI+): m/z
calcd for C17H16NO2, 266.11; found, 266.08 ([M + H]+). HRMS
(MALDI): m/z calcd for C17H15NO2, 265.10973; found, 265.11066
(M•).

1H-Indole-3-carboxylic Acid (19). KOH (97.0 mg, 1.71 mmol,
1.50 equiv) was dissolved in H2O (40 mL), 4 (200 mg, 1.14 mmol,
1.00 equiv) was added, and the solution was stirred at 65 °C
overnight. After cooling to room temperature, aqueous hydrochloric
acid was added to obtain a pH of 3. The precipitated solid was filtered
off and washed with H2O to yield 19 as a colorless solid (161 mg,
87%). 1H NMR (500 MHz, DMSO-d6): δ 11.92 (s, 1H), 11.81 (s,
1H), 8.03−7.99 (m, 2H), 7.46 (d, J = 7.4 Hz, 1H), 7.20−7.13 (m,
2H). 13C NMR (126 MHz, DMSO-d6): δ 165.98, 136.45, 132.32,
126.03, 122.16, 121.00, 120.60, 112.23, 107.37. MS (ESI+): m/z calcd
for C9H8NO2, 162.05; found, 162.06 ([M + H]+). HRMS (MALDI):
m/z calcd for C9H7NO2, 161.04713; found, 161.04713 (M•).

1H-Indole-3-propan-1-one (22). Et2AlCl (309 mg, 2.56 mmol,
1.50 equiv) was added to a solution of 58 (200 mg, 1.71 mmol, 1.00
equiv) in CH2Cl2 (10 mL) at 0 °C. The reaction mixture was stirred
for 45 min at 0 °C. Propionyl chloride (59, 0.30 mL, 3.41 mmol, 2.00
equiv) was added at 0 °C, and the reaction mixture was stirred for 3 h.
Saturated NaHCO3 solution (5 mL) and H2O (10 mL) were then
added, and the mixture was extracted with EtOAc (3 × 20 mL). The
combined organic layers were dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 22 as a colorless
solid (32 mg, 11%). 1H NMR (500 MHz, DMSO-d6): δ 11.87 (s,
1H), 8.30 (s, 1H), 8.20−8.18 (m, 1H), 7.46−7.45 (m, 1H), 7.21−
7.15 (m, 2H), 2.87 (q, J = 7.4 Hz, 2H), 1.11 (t, J = 7.4 Hz, 3H). 13C
NMR (126 MHz, DMSO-d6): δ 196.32, 137.06, 133.98, 125.87,
123.09, 122.02, 121.79, 116.44, 112.49, 32.30, 9.58. MS (ESI+): m/z
calcd for C11H12NO, 174.08; found, 174.10 ([M + H]+). HRMS
(MALDI): m/z calcd for C11H12NO, 174.09134; found, 174.09139
([M + H]+).

1H-Indole-3-carboxylic Acid Ethyl Ester (23). H2SO4 (conc., 1
mL) was added to a solution of 19 (200 mg, 1.24 mmol, 1.00 equiv)
in ethanol (20 mL). The solution was stirred at 80 °C for 5 h. After
cooling to room temperature, the solution was neutralized with
diluted NaOH solution, and the solvents were evaporated under
reduced pressure. The resulting residue was dissolved in EtOAc (20
mL) and washed with H2O (10 mL). The organic layer was dried
(Na2SO4), filtered, and concentrated. Further purification was
performed by column chromatography (n-hexane/EtOAc 3:1) to
yield 23 as a brown solid (65 mg, 23%). 1H NMR (500 MHz, DMSO-
d6): δ 11.91 (s, 1H), 8.06 (d, J = 3.0 Hz, 1H), 8.00−7.99 (m, 1H),
7.48−7.46 (m, 1H), 7.21−7.16 (m, 2H), 4.28 (q, J = 7.1 Hz, 2H),
1.33 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 164.40,
136.38, 132.40, 125.62, 122.33, 121.22, 120.47, 112.34, 106.61, 58.97,
14.52. MS (ESI+): m/z calcd for C11H12NO2, 190.08; found, 190.05
([M + H]+). HRMS (MALDI): m/z calcd for C11H12NO2,
190.08626; found, 190.08603 ([M + H]+).

1H-Indole-3-carboxylic tert Butyl Ester (24). To a suspension of
19 (200 mg, 1.24 mmol, 1.00 equiv) and 10 mL of CH2Cl2, oxalyl
chloride (0.32 mL, 3.72 mmol, 3.00 equiv) and DMF (3 drops) were
added. The solution was stirred at room temperature for 3 h,
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whereupon the solvent was evaporated under reduced pressure. t-
BuOH (3 mL) and KOtBu (226 mg, 2.02 mmol, 1.60 equiv) were
added to the residue. The reaction mixture was stirred at room
temperature for 2 h. Et2O (10 mL) was then added, and the solution
was washed with saturated NH4Cl solution (10 mL) and saturated
NaCl solution (10 mL). The organic layer was dried (Na2SO4),
filtered, and concentrated. Further purification was performed by
column chromatography (n-hexane/EtOAc 3:1) to yield 24 as a
yellow solid (161 mg, 60%). 1H NMR (500 MHz, DMSO-d6): δ
11.82 (s, 1H), 7.97−7.96 (m, 2H), 7.47−7.45 (m, 1H), 7.19−7.14
(m, 2H), 1.56 (s, 9H). 13C NMR (126 MHz, DMSO-d6): δ 164.47,
136.83, 132.65, 126.01, 122.61, 121.48, 120.98, 112.70, 108.67, 79.28,
28.71. MS (ESI−): m/z calcd for C13H14NO2, 216.11; found, 216.03
([M − H]−). HRMS (MALDI): m/z calcd for C13H16NO2,
218.11309; found, 218.11257 ([M + H]+).
1H-Indole-3 Carboxylic Acid phenyl Ester (25). To a solution of

19 (200 mg, 1.24 mmol, 1.00 equiv) in CH2Cl2 (20 mL) and DMF (4
mL), SOCl2 (0.34 mL, 4.66 mmol, 3.00 equiv) and phenol (138 mg,
1.47 mmol, 0.95 equiv) were added. The solution was stirred under
reflux for 16 h. Subsequently, the same amount of phenol was added,
and the solution was stirred for additional 7 days under the same
conditions. After cooling to room temperature, the solvents were
evaporated under reduced pressure, and the resulting residue was
dissolved in EtOAc (20 mL) and washed with saturated NaHCO3
solution (10 mL). The organic layer was dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 2:1) to yield 25 as a colorless
solid (13 mg, 4%). 1H NMR (500 MHz, acetone-d6): δ 11.20 (s, 1H),
8.27 (s, 1H), 8.19−8.14 (m, 1H), 7.60−7.56 (m, 1H), 7.48−7.44 (m,
2H), 7.29−7.23 (m, 5H). 13C NMR (126 MHz, acetone-d6): δ 162.6,
151.38, 136.87, 133.02, 129.22, 126.33, 125.18, 122.85, 122.17,
121.68, 120.85, 112.27, 106.72. MS (ESI+): m/z calcd for
C15H11NaNO2, 260.08; found, 260.96 ([M + Na]+). HRMS
(MALDI): m/z calcd for C15H12NO2, 238.08626; found, 238.08649
([M + H]+).
5-Methoxy-1H-indole-3-carboxylic Acid Methyl Ester (26).

Preparation was according to general procedure (b) using 53 (200
mg, 1.05 mmol, 1.00 equiv) to yield 26 as a brown solid (106 mg,
51%). 1H NMR (500 MHz, DMSO-d6): δ 11.79 (s, 1H), 8.00 (d, J =
2.5 Hz, 1H), 7.47 (d, J = 2.5 Hz, 1H), 7.37 (d, J = 8.8 Hz, 1H), 6.84
(dd, J = 8.8 Hz, 1H), 3.79 (s, 3H), 3.78 (s, 3H). 13C NMR (126
MHz, DMSO-d6): δ 165.27, 155.43, 132.95, 131.71, 126.93, 113.56,
112.83, 106.42, 102.53, 55.71, 51.02. MS (ESI+): m/z calcd for
C11H12NO3, 206.07; found, 206.11 ([M + H]+). HRMS (MALDI):
m/z calcd for C11H12NO3, 206.08117; found, 206.08138 ([M + H]+).
7-Methoxy-1H-indole-3-carboxylic Acid Methyl Ester (27).

Preparation was according to general procedure (b) using 54 (200
mg, 1.05 mmol, 1.00 equiv) to yield 27 as a colorless solid (154 mg,
74%). 1H NMR (500 MHz, DMSO-d6): δ 12.09 (s, 1H), 7.90 (d, J =
3.1 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.10 (t, J = 7.9 Hz, 1H), 6.77
(d, J = 7.5 Hz, 1H), 3.93 (s, 3H), 3.79 (s, 3H). 13C NMR (126 MHz,
DMSO-d6): δ 164.77, 146.40, 131.51, 127.20, 126.42, 122.03, 113.00,
106.94, 102.93, 55.29, 50.66. MS (ESI+): m/z calcd for C11H12NO3,
206.07; found, 206.05 ([M + H]+). HRMS (MALDI): m/z calcd for
C11H11NO3, 205.07334; found, 205.07424 (M•).
5-Bromo-1H-indole-3-carboxylic Acid Methyl Ester (28). H2SO4

(conc., 1 mL) was added to a solution of 55 (800 mg, 3.33 mmol,
1.00 equiv) in methanol (20 mL). The solution was stirred at 70 °C
for 26 h. After cooling to room temperature, the resulting solution was
neutralized with diluted NaOH solution, and the solvents were
evaporated under reduced pressure. The resulting residue was
dissolved in EtOAc (20 mL) and washed with H2O (10 mL). The
organic layer was dried (Na2SO4), filtered, and concentrated. Further
purification was performed by column chromatography (n-hexane/
EtOAc 2:1) to yield 28 as a colorless solid (735 mg, 87%). 1H NMR
(500 MHz, DMSO-d6): δ 12.12 (s, 1H), 8.14 (s, 1H), 8.11 (d, J = 1.9
Hz, 1H), 7.46 (d, J = 8.6 Hz, 1H), 7.33 (dd, J = 8.6 Hz, 1H), 3.81 (s,
3H). 13C NMR (126 MHz, DMSO-d6) δ 164.40, 135.13, 133.76,
127.38, 125.03, 122.53, 114.49, 114.12, 106.02, 50.85. MS (ESI−): m/
z calcd for C10H7BrNO2, 251.97; found, 251.89 ([M − H]−). HRMS

(MALDI): m/z calcd for C10H8BrNO2, 252.97329; found, 252.97360
(M•).

5-Phenyl-1H-indole-3-carboxylic Acid Methyl Ester (29). Com-
pound 28 (200 mg, 0.79 mmol, 1.00 equiv), phenylboronic acid (60,
115 mg, 0.95 mmol, 1.20 equiv), Pd(PPh3)4 (46.0 mg, 0.04 mmol,
0.05 equiv), and Na2CO3 (250 mg, 2.36 mmol, 3.00 equiv) were
dissolved in 1,4-dioxane/H2O (15 mL, 4:1). The solution was stirred
under reflux for 24 h. After cooling to room temperature, the catalyst
was removed by filtration over celite, and EtOAc (30 mL) was added
to the filtrate, which was washed with H2O (3 × 10 mL). The organic
layer was dried (Na2SO4), filtered, and concentrated. The crude
product was purified by column chromatography (n-hexane/EtOAc
2:1) to yield 29 as a colorless solid (164 mg, 84%). 1H NMR (500
MHz, DMSO-d6): δ 12.00 (s, 1H), 8.23 (d, J = 1.5 Hz, 1H), 8.12 (d, J
= 2.9 Hz, 1H), 7.69−7.63 (m, 2H), 7.57 (d, J = 8.4 Hz, 1H), 7.51−
7.46 (m, 3H), 7.35−7.32 (m, 1H), 3.83 (s, 3H). 13C NMR (126
MHz, DMSO-d6): δ 164.77, 141.51, 135.96, 133.95, 133.20, 128.92,
126.90, 126.69, 126.26, 121.89, 118.44, 112.84, 106.64, 50.73. MS
(ESI+): m/z calcd for C16H14NO2, 252.09; found, 252.09 ([M + H]+).
HRMS (MALDI): m/z calcd for C16H13NO2, 251.09408; found,
251.09511 (M•).

5-Benzyl-1H-indole-3-carboxylic Acid Methyl Ester (30). Com-
pound 28 (160 mg, 0.63 mmol, 1.00 equiv), benzylboronic acid (61,
103 mg, 0.76 mmol, 1.20 equiv), Pd(PPh3)4 (72.0 mg, 0.06 mmol,
0.10 equiv), and Na2CO3 (200 mg, 1.89 mmol, 3.00 equiv) were
dissolved in 1,4-dioxane/H2O (15 mL, 4:1). The solution was stirred
under reflux for 72 h. After cooling to room temperature, the catalyst
was removed by filtration over celite, and EtOAc (30 mL) was added
to the filtrate, which was washed with H2O (3 × 10 mL). The organic
layer was dried (Na2SO4), filtered, and concentrated. The crude
product was purified by preparative HPLC (acetonitrile/H2O 50:50;
flow rate: 21 mL/min) to yield 30 as a colorless solid (3.5 mg, 2%).
1H NMR (500 MHz, acetone-d6): δ 10.91 (s, 1H), 8.02 (s, 1H), 7.99
(d, J = 3.0 Hz, 1H), 7.50−7.39 (m, 1H), 7.34−7.23 (m, 4H), 7.19−
7.14 (m, 1H), 7.10−7.08 (m, 1H), 4.09 (s, 2H), 3.81 (s, 3H). 13C
NMR (126 MHz, acetone-d6): δ 165.71, 143.32, 135.40, 132.77,
130.49, 129.61, 129.15, 127.39, 126.61, 124.89, 121.71, 112.86, 52.28,
50.84, 42.76. MS (ESI+): m/z calcd for C17H16NO2, 266.11; found,
266.09 ([M + H]+). HRMS (MALDI): m/z calcd for C17H16NO2,
266.11756; found, 266.11770 ([M + H]+).

5-Phenyl-1-methylindole-3-carboxylic Acid Methyl Ester (31).
Dimethyl sulfate (0.23 mL, 2.39 mmol, 3.00 equiv) was added
dropwise to a solution of 29 (200 mg, 0.78 mmol, 1.00 equiv) and
NaOH (100 mg, 2.50 mmol, 2.20 equiv) in DMF (7 mL). The
reaction mixture was stirred at 130 °C for 16 h. After cooling to room
temperature, the solvent was evaporated under reduced pressure, and
the resulting residue was dissolved in EtOAc (20 mL) and washed
with H2O (10 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 31 as a colorless
solid (15 mg, 7%). 1H NMR (500 MHz, acetone-d6): δ 8.38 (s, 1H),
8.00 (s, 1H), 7.72−7.68 (m, 2H), 7.58 (s, 2H), 7.49−7.46 (m, 2H),
7.35−7.32 (m, 1H), 3.96 (s, 3H), 3.85 (s, 3H). 13C NMR (126 MHz,
acetone-d6): δ 165.41, 142.99, 137.89, 137.08, 135.79, 129.65, 128.18,
128.04, 127.50, 122.95, 120.20, 111.61, 107.38, 50.93, 33.66. MS
(ESI+): m/z calcd for C17H16NO2, 266.11; found, 266.10 ([M + H]+).
HRMS (MALDI): m/z calcd for C17H16NO2, 266.11756; found,
266.11601 ([M + H]+).

N-Methyl-1-methyl-5-phenylindole-3-carboxamide (32). Methyl-
amine (83.5 μL, 0.17 mmol, 1.20 equiv) was dissolved in THF (15
mL) and added to 70 (35.0 mg, 0.14 mmol, 1.00 equiv), EDC·HCl
(32.0 mg, 0.17 mmol, 1.20 equiv), and 4-DMAP (1.90 mg, 0.01
mmol, 0.10 equiv), and DMF (3 mL) was added. The solution was
stirred under reflux for 20 h. After cooling to room temperature,
EtOAc (30 mL) was added, and the organic layer was washed with
H2O (4 × 10 mL). The organic layer was dried over Na2SO4, filtered,
and concentrated. The crude product was purified by column
chromatography (EtOAc) to yield 32 as a colorless solid (10 mg,
27%). 1H NMR (500 MHz, acetone-d6): δ 8.52 (q, J = 0.8 Hz, 1H),
7.85 (s, 1H), 7.70−7.68 (m, 2H), 7.55−7.50 (m, 2H), 7.47−7.43 (m,
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2H), 7.33−7.30 (m, 1H), 7.20 (s, 1H), 3.89 (s, 3H), 2.90 (d, J = 4.7
Hz, 3H). 13C NMR (126 MHz, acetone-d6): δ 165.85, 143.24, 137.73,
134.87, 132.67, 129.57, 128.12, 128.03, 127.27, 122.49, 120.56,
112.11, 111.12, 33.43, 26.09. MS (ESI+): m/z calcd for C17H17N2O,
265.13; found, 265.14 ([M + H]+). HRMS (MALDI): m/z calcd for
C17H17NO2, 265.13354; found, 265.13372 ([M + H]+).
N-Ethyl-1-methyl-5-phenylindole-3-carboxamide (33). Ethyl-

amine (83.5 μL, 0.17 mmol, 1.20 equiv) was dissolved in THF (6
mL) and added to a solution of 70 (35.0 mg, 0.14 mmol, 1.00 equiv),
EDC·HCl (32.0 mg, 0.17 mmol, 1.20 equiv), and 4-DMAP (1.90 mg,
0.01 mmol, 0.10 equiv) in THF (6 mL). The solution was stirred
under reflux for 24 h. After cooling to room temperature, EtOAc (30
mL) was added, and the organic layer was washed with H2O (3 × 10
mL). The organic layer was dried over Na2SO4, filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (EtOAc) to yield 33 as a colorless solid (23 mg, 60%). 1H
NMR (500 MHz, acetone-d6): δ 8.53−8.52 (m, 1H), 7.86 (s, 1H),
7.71−7.68 (m, 2H), 7.55−7.50 (m, 2H), 7.47−7.43 (m, 2H), 7.33−
7.30 (m, 1H), 7.24 (s, 1H), 3.90 (s, 3H), 3.45−3.40 (m, 2H), 1.19 (t,
3H). 13C NMR (126 MHz, acetone-d6): δ 165.17, 143.26, 137.73,
134.83, 132.57, 129.57, 128.28, 128.02, 127.27, 122.48, 120.69,
112.16, 111.09, 34.48, 33.43, 15.63. MS (ESI+): m/z calcd for
C18H19N2O, 279.14; found, 279.16 ([M + H]+). HRMS (MALDI):
m/z calcd for C18H19N2O, 279.14919; found, 279.14945 ([M + H]+).
N-Dimethyl-1-methyl-5-phenylindole-3-carboxamide (34). Di-

methylamine (83.5 μL, 0.17 mmol, 1.20 equiv) was dissolved in
THF (6 mL) and added to a solution of 70 (35.0 mg, 0.14 mmol, 1.00
equiv), EDC·HCl (32.0 mg, 0.17 mmol, 1.20 equiv), and 4-DMAP
(1.90 mg, 0.01 mmol, 0.10 equiv) in THF (6 mL). The solution was
stirred under reflux for 16 h. After cooling to room temperature,
EtOAc (30 mL) was added, and the organic layer was washed with
H2O (3 × 10 mL). The organic layer was dried over Na2SO4, filtered,
and concentrated. The crude product was purified by column
chromatography (EtOAc) to yield 34 as a colorless solid (29 mg,
75%). 1H NMR (500 MHz, acetone-d6): δ 8.21−8.20 (m, 1H), 7.69−
7.67 (m, 2H), 7.66 (s, 1H), 7.55−7.50 (m, 2H), 7.46−7.43 (m, 2H),
7.33−7.29 (m, 1H), 3.91 (s, 3H), 3.16 (s, 6H). 13C NMR (126 MHz,
acetone-d6): δ 166.94, 143.22, 137.12, 134.55, 132.92, 129.58, 129.09,
127.97, 127.25, 122.48, 120.67, 111.26, 111.00, 33.28. MS (ESI+): m/
z calcd for C18H19N2O, 279.14; found, 279.16 ([M + H]+). HRMS
(MALDI): m/z calcd for C18H19N2O, 279.14919; found, 279.15047
([M + H]+).
5-(Furan-2-yl)-1-methylindole-3-carboxylic Acid Methyl Ester

(35). Preparation was according to general procedure (c) using 64
(100 mg, 0.37 mmol, 1.00 equiv), 2-furylboronic acid (65, 63.0 mg,
0.56 mmol, 1.50 equiv), Pd(PPh3)4 (22.0 mg, 0.02 mmol, 0.05 equiv),
and Na2CO3 (119 mg, 1.12 mmol, 3.00 equiv) to yield 35 as a brown
solid (87 mg, 92%). 1H NMR (500 MHz, acetone-d6): δ 8.32−8.31
(m, 1H), 8.14 (s, 1H), 7.74−7.73 (m, 1H), 7.66−7.64 (m, 1H),
7.60−7.58 (m, 1H), 6.88−6.87 (m, 1H), 6.59−6.58 (m, 1H), 3.87 (s,
3H), 3.83 (s, 3H). 13C NMR (126 MHz, acetone-d6): δ 164.33,
154.03, 142.28, 136.93, 136.37, 126.26, 124.45, 119.00, 115.26,
111.99, 111.44, 105.47, 104.52, 50.74, 33.17. MS (ESI+): m/z calcd
for C15H14NO3, 256.27; found, 256.08 ([M + H]+). HRMS
(MALDI): m/z calcd for C15H13NO3, 255.08899; found, 255.08943
(M•).
5-(Furan-3-yl)-1-methylindole-3-carboxylic Acid Methyl Ester

(36). Preparation was according to general procedure (c) using 64
(86.0 mg, 0.32 mmol, 1.00 equiv), 3-furylboronic acid (66, 54.0 mg,
0.48 mmol, 1.50 equiv), Pd(PPh3)4 (19.0 mg, 0.02 mmol, 0.05 equiv),
and Na2CO3 (102 mg, 0.96 mmol, 3.00 equiv) to yield 36 as a yellow
solid (40 mg, 49%). 1H NMR (500 MHz, acetone-d6): δ 8.31−8.30
(m, 1H), 8.00−7.99 (m, 1H), 7.95 (s, 1H), 7.64 (t, J = 1.7 Hz, 1H),
7.55−7.49 (m, 2H), 6.92 (q, J = 0.9 Hz, 1H), 3.93 (s, 3H), 3.85 (s,
3H). 13C NMR (126 MHz, acetone-d6): δ 165.40, 144.74, 139.21,
137.60, 136.87, 128.21, 128.11, 127.05, 121.93, 118.86, 111.61,
109.91, 107.16, 50.91, 33.61. MS (ESI+): m/z calcd for C15H14NO3,
256.09; found, 256.17 ([M + H]+). HRMS (MALDI): m/z calcd for
C15H13NO3, 255.08899; found, 255.08924 (M•).

5-(Thiophen-2-yl)-1-methylindole-3-carboxylic Acid Methyl Ester
(37). Preparation was according to general procedure (c) using 64
(100 mg, 0.37 mmol, 1.00 equiv), 2-thiopheneboronic acid (67, 72.0
mg, 0.56 mmol, 1.50 equiv), Pd(PPh3)4 (22.0 mg, 0.02 mmol, 0.05
equiv), and Na2CO3 (119 mg, 1.12 mmol, 3.00 equiv) to yield 37 as a
yellow solid (80 mg, 79%). 1H NMR (500 MHz, DMSO-d6): δ 8.24−
8.23 (m, 1H), 8.14 (s, 1H), 7.62−7.57 (m, 2H), 7.49 (dd, J = 5.1, 1.1
Hz, 1H), 7.45 (dd, J = 3.6, 1.1 Hz, 1H), 7.14−7.12 (m, 1H), 3.87 (s,
3H), 3.82 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 164.56,
144.78, 137.23, 136.77, 128.68, 127.98, 126.76, 124.99, 123.08,
120.98, 117.43, 111.80, 105.54, 51.00, 33.42. MS (ESI+): m/z calcd
for C15H14NO2S, 272.33; found, 272.07 ([M + H]+). HRMS
(MALDI): m/z calcd for C15H13NO2S, 271.06615; found,
271.06654 (M•).

5-(Thiophen-3-yl)-1-methylindole-3-carboxylic Acid Methyl Ester
(38). Dimethyl sulfate (0.19 mL, 2.04 mmol, 3.00 equiv) was added
dropwise to a solution of 63 (175 mg, 0.68 mmol, 1.00 equiv) and
NaOH (41.0 mg, 1.02 mmol, 1.50 equiv) in DMF (7 mL). The
reaction mixture was stirred at 130 °C for 24 h. After cooling to room
temperature, the solvent was evaporated under reduced pressure, and
the resulting residue was dissolved in EtOAc (20 mL) and washed
with H2O (10 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 38 as a yellow solid
(12 mg, 7%). 1H NMR (400 MHz, acetone-d6): δ 8.41−8.40 (m,
1H), 7.97 (s, 1H), 7.68−7.63 (m, 2H), 7.56−7.52 (m, 3H), 3.95 (s,
3H), 3.85 (s, 3H). 13C NMR (101 MHz, acetone-d6): δ 165.42,
144.10, 137.72, 137.02, 132.63, 130.71, 128.13, 127.43, 127.12,
122.52, 120.22, 119.49, 111.59, 50.92, 33.64. MS (ESI+): m/z calcd
for C15H14NO2S, 272.07; found, 272.17 ([M + H]+). HRMS
(MALDI): m/z calcd for C15H14NO2S, 272.07398; found,
272.07297 ([M + H]+).

5-(Pyridin-4-yl)-1-methylindole-3-carboxylic Acid Methyl Ester
(39). Preparation was according to general procedure (c) using 64
(90.0 mg, 0.34 mmol, 1.00 equiv), 4-pyridylboronic acid (68, 62.0 mg,
0.50 mmol, 1.50 equiv), Pd(PPh3)4 (19.0 mg, 0.02 mmol, 0.05 equiv),
and Na2CO3 (107 mg, 1.01 mmol, 3.00 equiv) to yield 39 as a
colorless solid (44 mg, 49%). 1H NMR (400 MHz, acetone-d6): δ
8.63 (m, 2H), 8.50−8.49 (m, 1H), 8.03 (s, 1H), 7.70−7.68 (m, 3H),
7.65−7.63 (m, 1H), 3.98 (s, 3H), 3.86 (s, 3H). 13C NMR (101 MHz,
acetone-d6): δ 165.29, 151.15, 149.68, 138.77, 137.55, 132.53, 128.21,
122.52, 122.40, 120.48, 112.06, 107.68, 51.04, 33.72. MS (ESI+): m/z
calcd for C16H15N2O2, 267.11; found, 267.12 ([M + H]+). HRMS
(MALDI): m/z calcd for C16H15N2O2, 267.11280; found, 267.11347
([M + H]+).

5-(Pyridin-3-yl)-1-methylindole-3-carboxylic Acid Methyl Ester
(40). Compound 64 (100 mg, 0.37 mmol, 1.00 equiv), 3-
pyridylboronic acid (69, 69.0 mg, 0.56 mmol, 1.50 equiv), Pd(PPh3)4
(22.0 mg, 0.02 mmol, 0.05 equiv), and Na2CO3 (119 mg, 1.12 mmol,
3.00 equiv) were dissolved in 1,4-dioxane/H2O (15 mL, 4:1). The
solution was stirred under reflux for 16 h. After cooling to room
temperature, the catalyst was removed by filtration over celite, and
EtOAc (30 mL) was added to the filtrate, which was washed with
H2O (10 mL). The organic layer was dried (Na2SO4), filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (EtOAc) to yield 40 as a colorless solid (92 mg, 93%). 1H
NMR (500 MHz, DMSO-d6): δ 8.89−8.88 (m, 1H), 8.56 (dd, J = 4.7,
1.6 Hz, 1H), 8.26 (d, J = 1.5 Hz, 1H), 8.19 (s, 1H), 8.09−8.06 (m,
1H), 7.69−7.68 (m, 1H), 7.63−7.61 (m, 1H), 7.51−7.48 (m, 1H),
3.90 (s, 3H), 3.83 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ
164.41, 147.90, 147.81, 137.14, 136.91, 136.71, 134.32, 130.96,
126.66, 123.93, 121.83, 118.86, 111.72, 105.57, 50.81, 33.24. MS
(ESI+): m/z calcd for C16H15N2O2, 267.30; found, 267.12 ([M +
H]+). HRMS (MALDI): m/z calcd for C16H15N2O2, 267.11280;
found, 267.11384 ([M + H]+).

7-Chloro-1-methyl-5(pyridin-3-yl)-1H-indole-3-carboxylic Acid
Methyl Ester (41). Compound 74 (50.0 mg, 0.17 mmol, 1.00
equiv), 3-pyridylboronic acid (69, 31.0 mg, 0.25 mmol, 1.50 equiv),
Pd(PPh3)4 (10.0 mg, 8.25 μmol, 0.05 equiv), and Na2CO3 (53.0 mg,
0.50 mmol, 3.00 equiv) were dissolved in 1,4-dioxane/H2O (15 mL,
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4:1). The solution was stirred under reflux for 18 h. After cooling to
room temperature, the catalyst was removed by filtration over celite,
and EtOAc (30 mL) was added to the filtrate, which was washed with
H2O (3 × 10 mL). The organic layer was dried (Na2SO4), filtered,
and concentrated. The crude product was purified by column
chromatography (EtOAc) to yield 41 as a colorless solid (20 mg,
40%). 1H NMR (500 MHz, CDCl3): δ 8.91 (s, 1H), 8.60 (d, J = 4.3
Hz, 1H), 8.32 (d, J = 1.6 Hz, 1H), 8.00−7.98 (m, 1H), 7.74 (s, 1H),
7.44−7.41 (m, 2H), 4.20 (s, 3H), 3.91 (s, 3H). 13C NMR (126 MHz,
CDCl3): δ 164.77, 147.73, 147.58, 138.48, 136.63, 135.46, 132.46,
130.29, 123.97, 123.53, 119.18, 118.35, 107.49, 51.34, 37.80. MS
(ESI+): m/z calcd for C16H14ClN2O2, 301.07; found, 301.05 ([M +
H]+). HRMS (MALDI): m/z calcd for C16H14ClN2O2, 301.07383;
found, 301.07314 ([M + H]+).
5-(Pyridin-3-yl)-1H-indole-3-carboxylic Acid Methyl Ester (42).

Compound 28 (200 mg, 0.79 mmol, 1.00 equiv), 3-pyridylboronic
acid (69, 145 mg, 1.18 mmol, 1.50 equiv), Pd(PPh3)4 (45.5 mg, 0.04
mmol, 0.05 equiv), and Na2CO3 (250 mg, 2.36 mmol, 3.00 equiv)
were dissolved in 1,4-dioxane/H2O (15 mL, 4:1). The solution was
stirred under reflux for 14 h. After cooling to room temperature, the
catalyst was removed by filtration over celite, and EtOAc (30 mL) was
added to the filtrate, which was washed with H2O (10 mL). The
organic layer was dried (Na2SO4), filtered, and concentrated. The
crude product was purified by column chromatography (EtOAc) to
yield 42 as a colorless solid (129 mg, 65%). 1H NMR (500 MHz,
DMSO-d6): δ 12.06 (s, 1H), 8.89−8.88 (m, 1H), 8.55 (dd, J = 4.7,
1.6 Hz, 1H), 8.26 (d, J = 1.7 Hz, 1H), 8.15 (d, J = 2.9 Hz, 1H), 8.07−
8.05 (m, 1H), 7.62−7.60 (m, 1H), 7.56−7.54 (m, 1H), 7.50−7.48
(m, 1H), 3.83 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 164.68,
147.78, 147.77, 136.88, 136.27, 134.23, 133.43, 130.64, 126.30,
123.87, 121.82, 118.76, 113.14, 106.74, 50.74. MS (ESI+): m/z calcd
for C15H13N2O2, 253.09; found, 253.17 ([M + H]+). HRMS
(MALDI): m/z calcd for C15H13N2O2, 253.09715; found,
253.09729 ([M + H]+).
5-(Thiophen-3-yl)-1H-indole-3-carboxylic Acid Methyl Ester (63).

Compound 28 (230 mg, 0.91 mmol, 1.00 equiv), 3-thiopheneboronic
acid (62, 174 mg, 1.36 mmol, 1.50 equiv), Pd(PPh3)4 (52.0 mg, 0.05
mmol, 0.05 equiv), and Na2CO3 (288 mg, 2.72 mmol, 3.00 equiv)
were dissolved in 1,4-dioxane/H2O (15 mL, 4:1). The solution was
stirred under reflux for 20 h. After cooling to room temperature, the
catalyst was removed by filtration over celite, and EtOAc (30 mL) was
added to the filtrate, which was washed with H2O (3 × 10 mL). The
organic layer was dried (Na2SO4), filtered, and concentrated. The
crude product was purified by column chromatography (n-hexane/
EtOAc 2:1) to yield 63 as a yellow solid (178 mg, 76%). 1H NMR
(400 MHz, DMSO-d6): δ 11.95 (s, 1H), 8.26−8.25 (m, 1H), 8.09 (d,
J = 3.0 Hz, 1H), 7.75−7.74 (m, 1H), 7.64−7.62 (m, 1H), 7.58−7.50
(m, 3H), 3.83 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 164.76,
142.62, 135.72, 133.07, 128.99, 126.92, 126.43, 126.15, 121.53,
119.67, 117.71, 112.77, 106.60, 50.71. MS (ESI+): m/z calcd for
C14H12NO2S, 258.05; found, 258.17 ([M + H]+).
5-Bromo-1-methylindole-3-carboxylic Acid Methyl Ester (64).

DMF (8 mL) was added to 28 (1.00 g, 3.94 mmol, 1.00 equiv) and
NaH (189 mg, 7.87 mmol, 2.00 equiv) at 0 °C. The reaction mixture
was stirred for 30 min. Methyl iodide (0.74 mL, 11.8 mmol, 3.00
equiv) was added dropwise at 0 °C, and the reaction mixture was
stirred at room temperature for 4 h. H2O was then added (20 mL),
and the solution was extracted with EtOAc (3 × 20 mL). The
combined organic layers were dried (Na2SO4), filtered, and
concentrated. Further purification was performed by column
chromatography (n-hexane/EtOAc 3:1) to yield 64 as a colorless
solid (913 mg, 87%). 1H NMR (300 MHz, acetone-d6): 8.24 (d, J =
1.70 Hz, 1H), 8.00 (s, 1H), 7.49−7.37 (m, 2H), 3.94 (s, 3H), 3.84 (s,
3H). 13C NMR (75 MHz, acetone-d6): δ 165.04, 137.61, 137.07,
129.20, 126.08, 124.27, 115.66, 113.22, 106.71, 51.07, 33.77. MS
(ESI+): m/z calcd for C11H10BrNaNO2, 289.99; found, 290.00 ([M +
Na]+).
1-Methyl-5-phenylindole-3-carboxylic Acid (70). Compound 31

(90.0 mg, 0.34 mmol, 1.00 equiv) and LiOH (142 mg, 3.39 mmol,
10.0 equiv) were dissolved in a mixture of H2O/THF (20 mL/14

mL). The solution was stirred at 90 °C for 28 h. After cooling to room
temperature, the solution was washed with DCM (3 × 20 mL), and
the aqueous layer was acidified with HCl solution (10%). The
resulting suspension was extracted with EtOAc (3 × 20 mL), and the
combined organic layers were dried (Na2SO4), filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (EtOAc) to yield 70 as a colorless solid (66 mg, 78%). 1H
NMR (500 MHz, DMSO-d6): δ 12.01 (s, 1H), 8.26−8.25 (m, 1H),
8.07 (s, 1H), 7.68−7.60 (m, 3H), 7.57−7.53 (m, 1H), 7.50−7.45 (m,
2H), 7.37−7.31 (m, 1H), 3.88 (s, 3H). 13C NMR (126 MHz, DMSO-
d6): δ 165.57, 141.37, 136.78, 136.63, 133.89, 128.90, 126.97, 126.88,
126.69, 121.57, 118.72, 111.16, 106.48, 33.09. MS (ESI+): m/z calcd
for C16H14NO2, 252.09; found, 252.12 ([M + H]+).

5-Bromo-7-chloro-1H-indole-3-carboxylic Acid Methyl Ester
(73). Trichloroacetyl chloride (72, 0.39 mL, 3.47 mmol, 4.00 equiv)
was added to a solution of 71 (200 mg, 0.87 mmol, 1.00 equiv) in
DCM (10 mL). Pyridine (0.28 mL, 3.47 mmol, 4.00 equiv) was
added dropwise, and the solution was stirred at 48 °C for 14 h. After
cooling to room temperature, the solution was poured into ice water,
which was then extracted with DCM (3 × 20 mL). The combined
organic layers were dried (Na2SO4), filtered, and concentrated,
resulting in a brown solid. The crude product was used without any
purification. The crude product (477 mg, 1.27 mmol, 1.00 equiv) and
KOH (92.0 mg, 1.65 mmol, 1.10 equiv) were dissolved in MeOH (15
mL). The solution was stirred at room temperature for 21 h. H2O (7
mL) and aqueous hydrochloric acid (1N) were added to obtain a pH
of 6. The solution was extracted with EtOAc (3 × 20 mL), and the
combined organic layers were dried (Na2SO4), filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (n-hexane/EtOAc 3:1) to yield 73 as a yellow solid (125 mg,
50%). 1H NMR (500 MHz, acetone-d6): δ 11.48 (s, 1H), 8.22−8.21
(m, 1H), 8.13 (d, J = 3.0 Hz, 1H), 7.46 (d, J = 1.7 Hz, 1H), 3.87 (s,
3H). 13C NMR (126 MHz, acetone-d6): δ 164.88, 134.52, 133.58,
129.83, 125.40, 123.30, 118.91, 114.90, 109.45, 51.36. MS (ESI+): m/
z calcd for C10H8BrClNO2, 287.93; found, 287.93 ([M + H]+).

5-Bromo-7-chloro-1-methyl-1H-indole-3-carboxylic Acid Methyl
Ester (74). Compound 73 (125 mg, 0.43 mmol, 1.00 equiv) and NaH
(21.0 mg, 0.87 mmol, 2.00 equiv) were dissolved in DMF (10 mL)
and cooled to 0 °C. Methyl iodide (81.0 μL, 1.30 mmol, 3.00 equiv)
was added dropwise at 0 °C, and the reaction was stirred at room
temperature for 6 h. H2O was then added (20 mL), and the solution
was extracted with EtOAc (3 × 20 mL). The combined organic layers
were dried (Na2SO4), filtered, and concentrated. Further purification
was performed by column chromatography (n-hexane/EtOAc 3:1) to
yield 74 as a colorless solid (85 mg, 65%). 1H NMR (500 MHz,
acetone-d6): δ 8.19 (d, J = 1.8 Hz, 1H), 7.99 (s, 1H), 7.36 (d, J = 1.8
Hz, 1H), 4.22 (s, 3H), 3.85 (s, 3H). 13C NMR (126 MHz, acetone-
d6): δ 164.52, 140.16, 132.37, 131.74, 126.84, 123.45, 119.18, 114.84,
106.87, 51.28, 37.84. MS (ESI+): m/z calcd for C11H9BrClNaNO2,
323.95; found, 323.99 ([M + Na]+).

In Vitro Assays. Hybrid Reporter Gene Assays. Reporter gene
assays were performed in the 96-well format in HEK293T cells as
reported previously using the Gal4-fusion receptor plasmids pFA-
CMV-hTHRα-LBD,33 pFA-CMV-hRARα-LBD,34 pFA-CMV-
hPPARα-LBD,35 pFA-CMV-hPPARγ-LBD,35 pFA-CMV-hPPARδ-
LBD,35 pFA-CMV-hLXRα-LBD,36 pFA-CMV-hLXRβ-LBD,36 pFA-
CMV-hFXR-LBD,37 pFA-CMV-hVDR-LBD,34 pFA-CMV-hRXRα-
LBD,34 pFA-CMV-hNur77-LBD,18 pFA-CMV-hNurr1-LBD,18 and
pFA-CMV-hNOR1-LBD,18 which code for the hinge region and LBD
of the canonical isoform of the respective human nuclear receptor.
The Gal4-VP1638 fusion protein (pECE-SV40-Gal4-VP16,39 Addg-
ene, entry 71728, Watertown, MA, USA) was employed as a ligand-
independent transcriptional inducer for control experiments. pFR-Luc
(Stratagene, La Jolla, CA, USA) served as a reporter plasmid, and
pRL-SV40 (Promega, Madison, WI, USA) was used for normalization
of transfection efficiency and test compound toxicity. Transient
transfection was achieved with the Lipofectamine LTX reagent
(Invitrogen, Carlsbad, CA, USA). The test compound solutions were
prepared in Opti-MEM supplemented with penicillin (100 U/mL),
streptomycin (100 μg/mL), and 0.1% DMSO. Each concentration
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was tested in duplicates, and each experiment was performed
independently at least three times. Luminescence was measured
with a Spark 10 M luminometer (Tecan Group AG, Man̈nedorf,
Switzerland); firefly luciferase data were divided by renilla luciferase
data and multiplied by 1000 to obtain relative light units (RLU). Fold
activation was obtained by dividing the mean RLU of a test
compound at a respective concentration by the mean RLU of
untreated control and used for dose−response curve fitting with the
equations “[inhibitor]/[agonist] vs response − variable slope (four
parameters)” in GraphPad Prism (version 7.00, GraphPad software,
La Jolla, CA, USA).
Full-Length Nurr1 Reporter Gene Assays. The reporter gene

assays to observe modulation of full-length human Nurr1 were
performed as described previously with the reporter plasmids pFR-
Luc-NBRE,18 pFR-Luc-NurRE,18 and pFRLuc-DR5,18 each contain-
ing one copy of the respective human Nurr1 response element NBRE
Nl3, NurRE, or DR5. Full-length human Nurr1 was expressed from
pcDNA3.1-hNurr1-NE, Addgene, (entry 102363); RXRα (for DR5)
was expressed from pSG5-hRXR.40 The assay procedure, lumines-
cence measurement, and data analysis were performed as described
for the hybrid reporter gene assays.
HTRF Assays. Effects of 40 on the coregulator (NCoR1, NCoR2,

NCoA6, SRC1, and CBP-1) interaction and dimerization (Nurr1 and
RXRα) of the Nurr1-LBD were studied in homogeneous time-
resolved fluorescence resonance energy-transfer assay systems.
Terbium cryptate as a streptavidin conjugate (Tb-SA; Cisbio
Bioassays, Codolet, France) served as a FRET donor and was
coupled to a biotinylated Nurr1-LBD protein (produced as described
previously18) or coregulator peptides (obtained from Eurogentec,
Seraing, Belgium; NCoR1: biotin-GMGQVPRTHRLITLADHIC-
QIITQDFARN; NCoR2: biotin-SQAVQEHASTNMGLEAIIR-
KALMGKYDQW; NCoA6: biotin-VNKDVTLTSPLLVNLLQSDI-
SAGH; SRC1: biotin-CPSSHSSLTERHKILHRLLQEGSPS; and
CBP-1: biotin-NLVPDAASKHKQLSELLRGGSGS). Recombinant
sGFP-Nurr1-LBD or sGFP-RXRα-LBD (produced as described
previously18) were used as FRET acceptors. All experiments were
performed in white flat-bottom polystyrol 384 well microtiter plates
(Greiner Bio-One, Frickenhausen, Germany) in HTRF assay buffer
(150 mM KF, 25 mM HEPES pH 7.5 (KOH), 10% (w/v) Glycerol, 5
mM DTT) supplemented with 0.1% (w/v) CHAPS and 1% DMSO.
The assay solutions contained biotinylated coregulator peptides (final
concentration 12 nM), Tb-SA (12 nM), and sGFP-Nurr1-LBD (100
nM) for coregulator recruitment or biotinylated Nurr1-LBD (final
concentration 0.6 nM), Tb-SA (1.2 nM), and sGFP-Nurr1-LBD (at
varying concentrations up to 300 nM) or sGFP-RXRα-LBD (at
varying concentrations up to 4000 nM) for dimerization experiments.
The test compound 40 was used at varying concentrations. Free sGFP
was added in the Nurr1 dimerization assays to keep the total sGFP
content stable (300 or 4000 nM) and to suppress artifacts from
changes in the degree of diffusion-enhanced FRET. Samples were set
up in four technical replicates for coregulator peptide recruitment and
in three technical replicates for dimerization assays. After 2 h of
incubation at RT, fluorescence intensities (FI) after excitation at 340
nm were recorded at 520 nm for sGFP FRET acceptor fluorescence
and 620 nm for Tb-SA FRET donor fluorescence on a SPARK plate
reader (Tecan Group AG). FI520nm was divided by FI620nm and
multiplied with 10,000 to give a dimensionless HTRF signal.
WST-1 Toxicity Assay. WST-1 assay (Roche Diagnostics Interna-

tional AG, Rotkreuz, Switzerland) was performed in HEK293T cells
and T98G cells according to the manufacturer’s protocol. The cells
were grown and seeded in Dulbecco’s modified Eagle medium
(DMEM) high glucose, supplemented with sodium pyruvate (1 mM),
penicillin (100 U/mL), streptomycin (100 μg/mL), and 10% FCS in
96-well plates at a density of 3 × 104 cells/well. After 24 h, cells were
incubated with the test compound 31 or 40 (final concentrations 0.1,
1, 10, 30, and 100 μM) in DMEM high glucose, supplemented with
penicillin (100 U/mL), streptomycin (100 μg/mL), 1% charcoal
stripped FCS, and 0.1% DMSO. After 24 h of incubation, WST
reagent was added to each well, and absorbance (450 nm/reference,
620 nm) was determined with a Spark 10M luminometer (Tecan

Group AG) after 45 min. Each experiment was repeated four times in
duplicates.

Nurr1 Knockdown in T98G cells. T98G cells were grown in
DMEM high glucose, supplemented with 10% FCS, sodium pyruvate
(1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at
37 °C and 5% CO2. A period of 24 h before transfection, T98G cells
were seeded in 12-well plates (1 × 105 cells/well). The medium was
changed to reduced serum medium containing DMEM high glucose
supplemented with 1% charcoal-stripped FCS, sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) right
before transfection. Knockdown was mediated by transient trans-
fection using the RNAiMAX reagent (Invitrogen) according to the
manufacturer’s protocol with 30 nM Nurr1-targeting esiRNA (Cat#
EHU008731) or nontargeting control siRNA (Cat# SIC001, both
from Sigma-Aldrich). A period of 24 h after transfection, the cells
were harvested and directly used for RNA extraction or used for
quantification of IL-6 release (as described below). A total of 2 μg of
total RNA was extracted from T98G cells using the E.Z.N.A. total
RNA kit I (R6834-02, Omega Bio-Tek, Inc., Norcross, GA). RNA was
reverse-transcribed into cDNA using the high-capacity RNA-to-cDNA
kit (4387406, Thermo Fischer Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s protocol. Nurr1 knockdown
efficiency was evaluated by quantitative real-time PCR analysis with
a StepOnePlus system (Life Technologies, Carlsbad, CA) using
Power SYBR Green (Life Technologies; 12.5 μL/well). Each sample
was set up in duplicate and repeated in eight independent
experiments. The expression was quantified by the comparative
2−ΔCt method, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as the reference gene. Primer sequences for the
human Nurr1 gene were obtained from OriGene (OriGene
Technologies Inc., Rockville, MD, USA). The following PCR primers
were used: hGAPDH: 5′-ATA TGA TTC CAC CCA TGG CA (fw),
5′-GAT GAT GAC CCT TTT GGC TC (rev), hNurr1: 5′-AAA
CTG CCC AGT GGA CAA GCG T (fw), and 5′-GCT CTT CGG
TTT CGA GGG CAA A (rev).

Quantification of IL-6 Release in T98G cells. T98G cells were
grown in 12-well plates (1 × 105 cells/well) or 24-well plates (5 × 104

cells/well) in DMEM high glucose, supplemented with 10% FCS,
sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin
(100 μg/mL) at 37 °C and 5% CO2 for 24 h. Before incubation with
LPS and test compound 31, the medium was changed to DMEM
supplemented with 1% charcoal-stripped FCS, sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) for 12
h, or Nurr1 knockdown was performed by transient transfection for
24 h as outlined above. The cells were then treated with LPS (1 μg/
mL) to induce inflammation and simultaneously incubated with 31
and 0.1% DMSO or 0.1% DMSO alone as an untreated control. Each
sample was repeated independently at least three times. Following
overnight (24 h) incubation, 100 μL of the respective supernatants
was collected and assayed for IL-6 using the human IL-6 ELISA kit
(Cat# KHC0061, Thermo Fisher Scientific, Inc.) according to the
manufacturer’s protocol. Absorbance at 450 nm was measured with a
Spark 10 M luminometer (Tecan Group AG).

Quantification of Nurr1-Regulated mRNA Expression in T98G
cells by qRT-PCR. Nurr1-regulated gene expression in T98G cells was
performed as described previously17 with the test compounds 31 (30
μM) and 40 (30 μM). Cells were incubated with test compounds for
8 h, and mRNA was extracted, processed, and quantified as described
for the knockdown experiments. The expression levels were quantified
by the 2−ΔCt method with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the reference gene. The following primers were used:
hGAPDH: 5′-ATA TGA TTC CAC CCA TGG CA (fw), 5′-GAT
GAT GAC CCT TTT GGC TC (rev), hVMAT2: 5′-GCT ATG
CCT TCC TGC TGA TTG C (fw), 5′-CCA AGG CGA TTC CCA
TGA CGT T (rev); hTH: 5′-GCT GGA CAA GTG TCA TCA CCT
G (fw), 5′-CCT GTA CTG GAA GGC GAT CTC A (rev); hDDC:
5′-GGA CCA CAA CAT GCT GCT CCT T (fw), and 5′-CTC CAC
TCC ATT CAG AAG GTG C (rev).

Computational Methods. Flexible Alignment. Calculations
were conducted in Molecular Operating Environment (MOE, version
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2020.09, Chemical Computing Group Inc. Montreal, QC, Canada)
using default settings for each tool/function unless stated otherwise.
Amber10:EHT was used as the default force field. For f lexible
alignment, the molecular structures of amodiaquine and 25 were
prepared using the MOE Wash tool: protonation state dominant at
pH 7; coordinates rebuilt in 3D; and preserved existing chirality.
Alignment of the two compounds was performed using the MOE
flexible alignment tool. A total of 9 out of 10 conformations of 25
aligned with the amodiaquine scaffold and were superposed.
Target Prediction. The similarity ensemble approach (SEA)30

server at https://sea.bkslab.org/ was used for target prediction of 31
and 40. Only predictions with a Tanimoto coefficient of ≥ 0.5 and
expectancy (E) value of ≤ 1 × 10−50 were considered.
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Figure S1. Flexible alignment (MOE) of Nurr1 agonists 25 and AQ reveals structural similarity 
with superposition of phenyl ester (25) and phenyl amine (AQ). 
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HPLC traces of 4-42 
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2-Chloro-1H-indole-3-carboxylic acid methyl ester (6): 
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5-Methyl-1H-indole-3-carboxylic acid methyl ester (9): 
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5-Chloro-1H-indole-3-carboxylic acid methyl ester (10): 
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6-Methyl-1H-indole-3-carboxylic acid methyl ester (11):  
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6-Chloro-1H-indole-3-carboxylic acid methyl ester (12): 

 

 

 

 

 

 

 



S11 

7-Methyl-1H-indole-3-carboxylic acid methyl ester (13):  
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7-Chloro-1H-indole-3-carboxylic acid methyl ester (14): 
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1-Methylindole-3-carboxylic acid methyl ester (15): 

 

 

 

 

 

 



S14 

1-Ethylindole-3-carboxylic acid methyl ester (16): 
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1-Phenylindole-3-carboxylic acid methyl ester (17): 
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1-Benzylindole-3-carboxylic acid methyl ester (18): 
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1H-Indole-3-carboxylic acid (19):  
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1H-Indole-3-propan-1-one (22): 
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1H-Indole-3-carboxylic acid ethyl ester (23): 
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1H-Indole-3-carboxylic tert butyl ester (24): 
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1H-Indole-3 carboxylic acid phenyl ester (25): 
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5-Methoxy-1H-indole-3-carboxylic acid methyl ester (26):  
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7-Methoxy-1H-indole-3-carboxylic acid methyl ester (27): 
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5-Bromo-1H-indole-3-carboxylic acid methyl ester (28): 
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5-Phenyl-1H-indole-3-carboxylic acid methyl ester (29): 
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5-Benzyl-1H-indole-3-carboxylic acid methyl ester (30): 
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N-ethyl-1-methyl-5-phenylindole-3-carboxamide (33): 
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N-dimethyl-1-methyl-5-phenylindole-3-carboxamide (34): 
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5-(Furan-2-yl)-1-methylindole-3-carboxylic acid methyl ester (35): 
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5-(Furan-3-yl)-1-methylindole-3-carboxylic acid methyl ester (36): 
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5-(Thiophen-2-yl)-1-methylindole-3-carboxylic acid methyl ester (37): 
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5-(Thiophen-3-yl)-1-methylindole-3-carboxylic acid methyl ester (38): 
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5-(Pyridin-4-yl)-1-methylindole-3-carboxylic acid methyl ester (39): 
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5-(Pyridin-3-yl)-1-methylindole-3-carboxylic acid methyl ester (40): 

 

 

 

 

 

 

 



S37 

7-Chloro-1-methyl-5(pyridin-3-yl)-1H-indole-3-carboxylic acid methyl ester (41): 
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5-(Pyridin-3-yl)-1H-indole-3-carboxylic acid methyl ester (42): 
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Abstract. The ligand-sensing transcription factor Nurr1 emerges as a promising therapeutic target for 

neurodegenerative pathologies but Nurr1 ligands for functional studies and therapeutic validation are lacking. Here 

we report pronounced Nurr1 modulation by statins for which clinically relevant neuroprotective effects have been 

demonstrated. Several statins directly affected Nurr1 activity in cellular and cell-free settings with low micromolar 

to sub-micromolar potencies. Simvastatin exhibited anti-inflammatory effects in astrocytes which were abrogated 

by Nurr1 knockdown. Differential gene expression analysis in native and Nurr1 silenced cells revealed strong 

proinflammatory effects of Nurr1 knockdown while simvastatin treatment induced several neuroprotective 

mechanisms via Nurr1, for example, in energy utilization and reduced apoptosis. These findings suggest Nurr1 

involvement in the well-documented but mechanistically elusive neuroprotection by statins. 

 

 

Keywords. Nuclear receptor related-1, NR4A2, neurodegeneration, Parkinson’s Disease, Alzheimer’s Disease, 

multiple sclerosis, neuroinflammation, simvastatin, fluvastatin 
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Introduction 

The ligand-activated transcription factor nuclear receptor related-1 (Nurr1, NR4A2)(Wang et al., 2003) is a 

constitutively active orphan nuclear receptor. It is considered as neuroprotective transcriptional regulator and 

ascribed high therapeutic potential in neurodegenerative diseases. Nurr1 is expressed in several neuronal cell 

populations with highest levels in dopaminergic neurons and thought to protect neurons against injury(Decressac 

et al., 2013). Neuronal Nurr1 knockout in mice produced a phenotype resembling Parkinson’s Disease 

(PD)(Decressac et al., 2013; Kim et al., 2015) and in the neurotoxin MPTP induced model of PD in rodents, Nurr1 

was downregulated resulting in neuroinflammation and enhanced apoptosis of neuronal cells(Liu et al., 2017) while 

Nurr1 overexpression in the same model reduced motor impairment and spatial learning deficits(Liu et al., 2017). 

In experimental autoimmune encephalomyelitis (EAE), heterozygous Nurr1 knockout mice developed the disease 

faster than wild-type mice(Montarolo et al., 2015), while enhanced Nurr1 signaling reduced incidence and severity 

of EAE(Montarolo et al., 2014). Neuronal Nurr1 expression was also significantly downregulated in models of 

Alzheimer’s Disease (AD) in an age-dependent fashion(Moon et al., 2015, 2019) and the transcription factor was 

shown to protect against AD-related pathology including Aβ accumulation, neuronal loss and microglial activation 

in vivo(Moon et al., 2019). In line with these observations from rodent models, altered Nurr1 expression has been 

detected in human PD, AD and multiple sclerosis (MS) patients(Liu et al., 2017; Moon et al., 2015, 2019; Satoh et 

al., 2005) further highlighting the great neuroprotective potential of Nurr1(Jakaria et al., 2019) which may hence be 

a very attractive therapeutic target to treat neurodegenerative pathologies. 

Despite this therapeutic promise, knowledge on Nurr1 function and ligands is still scarce. A few weak Nurr1 

modulators have been discovered(Bruning et al., 2019; Kim et al., 2015; Munoz-Tello et al., 2020; Rajan et al., 

2020; de Vera et al., 2019; Willems et al., 2020, 2021) such as the prostaglandins A1 and E1 as potential 

endogenous ligands(Rajan et al., 2020). The antimalarials amodiaquine (AQ) and chloroquine (CQ) have served 

as early Nurr1 agonist tools to evaluate Nurr1 activation in neurodegeneration(Kim et al., 2015, 2016; Moon et al., 

2019). Therapeutic validation of Nurr1 in neurodegenerative pathologies and beyond, however, requires potent and 

selective Nurr1 modulators. Aiming to close this gap and expand the sparse collection of Nurr1 ligand scaffolds, we 

have screened a drug fragment library for Nurr1 modulation in a cellular setting resulting in the discovery of statins 

as potent Nurr1 modulators. Intrigued by this finding and reports on clinically relevant effects of this drug class in 

neurodegeneration(Carroll and Wyse, 2017; Chataway et al., 2014; Torrandell‐Haro et al., 2020), we have 

evaluated the potential involvement of Nurr1 in the neuroprotective actions of statins. Differential gene expression 

experiments in native and Nurr1-silenced astrocytes demonstrated several Nurr1 mediated neuroprotective 

mechanisms of simvastatin indicating important contributions of Nurr1 modulation in the pharmacological effects of 

simvastatin and related drugs in neurodegeneration. 

 

Results 

Fragment screening reveals structurally diverse Nurr1 ligands. As rapid approach to discover Nurr1 ligands, 

we have screened a commercially available collection of 480 drug fragments (see Supplementary Figure 1 for 

details) for Nurr1 modulation in a cellular Gal4-Nurr1 hybrid reporter gene assay at a single concentration of 100 

µM. Fragments affecting reporter activity ≥1.5-fold (Nurr1 activation) or ≤0.6-fold (Nurr1 repression) were 

considered for further evaluation (Figure 1 and Supplementary Figure 2A). Curation for toxicity and PAINs 

structures, and control experiments for non-specific effects on reporter activity (using Gal4-VP16(Budzyński et al., 

2015; Sadowski et al., 1988)) resulted in a collection of seven Nurr1 ligand fragments with no privileged scaffold 

for further characterization. Four fragments promoted Nurr1 activity and three fragments acted as inverse Nurr1 

agonists (Supplementary Figure 2). 3-(4-Fluorophenyl)indole emerged as most active Nurr1 activator fragment 

(EC50 8.2 µM, 2.1-fold eff.). It is contained in the widely used cholesterol-lowering drug fluvastatin which was an 

even more potent Nurr1 agonist (EC50 1.8 µM, 2.2-fold eff.). Following this remarkable finding, we tested all seven 

marketed statins (fluvastatin, lovastatin, simvastatin, pravastatin, atorvastatin, rosuvastatin, pitavastatin) for Nurr1 

modulatory activity and observed Nurr1 agonism for all seven drugs except pravastatin (Figure 1B) but with differing 

potencies. Lovastatin and simvastatin demonstrated similar potencies as fluvastatin while rosuvastatin was less 

active. Atorvastatin weakly activated Nurr1 (1.4-fold eff.) with sub-micromolar potency (EC50 0.78 µM) and 
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pitavastatin evolved as the most potent Nurr1 agonist amongst statins (EC50 0.12 µM, 1.7-fold eff.). Interestingly, 

statins share structural features with the known Nurr1 agonists AQ and CQ as illustrated by multiple alignment 

(Figure 1C) but exhibit remarkably higher potencies (up to 400-fold) on Nurr1 (Figure 1D).  

 

Figure 1. Discovery of statins as Nurr1 modulators and their profiling. (A) Primary fragment screening results. Nurr1 modulatory activity of 

the entire drug fragment library in a Gal4 reporter gene assay. Data are the mean reporter activity vs. 0.4% DMSO at 100 µM; n=2. Different 
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colors represent different graph frameworks (see also Supplementary Figure 1). Compounds marked with a star relate to the fragment hits 

validated in control experiments on Gal4-VP16. Gray lines represent mean±SD of the entire screening. (B) Nurr1 modulatory activity of the 

fragment screening hit and of the statin class of drugs (vs. 0.1% DMSO) in a Gal4 hybrid Nurr1 reporter gene assay. Data are the 

mean±S.E.M.; n≥3. (C) Multiple alignment of fluvastatin (FLU), pitavastatin, and AQ reveals common structural features with overlap of the 

indole and quinoline scaffolds as well as the phenyl substituents. (D) Dose-response curves of simvastatin (SIM) and FLU determined in a 

Gal4-Nurr1 hybrid reporter gene assay. Chloroquine (CQ) for comparison. Data are the mean±S.E.M., n ≥ 3. (E-J) Effects of SIM on co-

regulator interactions and dimerization of Nurr1 in HTRF assays. SIM displaced NCoR-1 (E), NCoR-2 (F), NCoA6 (G) and NRIP1 (H) from 

the Nurr1 LBD and SIM (30 µM) decreased homodimerization of Nurr1 (I) without affecting Nurr1-RXRα heterodimerization (J). Data are the 

mean±SD; N=3. (K-M) Profiling of SIM in human full-length Nurr1 reporter gene assays for the Nurr1 response elements NBRE (K, Nurr1 

monomer), NurRE (L, Nurr1 homodimer), DR5 (M, Nurr1-RXRα heterodimer). Data are the mean±S.E.M., n≥3. (N) Summarized activities 

of Nurr1 modulator SIM in cell-free and cellular experiments. 

 

Statins modulate Nurr1 activity in cellular and cell-free settings. To further characterize the intriguing Nurr1 

agonism of statins, we selected fluvastatin (highest Nurr1 agonist efficacy) and simvastatin (most widely used statin) 

as representative compounds. Additionally, simvastatin lacks a chromophore and was best suited for homogenous 

time-resolved fluorescence resonance energy transfer (HTRF) based assays. To obtain mechanistic insights in 

Nurr1 modulation by statins, we evaluated modulation of Nurr1 interactions with co-regulators by statins in cell-free 

HTRF based systems. We have previously discovered ligand-sensitive interaction of Nurr1 with nuclear receptor 

co-repressors (NCoR) 1 and 2, nuclear receptor interacting protein 1 (NRIP1) and nuclear receptor co-activator 6 

(NCoA6)(Willems et al., 2020). Fluvastatin and simvastatin caused a concentration dependent displacement of all 

four co-regulators (Figure 1E-H, Supplementary Figure 3). Moreover, since Nurr1 can act as monomer, homodimer 

and RXR-heterodimer on different DNA response elements, its activity also depends on its dimerization state(Jiang 

et al., 2019; Willems et al., 2020). Fluvastatin and simvastatin did not alter heterodimerization of Nurr1 with RXRα 

but robustly inhibited Nurr1 homodimerization (Figure 1I,J, Supplementary Figure 3). The HTRF assays revealed 

higher potency of simvastatin compared to fluvastatin prompting us to perform further experiments with simvastatin. 

Next, we characterized the ability of simvastatin to modulate full-length human Nurr1 on the human monomer 

(NGFI-B response element, NBRE), homodimer (Nur-response element, NurRE), and heterodimer (direct repeat 

5, DR5) response elements(Jiang et al., 2019). Simvastatin activated the full-length human Nurr1 on all three 

response elements with low micromolar to sub-micromolar potencies (Figure 1K-N). Despite disrupting Nurr1 

homodimerization, simvastatin also activated the homodimer response element NurRE. As NurRE naturally also 

contains a Nurr1 monomer binding site(Maira et al., 1999; Willems et al., 2020), this finding is not surprising, 

however. A selectivity screen over lipid sensing nuclear receptors revealed no other activities of simvastatin and 

fluvastatin (Supplementary Figure 3G). 

Statins block the inflammatory response of astrocytes. To probe the relevance of Nurr1 modulation by statins 

in neuroinflammation, we studied the effects of simvastatin and fluvastatin on interleukin-6 (IL-6) release by Nurr1 

expressing human astrocytes (T98G) in response to LPS treatment. Pravastatin, which does not activate Nurr1, 

was used as negative control. Simvastatin and fluvastatin markedly diminished LPS-induced IL-6 release while 

pravastatin had no effect suggesting Nurr1 involvement (Figure 2A). Silencing of Nurr1 by RNAi in T98G cells 

(Figure 2B) remarkably increased IL-6 production and abrogated the effect of simvastatin on IL-6 levels (Figure 2C) 

further supporting Nurr1 mediated activity of the statins. 

Nurr1 knockdown alters neuroinflammatory signaling in vitro. The pronounced effect of Nurr1 knockdown on 

IL-6 levels aligned with the transcription factor's important role in neuroprotection and -inflammation. To obtain 

insights in its neuroprotective mechanisms in astrocytes, we studied differential gene expression of T98G cells 

treated with Nurr1 siRNA or non-targeting (nt) siRNA in presence or absence of LPS (Figure 2D-H). siRNA mediated 

Nurr1 knockdown altered the expression of almost 8000 genes in both untreated and LPS-treated T98G cells but 

with pronounced differences of almost 2000 genes differentially affected by Nurr1 knockdown in presence or 

absence of LPS (Figure 2F). Silencing of Nurr1 strongly increased expression of multiple cytokines (interferons, C-

C and C-X-C chemokines), cytokine receptors, TNF superfamily genes (e.g., CD40), and members of JAK-STAT 

signaling (STAT1, STAT2) even in absence of LPS stimulation (Figure 2H) indicating that diminished Nurr1 activity 

is sufficient to induce neuroinflammation. Still, LPS treatment caused upregulation of additional cytokines (CCL13, 

CCL20) in Nurr1 silenced cells. Pathway analysis of altered gene expression levels additionally revealed strong 
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effects of Nurr1 silencing on genes involved in PD and AD, oxidative phosphorylation, apoptosis, and p53 signaling 

(Figure 2G). 
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Figure 2. Nurr1 is involved in neuroinflammatory signaling. (A) The Nurr1 agonists SIM and FLU significantly countered interleukin-6 (IL-6) 

release from LPS-treated (1 µg/mL) T98G cells, whereas pravastatin (PRA), as negative control, did not affect IL-6 release. Data are the 

mean±S.E.M., n=4, # p < 0.1, * p < 0.05, ** p < 0.01 (t-test). (B) Nurr1 knockdown efficiency as determined by Nurr1 mRNA levels (qRT-

PCR, 2-ΔCt method with GAPDH as reference gene). Data are the mean±S.E.M., n=8, * p < 0.05 vs. non-targeting (nt) control siRNA (t-test). 

(C) LPS-treated T98G cells released considerable amounts of IL-6 which was further enhanced by siRNA-mediated Nurr1 knockdown 

suggesting reverse Nurr1 involvement in this inflammatory response. The Nurr1 agonist SIM ameliorated the inflammatory response of T98G 

cells in a Nurr1 dependent manner. Data are the mean±S.E.M., n=3, # p < 0.1, ** p < 0.01 (t-test). (D & E) Differential gene expression in 

T98G cells treated with nt or Nurr1 siRNA in absence (D) or presence (E) of LPS. Volcano plots show log2fold change in gene expression 

level (x axis) versus statistical significance level (-log10(p value); y axis). (F) Co-expression Venn diagram for differential gene expression in 

Nurr1 silenced cells versus nt siRNA for +/- LPS treated cells. (G) KEGG pathway enrichment analysis illustrates involvement of Nurr1 in 

signaling pathways related to neurodegenerative diseases and neuroinflammation. Bar plot shows statistical significance level (-log10(padj)) 

of regulated KEGG pathways, numbers refer to the count of differentially expressed genes related to the pathway. n=3, * p < 0.05, ** p < 

0.01, *** p < 0.001. (H) Differentially expressed genes with log2fold change > |2| associated with neurodegenerative diseases (PD, AD, 

neurodegeneration) or neuroinflammatory signaling (TNF, NFκB, WNT, TGFβ, JAK-STAT, PI3K-Akt, apoptosis, neuroactive interaction) 

according to KEGG are listed with their respective log2fold change values for Nurr1 silencing compared to nt siRNA control in absence or 

presence of LPS. n.s. – not significant. 

 

Simvastatin exhibits neuroprotective effects via Nurr1. As simvastatin had exhibited potential neuroprotective 

effects in LPS-treated astrocytes and significantly decreased IL-6 release, we evaluated its effect on gene 

expression in presence or absence of Nurr1. We treated astrocytes (T98G) with nt siRNA or Nurr1 siRNA and with 

DMSO or Simvastatin, stimulated the cells with LPS and determined differential gene expression (Figure 3). 

Compared to DMSO, simvastatin treatment had a pronounced effect on gene expression in both groups (nt and 

Nurr1 siRNA, Figure 3A,B). The expression levels of 1322 genes were affected by simvastatin treatment in both 

groups (Figure 3C) indicating that also other pathways were involved. 1389 genes were selectively affected by 

simvastatin (vs. DMSO) in nt siRNA treated cells but not altered upon simvastatin treatment of Nurr1 silenced cells 

(Figure 3B,C). Pathway analysis of nt siRNA vs. Nurr1 siRNA treated cells demonstrated Nurr1 mediated effects of 

simvastatin on genes related to PD, AD, apoptosis, p53 signaling, cell cycle and oxidative phosphorylation (Figure 

3D). 109 genes revealed a strong response to simvastatin only in presence of Nurr1 with > |0.5| log2fold change 

(Table 1). Closer inspection of these Nurr1 mediated simvastatin effects revealed several neuroprotective effects 

including pronounced induction of hexokinase 3 (HK3), the E3-ubiquitin ligases RING finger protein RNF43 and 

RNF222, and notch4 as well as downregulation of gasdermin C (Figure 3E). HK3 is the rate-limiting enzyme of 

glucose utilization and its induction by simvastatin may importantly contribute to neuroprotective effects. Energy 

metabolism is critical for neuronal health and function, and altered glucose utilization in brain has been linked to 

neurodegenerative diseases, particularly to AD(Cisternas et al., 2016; Haenig et al., 2020; Winkler et al., 2015). 

Additionally, HK3 has been associated with cytoprotective effects against oxidative stress, increased ATP levels 

and enhanced mitochondrial biogenesis(Wyatt et al., 2010). RNF43 is considered as an anti-apoptotic 

regulator(Shinada et al., 2011), as a Wnt antagonist(Zhong et al., 2021) and to be involved in DNA 

repair(Lerksuthirat et al., 2020) suggesting its upregulation as another neuroprotective contribution. Moreover, 

despite incomplete understanding of notch in neurodegeneration(Ables et al., 2011), decreased notch signaling 

has been detected in AD(Alberi et al., 2013; Moehlmann et al., 2002) indicating a potential benefit of notch induction 

by simvastatin. Gasdermin C is a membrane pore-forming protein and a key mediator of inflammation and cell 

death(Broz et al., 2020; Feng et al., 2018; Rogers et al., 2019). Gasdermin pores permeabilize cell membranes 

and damage mitochondria to release cytochrome C leading to inflammasome activation and enhanced 

apoptosis(Broz et al., 2020; Feng et al., 2018; Rogers et al., 2019). The pronounced Nurr1 mediated downregulation 

of gasdermin C by simvastatin potentially emerges as a key neuroprotective effect preventing inflammation, 

apoptosis and neuronal cell death. In addition, marked Nurr1 mediated effects of simvastatin on neurotransmitter 

receptors and transporters as well as on inflammatory genes were evident from the comparison of nt siRNA and 

Nurr1 siRNA treated cells. Simvastatin downregulated metabotropic glutamate receptor 4 (GRM4), GABA receptor 

A3 (GABRA3) and the neuropeptide PEN receptor GPR83 while no neurotransmitter or neuropeptide receptor was 

induced. Simvastatin treatment also diminished expression of the GABA transporter SLC6A12 and several ion 

channels (KCNA7, KCNB1, TRPV2). Nurr1 mediated effects of simvastatin on genes involved in inflammation 

included induction of NFκB inhibitor alpha (NFKBIA) and intercellular adhesion molecule 1 (ICAM1), and 

downregulation of arachidonate 12 lipoxygenase (ALOX12) and IL-31 receptor (IL31RA). Cyclooxygenase 2 (COX-
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2, PTGS2) was upregulated suggesting that Nurr1 activation did not fully block LPS effects. Overall, differential 

gene expression analysis demonstrated distinguished Nurr1 mediated neuroprotective effects of simvastatin with 

anti-apoptotic, metabolic and anti-inflammatory contributions. 

 

 

Figure 3. Simvastatin affected gene expression of LPS-treated human astrocytes (T98G) in a Nurr1 dependent manner. (A & B) Differentially 

expressed genes for SIM (10 µM) versus DMSO in LPS-stimulated T98G cells treated with nt siRNA (A) or Nurr1 siRNA (B). Volcano plots 

show log2fold change in gene expression level (x axis) versus statistical significance level (-log10(p value); y axis), n=3. (C) Co-expression 

Venn diagram shows effects of SIM vs. DMSO in LPS-stimulated T98G cells treated with nt siRNA (magenta) or Nurr1 siRNA (blue). (D) 

KEGG pathway enrichment analysis illustrates involvement of Nurr1 activation by SIM in signaling pathways related to neurodegeneration 

and neuroinflammation. Bar plot shows statistical significance level (-log10(padj)) of regulated KEGG pathways, numbers refer to the count 

of differentially expressed genes related to the pathway. n=3, * p < 0.05, ** p < 0.01, *** p < 0.001. (E) Genes regulated by SIM (vs. DMSO) 

in LPS stimulated nt siRNA treated cells whose expression was unaffected in Nurr1 siRNA treated cells. Only selected genes related to 

neuroprotection and neuroinflammation are shown, further regulated genes in Table 1. Heatmap shows log2fold change in gene expression. 

 

Table 1. Effects of Simvastatin on differential gene expression in LPS-stimulated T98G cells. Only protein coding genes with log2fold change 

> |0.5| that were selectively altered by Simvastatin in nt siRNA treated cells but not altered in Nurr1 silenced cells are shown. 

Gene name Gene description log2 (fold change) -log10 (p value) 

HK3 hexokinase 3 4.559 2.002 
GJB5 gap junction protein beta 5 4.250 1.605 
C3orf67 chromosome 3 open reading frame 67 4.242 2.106 
LRRD1 leucine rich repeats and death domain containing 1 4.195 2.135 
CLEC18A C-type lectin domain family 18 member A 4.083 1.379 
CFHR1 complement factor H related 1 4.083 1.439 
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KLHL35 kelch like family member 35 4.080 1.397 
COL9A2 collagen type IX alpha 2 chain 4.070 1.368 
RNF43 ring finger protein 43 4.004 1.785 
RNF222 ring finger protein 222 3.708 1.545 
C16orf46 chromosome 16 open reading frame 46 3.367 1.431 
MUC15 mucin 15, cell surface associated 2.549 1.302 
RCAN2 regulator of calcineurin 2 1.823 2.312 
ATP10B ATPase phospholipid transporting 10B (putative) 1.761 1.744 
DNAJB13 DnaJ heat shock protein family (Hsp40) member B13 1.752 1.835 
C11orf96 chromosome 11 open reading frame 96 1.704 3.066 
PHOSPHO1 phosphoethanolamine/phosphocholine phosphatase 1.339 1.303 
SNAI3 snail family transcriptional repressor 3 1.124 3.420 
TMEM216 transmembrane protein 216 1.116 2.046 
NOTCH4 notch 4 1.020 1.821 
EPS8L1 EPS8 like 1 1.019 1.896 
C19orf73 chromosome 19 open reading frame 73 0.842 1.828 
AKAP12 A-kinase anchoring protein 12 0.837 1.637 
XKRX XK related X-linked 0.831 2.609 
CCDC151 coiled-coil domain containing 151 0.816 1.625 
PTGS2 prostaglandin-endoperoxide synthase 2 0.789 8.047 
FKBP1B FK506 binding protein 1B 0.781 1.336 
DNAAF3 dynein axonemal assembly factor 3 0.778 2.180 
INHBE inhibin subunit beta E 0.771 1.551 
CPEB3 cytoplasmic polyadenylation element binding protein 3 0.749 1.484 
HSD11B1 hydroxysteroid 11-beta dehydrogenase 1 0.738 1.525 
CD7 CD7 molecule 0.713 2.130 
SLC2A5 solute carrier family 2 member 5 0.688 1.390 
C4A complement C4A (Rodgers blood group) 0.685 1.540 
ABCA3 ATP binding cassette subfamily A member 3 0.680 1.863 
ICAM1 intercellular adhesion molecule 1 0.675 4.838 
STBD1 starch binding domain 1 0.640 1.932 
EN2 engrailed homeobox 2 0.638 3.077 
SWSAP1 SWIM-type zinc finger 7 associated protein 1 0.632 1.534 
CDKN2D cyclin dependent kinase inhibitor 2D 0.631 6.371 
ATP6V0C ATPase H+ transporting V0 subunit c 0.618 2.651 
TMPRSS6 transmembrane serine protease 6 0.610 1.352 
PAK6 p21 (RAC1) activated kinase 6 0.602 1.844 
TUBB2A tubulin beta 2A class IIa 0.600 6.127 
SERPINE1 serpin family E member 1 0.599 4.268 
MT1X metallothionein 1X 0.547 4.060 
TRNP1 TMF1-regulated nuclear protein 1 0.542 2.065 
ETV4 ETS variant 4 0.538 12.089 
SEMA6A semaphorin 6A 0.512 1.731 
CBLN2 cerebellin 2 precursor -0.502 2.847 
DENND2A DENN domain containing 2A -0.506 1.386 
KIAA0319 KIAA0319 -0.515 1.774 
TLN2 talin 2 -0.516 4.222 
IL31RA interleukin 31 receptor A -0.517 3.058 
LEAP2 liver enriched antimicrobial peptide 2 -0.526 1.638 
LDLRAD4 low density lipoprotein receptor class A domain containing 4 -0.529 1.761 
S100A1 S100 calcium binding protein A1 -0.539 1.517 
GABRA3 gamma-aminobutyric acid type A receptor alpha3 subunit -0.555 2.330 
GATA2 GATA binding protein 2 -0.559 1.589 
KCNB1 potassium voltage-gated channel subfamily B member 1 -0.571 3.349 
TRPV2 transient receptor potential cation channel subfamily V member 2  -0.580 1.503 
PSG4 pregnancy specific beta-1-glycoprotein 4 -0.588 1.799 
NPIPB9 nuclear pore complex interacting protein family member B9 -0.616 1.306 
ZNF835 zinc finger protein 835 -0.617 1.418 
ANKRD23 ankyrin repeat domain 23 -0.640 1.324 
ZNF10 zinc finger protein 10 -0.641 2.733 
CKMT2 creatine kinase, mitochondrial 2 -0.729 1.788 
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TNXB tenascin XB -0.741 1.565 
MYH3 myosin heavy chain 3 -0.772 1.930 
FGF14 fibroblast growth factor 14 -0.789 1.989 
COX16 cytochrome c oxidase assembly factor COX16 -0.808 1.951 
PI15 peptidase inhibitor 15 -0.811 2.124 
TSTD3 thiosulfate sulfurtransferase like domain containing 3 -0.832 1.303 
AKAP5 A-kinase anchoring protein 5 -0.847 1.468 
SLC16A14 solute carrier family 16 member 14 -0.855 1.412 
FHOD3 formin homology 2 domain containing 3 -0.860 1.560 
AC009336.2 homeobox D4 -0.918 1.433 
CDRT15 CMT1A duplicated region transcript 15 -1.043 1.479 
KCNA7 potassium voltage-gated channel subfamily A member 7 -1.093 1.686 
TYRP1 tyrosinase related protein 1 -1.165 2.589 
FBXO24 F-box protein 24 -1.201 1.965 
DNAH7 dynein axonemal heavy chain 7 -1.204 1.679 
CPA5 carboxypeptidase A5 -1.210 1.618 
MARCH4 membrane associated ring-CH-type finger 4 -1.219 1.886 
SLC35G6 solute carrier family 35 member G6 -1.249 1.402 
C3orf80 chromosome 3 open reading frame 80 -1.420 1.404 
PROSER2 proline and serine rich 2 -1.728 2.285 
PDE6B phosphodiesterase 6B -1.752 1.471 
METTL7B methyltransferase like 7B -1.838 1.388 
BEGAIN brain enriched guanylate kinase associated -1.841 2.021 
GRM4 glutamate metabotropic receptor 4 -2.086 1.341 
RAB11FIP1 RAB11 family interacting protein 1 -2.102 1.743 
APELA apelin receptor early endogenous ligand -2.210 1.466 
DEF6 DEF6, guanine nucleotide exchange factor -2.264 2.100 
NANOS3 nanos C2HC-type zinc finger 3 -2.471 1.420 
MYBPC1 myosin binding protein C, slow type -2.520 1.808 
ACSL6 acyl-CoA synthetase long chain family member 6 -2.891 1.999 
ANKRD65 ankyrin repeat domain 65 -3.200 1.496 
GPR83 G protein-coupled receptor 83 -3.808 1.638 
DEGS2 delta 4-desaturase, sphingolipid 2 -3.882 1.673 
SLC6A12 solute carrier family 6 member 12 -4.119 1.445 
VSTM5 V-set and transmembrane domain containing 5 -4.238 1.512 
HORMAD1 HORMA domain containing 1 -4.282 1.606 
GSDMC gasdermin C -4.357 1.454 
SLC35F1 solute carrier family 35 member F1 -4.426 2.395 
EBF3 early B cell factor 3 -4.531 1.889 
HS6ST2 heparan sulfate 6-O-sulfotransferase 2 -4.656 2.089 
ZNF366 zinc finger protein 366 -4.718 2.046 
TBC1D3B TBC1 domain family member 3B -7.221 2.770 

 

Discussion 

Several lines of evidence point to an important role and great therapeutic potential of the ligand sensing transcription 

factor Nurr1 in AD, PD and MS but pharmacological validation and exploitation of Nurr1 as therapeutic target is 

pending. In an attempt to rapidly expand the knowledge on Nurr1 ligand scaffolds, we have screened a drug 

fragment collection for Nurr1 modulation and discovered remarkable Nurr1 agonism of statins. Simvastatin 

activated the human Nurr1 on all its three human response elements with low micromolar to sub-micromolar 

potency and comprehensive mechanistic characterization revealed displacement of NCoR-1, NCoR-2, NRIP1 and 

NCoA6 from the Nurr1 LBD, and decreased Nurr1 homodimerization as key contributions to statin dependent Nurr1 

activation.  

The unprecedented molecular activity of the widely used drug class of statins on Nurr1 intriguingly aligns with 

several reports on neuroprotective effects of statins and suggests a potential involvement of Nurr1. Indeed, 

simvastatin counteracted inflammation in Nurr1 expressing astrocytes while this effect was lost in cells silenced for 

Nurr1 confirming relevance of Nurr1 activation by statins in neuronal cells. To capture neuronal effects of Nurr1 
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modulation by statins, we studied differential gene expression in Nurr1 expressing and silenced astrocytes upon 

simvastatin treatment. These experiments interestingly revealed strong pro-inflammatory effects of Nurr1 

knockdown with strongly increased expression of multiple cytokines. Even more intriguing, our results demonstrate 

Nurr1 mediated neuroprotective effects of simvastatin including, for example, enhanced glucose utilization, altered 

notch signaling and several anti-apoptotic mechanisms that were not significantly affected in Nurr1 silenced cells. 

Of note, simvastatin (and other statins) crosses the blood-brain-barrier(Johnson-Anuna et al., 2005) supporting a 

potential clinical relevance of Nurr1 activation in the CNS by statins. Hence, our findings suggest that Nurr1 

activation – together with other confirmed mechanisms(Ghosh et al., 2009; Huang et al., 2017; van der Most et al., 

2009; Xu et al., 2013; Yan et al., 2020) – is involved in the neuroprotective effects of statins. 

Protective and therapeutic effects of statin treatment in neurodegenerative diseases have been reported by several 

studies(Carroll and Wyse, 2017; Chataway et al., 2014; Torrandell‐Haro et al., 2020). Particularly the use of 

simvastatin has been correlated with a suppression of proinflammatory molecules and microglial activation, 

inhibition of oxidative stress and attenuation of alpha-synuclein aggregation(Carroll and Wyse, 2017). Important 

clinical evidence for therapeutic potential of statins was described by Wahner et al. who found protective effects for 

all statins except pravastatin against PD(Wahner et al., 2008) which is particularly notable since pravastatin as only 

statin also failed to activate Nurr1. Observations on promising therapeutic potential in neurodegenerative diseases 

have evoked interventional clinical trials to reveal efficacy of simvastatin treatment in AD, PD and MS. While the 

PD-STAT(Carroll et al., 2019) trial could not confirm that simvastatin slows PD progression(Leigh, 2020), 

impressive results on efficacy of simvastatin in secondary progressive MS have been reported from the MS-STAT 

phase 2 trial(Chan et al., 2017; Chataway et al., 2014). Daily simvastatin treatment over two years significantly 

reduced brain atrophy compared to placebo and improved frontal lobe function and physical quality-of-life. The 

study concluded that its results support phase 3 testing but also noted that the mode-of-action for the observed 

neuroprotective effects of simvastatin in MS remains to be established. While HMG-CoA reductase inhibition and 

improved cholesterol balance undoubtedly contribute to neuroprotective statin effects, there are also cholesterol-

independent activities the biochemical mechanisms of which remained elusive. Here, Nurr1 activation by statins 

evolves as a potentially critical mechanistic aspect in neuroprotective statin actions. 

 

Experimental Procedures 

Chemicals and compounds. All compounds tested in this study were obtained from commercial vendors 

(Prestwick Chemical Libraries, Illkirich, France; TCI Chemicals Deutschland GmbH, Eschborn, Germany; Sigma 

Aldrich, St. Louis, MO, U.S.A.; Alfa Aesar, Ward Hill, MA, U.S.A.; abcr GmbH, Karlsruhe, Germany; Cayman 

Chemical, Ann Arbor, MI, U.S.A.; Fluorochem Ltd., Glossop, United Kingdom; Oxchem Corp., Wood Dale, IL, 

U.S.A.). 

Hybrid reporter gene assays. Plasmids: The Gal4-fusion receptor plasmids pFA-CMV-hNURR1-LBD, pFA-CMV-

hPPARα-LBD, pFA-CMV-hPPARγ-LBD, pFA-CMV-hPPARδ-LBD, pFA-CMV-hRARα-LBD and pFA-CMV-hRXRα-

LBD coding for the hinge region and LBD of the canonical isoform of the respective human nuclear receptor have 

been reported previously(Willems et al., 2020). The Gal4-VP16(Sadowski et al., 1988) fusion protein expressed 

from plasmid pECE-SV40-Gal4-VP16(Budzyński et al., 2015) (Addgene, entry 71728, Watertown, MA, USA) 

served as ligand-independent transcriptional inducer for control experiments. pFR-Luc (Stratagene, La Jolla, CA, 

USA) was used as reporter plasmid and pRL-SV40 (Promega, Madison, WI, USA) for normalization of transfection 

efficiency and test compound toxicity. Assay procedure: HEK293T cells were grown in DMEM high glucose, 

supplemented with 10% fetal calf serum (FCS), sodium pyruvate (1 mM), penicillin (100 U/mL) and streptomycin 

(100 µg/mL) at 37 °C and 5% CO2. The day before transfection, HEK293T cells were seeded in 96-well plates (3 

 104 cells/well). Medium was changed to Opti-MEM without supplements right before transfection. Transient 

transfection was performed using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s protocol with pFR-Luc (Stratagene), pRL-SV40 (Promega) and the corresponding Gal4-fusion 

nuclear receptor plasmid pFA-CMV-hNR-LBD. 5 h after transfection, medium was changed to Opti-MEM 

supplemented with penicillin (100 U/mL) and streptomycin (100 µg/mL), now additionally containing 0.1% DMSO 

and the respective test compound or 0.1% DMSO alone as untreated control. For the primary screen, each 
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concentration was tested as single point measurements and each experiment was performed independently two 

times with 0.4% DMSO, respectively. For full dose-response characterization, each concentration was tested in 

duplicates and each experiment was performed independently at least three times. The Gal4-VP16 control 

experiment was carried out in duplicates as well, with at least four independent repeats. Following overnight (12-

14 h) incubation with the test compounds, cells were assayed for luciferase activity using Dual-Glo™ Luciferase 

Assay System (Promega) according to the manufacturer’s protocol. Luminescence was measured with a Spark 

10M luminometer (Tecan Group AG, Männedorf, Switzerland). Normalization of transfection efficiency and cell 

growth was done by division of firefly luciferase data by renilla luciferase data and multiplying the value by 1000 

resulting in relative light units (RLU). Fold activation was obtained by dividing the mean RLU of a test compound at 

a respective concentration by the mean RLU of untreated control. Max. relative activation refers to fold reporter 

activation of a test compound divided by the fold activation of the respective reference agonist (PPARα: GW7647; 

PPARγ: rosiglitazone; PPARδ: L165,041; RXRα: bexarotene; RARα: tretinoin; all at a concentration of 1 µM; Nurr1: 

amodiaquine (100 µM)). All hybrid assays were validated with the above mentioned reference agonists which 

yielded EC50 values in agreement with the literature. For dose-response curve fitting and calculation of EC50/IC50 

values, the equations “[Agonist]/[Inhibitor] vs. response – Variable slope (four parameters)” were performed with 

mean fold activations ± S.E.M. using GraphPad Prism (version 7.00, GraphPad Software, La Jolla, CA, USA). 

Reporter gene assays involving full-length human Nurr1. Plasmids: The reporter plasmids pFR-Luc-

NBRE(Willems et al., 2020), pFR-Luc-NurRE(Willems et al., 2020) and pFR-Luc-DR5(Willems et al., 2020) each 

containing one copy of the respective human Nurr1 response element NBRE Nl3 

(TGATATCGAAAACAAAAGGTCA), NurRE (from POMC; TGATATTTACCTCCAAATGCCA) or DR5 

(TGATAGGTTCACCGAAAGGTCA), were described previously. The full length human nuclear receptor Nurr1 

(pcDNA3.1-hNurr1-NE; Addgene, entry 102363) and, for DR5, RXRα (pSG5-hRXR) were overexpressed. pFL-

SV40 (Promega) was used for normalization of transfection efficacy and evaluation of compound toxicity. Assay 

procedure: HEK293T cells were grown in DMEM high glucose, supplemented with 10% FCS, sodium pyruvate (1 

mM), penicillin (100 U/mL) and streptomycin (100 µg/mL) at 37 °C and 5% CO2. The day before transfection, 

HEK293T cells were seeded in 96-well plates (3  104 cells/well). Medium was changed to Opti-MEM without 

supplements right before transfection. Transient transfection was performed using Lipofectamine LTX reagent 

(Invitrogen) according to the manufacturer’s protocol with pFR-Luc-NBRE(Willems et al., 2020), pFR-Luc-

NurRE(Willems et al., 2020) or pFR-Luc-DR5(Willems et al., 2020) , pRL-SV40 (Promega), the human full length 

receptor plasmid pcDNA3.1-hNurr1-NE, and, for DR5, also pSG5-hRXR. 5 h after transfection, medium was 

changed to Opti-MEM supplemented with penicillin (100 U/mL) and streptomycin (100 µg/mL), now additionally 

containing 0.1% DMSO and the respective test compound or 0.1% DMSO alone as untreated control. For full dose-

response characterization, each concentration was tested in duplicates and each experiment was performed 

independently at least three times. Following overnight (12-14 h) incubation with the test compounds, cells were 

assayed for luciferase activity using Dual-Glo™ Luciferase Assay System (Promega) according to the 

manufacturer’s protocol. Luminescence was measured with a Spark 10M luminometer (Tecan Group AG). 

Normalization of transfection efficiency and cell growth was done by division of firefly luciferase data by renilla 

luciferase data and multiplying the value by 1000 resulting in relative light units (RLU). Fold activation was obtained 

by dividing the mean RLU of a test compound at a respective concentration by the mean RLU of untreated control. 

The full length Nurr1 reporter gene assays were validated with amodiaquine and chloroquine as reference agonists. 

For dose-response curve fitting and calculation of EC50 values, the equation “[Agonist] vs. response – Variable 

slope (four parameters)” was performed with mean fold activations ± S.E.M. using GraphPad Prism (version 7.00, 

GraphPad Software). 

Nurr1 co-regulator recruitment assays. Recruitment of co-regulator peptides to the Nurr1-LBD was studied in a 

homogeneous time-resolved fluorescence resonance energy transfer (HT-FRET) assay system. Terbium cryptate 

as streptavidin conjugate (Tb-SA; Cisbio Bioassays, Codolet, France) was used as FRET donor for stable coupling 

to biotinylated recombinant Nurr1-LBD protein(Willems et al., 2020) which has been reported previously. Four co-

regulator peptides fused to fluorescein as FRET acceptor were purchased from ThermoFisher Scientific (Life 

Technologies GmbH, Darmstadt, Germany). Assay solutions were prepared in HTRF assay buffer (25 mM HEPES 

pH 7.5, 150 mM KF, 5% (w/v) glycerol, 5 mM DTT) supplemented with 0.1% (w/v) CHAPS and contained 
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recombinant biotinylated Nurr1-LBD (3 nM), Tb-SA (3 nM) and the respective fluorescein-labeled co-regulator 

peptide (100 nM) as well as 1% DMSO with varying concentrations of the test compounds simvastatin or fluvastatin, 

or DMSO alone as negative control. All HTRF experiments were carried out in 384 well format using white flat 

bottom polystyrol microtiter plates (Greiner Bio-One, Frickenhausen, Germany). All samples were set up in 

triplicates. After 2 h incubation at RT, fluorescence intensities (FI) after excitation at 340 nm were recorded at 520 

nm for fluorescein acceptor fluorescence and 620 nm for Tb-SA donor fluorescence on a SPARK plate reader 

(Tecan Group AG). FI520nm was divided by FI620nm and multiplied with 10,000 to give a dimensionless HTRF 

signal. The co-regulator peptides in this experiment were the following: nuclear receptor co-repressor (NCoR) 1, 

fluorescein-RTHRLITLADHICQIITQDFARN-OH; NCoR-2, fluorescein-HASTNMGLEAIIRKALMGKYDQW-OH; 

nuclear receptor co-activator 6 (NCoA6) fluorescein-VTLTSPLLVNLLQSDISAG-OH; nuclear receptor interacting 

protein 1 (NRIP1), fluorescein-SHQKVTLLQLLLGHKNEEN-OH. For dose-response curve fitting and calculation of 

IC50 values, the equation “[Inhibitor] vs. response – Variable slope (four parameters)” was performed with mean fold 

activations ± SD using GraphPad Prism (version 7.00, GraphPad Software). 

Nurr1 dimerization assays. Modulation of Nurr1 LBD homodimerization and heterodimerization with RXRα LBD 

were studied in HT-FRET assay setups using biotinylated recombinant Nurr1-LBD(Willems et al., 2020) and GFP-

Nurr1 LBD(Willems et al., 2020) or GFP-RXRα LBD(Willems et al., 2020), respectively. Assay solutions were 

prepared in HTRF assay buffer supplemented with 0.1% (w/v) CHAPS as well as 1% DMSO with test compounds 

at 30 µM or DMSO alone as negative control. The biotinylated Nurr1 LBD (0.375 nM) and Tb-SA (0.75 nM) served 

as FRET donor complex which was kept constant while the GFP-coupled protein as FRET acceptor was varied in 

concentration. Since affinity of both Nurr1 dimer formations differ, titration of GFP-Nurr1 LBD started at 500 nM 

and, for GFP-RXRα LBD, at 4 µM, respectively. Accordingly, free GFP was added to keep the total GFP content 

stable throughout the entire series in order to suppress artefacts from changes in degree of diffusion enhanced 

FRET. All samples were set up in triplicates and equilibrated at RT for 2 h before FI520 and FI620 were recorded 

after excitation at 340 nm, and the HTRF signal was calculated as described above. 

Nurr1 knockdown in T98G cells. T98G cells (ATCC® CRL1690™) were grown in DMEM high glucose, 

supplemented with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 

37°C and 5% CO2. 24 h before transfection, T98G cells were seeded in 12-well plates (1  105 cells/well). The 

medium was changed to reduced serum medium containing DMEM high glucose supplemented with 1% charcoal-

stripped FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 µg/mL) right before 

transfection. Knockdown was mediated by transient transfection using the RNAiMAX reagent (Invitrogen) according 

to the manufacturer’s protocol with 30 nM of Nurr1 targeting esiRNA (Cat# EHU008731) or non-targeting control 

siRNA (Cat# SIC001, both Sigma Aldrich). 24 h after transfection, the cells were rather harvested and directly used 

for RNA extraction or used for further experiments. 2 μg of total RNA were extracted from T98G cells by the E.Z.N.A. 

Total RNA Kit I (R6834-02, Omega Bio-Tek, Inc., Norcross, GA). RNA was reverse-transcribed into cDNA using 

the High-Capacity RNA-to-cDNA Kit (4387406, Thermo Fischer Scientific Inc., Waltham, MA, USA) according to 

the manufacturer’s protocol. Nurr1 knockdown efficiency was evaluated by quantitative real-time PCR (qRT-PCR) 

analysis with a StepOnePlus System (Life Technologies, Carlsbad, CA) using Power SYBR Green (Life 

Technologies; 12.5 μL/well). Each sample was set up in duplicates and repeated in eight independent experiments. 

The expression was quantified by the comparative 2-ΔCt method and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) served as the reference gene. Primer sequences for the human Nurr1 gene were obtained from OriGene 

(OriGene Technologies Inc., Rockville, MD, USA). The following PCR primers were used: hGAPDH: 5′-ATA TGA 

TTC CAC CCA TGG CA (fw), 5′-GAT GAT GAC CCT TTT GGC TC (rev), hNurr1: 5’-AAA CTG CCC AGT GGA 

CAA GCG T (fw), 5′-GCT CTT CGG TTT CGA GGG CAA A (rev). 

Quantification of IL-6 Release in T98G cells. T98G (ATCC® CRL1690™) cells were grown in 12-well plates (1 

 105 cells/well) for knockdown experiments or 24-well plates (5  104 cells/well) in DMEM high glucose, 

supplemented with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37 

°C and 5% CO2 for 24 h. Before incubation with LPS and test compounds, the medium was changed to DMEM 

supplemented with 1% charcoal-stripped FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin 

(100 μg/mL) for 12 h, or Nurr1 knockdown was performed by transient transfection for 24 h as outlined above. The 

cells were then treated with LPS (1 µg/mL) to induce inflammation and simultaneously incubated with simvastatin 
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(10 µM), fluvastatin (30 μM) or pravastatin (30 µM), and 0.1% DMSO, or 0.1 % DMSO alone as untreated control. 

Each sample was repeated independently at least three times. Following overnight (12 h for knockdown or 24 h) 

incubation, 100 µL of the respective supernatants were collected and assayed for IL-6 using the Human IL-6 ELISA 

Kit (Cat# KHC0061, Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. Absorbance at 450 

nm was measured with a Spark 10 M luminometer (Tecan Group AG). 

Differential gene expression analysis. Sample preparation. T98G cells (ATCC® CRL1690™) were cultured in 

DMEM, high glucose supplemented with 10% fetal calf serum (FCS), sodium pyruvate (1 mM), penicillin (100 

U/mL), and streptomycin (100 μg/mL) at 37 °C and 5% CO2 and seeded in 12-well plates (1  105 cells/well) for 

gene expression analysis. 24 h after seeding, medium was changed to reduced serum medium containing DMEM 

high glucose supplemented with 1% charcoal-stripped FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and 

streptomycin (100 µg/mL) right before transfection. Knockdown was mediated by transient transfection using the 

RNAiMAX reagent (Invitrogen) according to the manufacturer’s protocol with 30 nM of Nurr1 targeting esiRNA (Cat# 

EHU008731) or non-targeting control siRNA (Cat# SIC001, both Sigma Aldrich). After further 24 h, medium was 

changed again to reduced serum medium supplemented as described above now additionally containing 0.1% 

DMSO and the test compound simvastatin (10 µM) or 0.1% DMSO alone as control. Additionally, LPS (1 µg/mL) 

was added simultaneously to induce inflammation in one treatment arm. Each condition was set up in three 

independent biological repeats (n=3). After 12 h incubation, cells were harvested, washed twice with cold phosphate 

buffered saline (PBS) and then directly used for RNA extraction by the E.Z.N.A.® Total RNA Kit I (R6834-02, 

Omega Bio-Tek Inc., Norcross, GA, USA). mRNA sequencing. A total amount of 1 μg RNA per sample was used 

as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ 

RNA Library Prep Kit for Illumina® (New England Biolabs (NEB), Ipswich, MA, U.S.A.) following manufacturer’s 

recommendations and index codes were added to attribute sequences to each sample. Briefly, mRNA was purified 

from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations 

under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was 

synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA 

synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were 

converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, 

NEBNext Adaptor with hairpin loop structure were ligated to prepare for hybridization. In order to select cDNA 

fragments of preferentially 150~200 bp in length, the library fragments were purified with AMPure XP system 

(Beckman Coulter, Beverly, USA). Then 3 μL USER Enzyme (NEB, USA) was used with size-selected, adaptor 

ligated cDNA at 37 °C for 15 min followed by 5 min at 95°C before PCR. Then PCR was performed with Phusion 

High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, PCR products were purified 

(AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of 

the index-coded samples was performed on a cBot Cluster Generation System using PE Cluster Kit cBot-HS 

(Illumina) according to the manufacturer’s instructions. After cluster generation, the library preparations were 

sequenced on an Illumina NovaSeq 6000 platform and paired-end reads were generated. Data analysis. Raw data 

(raw reads) of FASTQ format were firstly processed through fastp(Chen et al., 2018). In this step, clean data (clean 

reads) were obtained by removing reads containing adapter and poly-N sequences and reads with low quality from 

raw data. At the same time, Q20, Q30 and GC content of the clean data were calculated. All the downstream 

analyses were based on the clean data with high quality. Downstream analysis was performed using a combination 

of programs including STAR(Dobin et al., 2013), HTseq(Anders et al., 2015), Cufflink(Trapnell et al., 2012) and 

wrapped scripts. Alignments were parsed using TopHat program(Trapnell et al., 2012) and differential expressions 

were determined through DESeq2(Love et al., 2014). KEGG enrichment analysis was implemented by the 

ClusterProfiler. Reference genome and gene model annotation files were downloaded from genome website 

browser (NCBI/UCSC/Ensembl) directly. Indexes of the reference genome were built using STAR and paired-end 

clean reads were aligned to the reference genome using STAR (v2.5). STAR used the method of Maximal 

Mappable Prefix (MMP) which can generate a precise mapping result for junction reads. HTSeq v0.6.1 was used 

to count the read numbers mapped of each gene. Reads per kilobase of exon model per million mapped reads 

(RPKM, considering the effect of sequencing depth and gene length for the reads count at the same time) of each 

gene was calculated based on the length of the gene and reads count mapped to this gene. Differential expression 

analysis between two conditions/groups (three biological repeats per condition) was performed using the DESeq2 
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R package (2_1.6.3). DESeq2 provides statistical routines for determining differential expression in digital gene 

expression data using a model based on the negative binomial distribution. The resulting p-values were adjusted 

using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Genes with an 

adjusted P-value <0.05 found by DESeq2 were assigned as differentially expressed. Venn diagrams were prepared 

using the function vennDiagram in R based on the gene list for different group. We used clusterProfiler R 

package(Yu et al., 2012) to test the statistical enrichment of differential expression of genes in KEGG pathways 

using the KEGG database resource (http://www.genome.jp/kegg/)(Kanehisa et al., 2017). Correlations between 

individual samples were determined using the cor.test function in R with options set alternative =”greater” and 

method =“Spearman”. To identify the correlation between differences, different samples were clustered by 

expression level RPKM using hierarchical clustering distance method with the function heatmap, SOM (Self-

organization mapping) and kmeans using silhouette coefficient to adapt the optimal classification with default 

parameter in R. 
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Supplementary Figures 

 

Supplementary Figure 1. (A) Feature distributions of the drug fragment library (N=480) in comparison with the 

DrugBank database (N=7946). Bars are plotted on the left y-axis for Prestwick drug fragments. Gaussian distributions 

of DrugBank compounds (MW ≤ 500) are plotted on the right y-axis. (B) Representations of the different graph 

frameworks contained in the drug fragment library and their frequencies. (C) Nurr1 modulatory activity of the drug 

fragment library in a Gal4 hybrid Nurr1 reporter gene assay. Results from primary screen are the mean reporter activity 

vs. 0.4% DMSO; n=2. Fragments affecting reporter activity ≥1.5-fold (Nurr1 activation, 1-20) or ≤0.6-fold (Nurr1 

repression, 21-24) were considered for further evaluation as primary screening hits. Labeled compounds marked with 

a star relate to the fragment hits validated in control experiments on Gal4-VP16. Different colors refer to different graph 

frameworks (from B). Gray lines represent mean±SD of the entire screening. 
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Supplementary Figure 2. Follow up of the primary drug fragment screen for Nurr1 modulation. (A) 24 primary screening 

hits further considered and their Nurr1 modulatory activity in a Gal4-Nurr1 hybrid reporter gene assay. Reporter activity 

in primary screen is mean±SD reporter activity, n=2. Nurr1 modulation: only activities validated against Gal4-VP16 are 

reported. EC50 or IC50 values are mean±S.E.M.; n≥3. Maximum activation or remaining activity refers to the maximum 

reporter activation or repression efficacy compared to DMSO (0.1%) treated cells. Toxic false positive hits from the 

initial screen were not further investigated. (B) Control experiments employing a Gal4-VP16 hybrid receptor were 

performed to confirm or refute Gal4-Nurr1 mediated activity in the cellular hybrid reporter gene assay. Boxplots show: 

center line, median; box limits, upper and lower quartiles; whiskers, min/max; n ≥ 4. * p < 0.05, ** p < 0.01 *** p < 0.001 

(t-test). (C) Nurr1 modulatory activity of fragment derived drugs on Nurr1 in a Gal4-Nurr1 hybrid reporter gene assay. 

Structural extensions compared to the underlying fragments are shown in blue. Only statins and the antibiotics 

sulfadoxine and sulfadimethoxine retained the Nurr1 modulatory activity of their fragment precursors 13 and 21 (see 

also Figure 1B). IC50 values are mean±S.E.M.; n≥3. 
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Supplementary Figure 3. Effects of fluvastatin (FLU) on co-regulator interactions and dimerization of Nurr1. (A-D) 

Fluvastatin displaced NCoR-1 (A), NCoR-2 (B), NCoA6 (C) and NRIP1 (D) from the Nurr1 LBD. (E, F) Fluvastatin 

decreased homodimerization of Nurr1 (E) without affecting Nurr1-RXRα heterodimerization (F). Data are the mean±SD; 

N=3. (G) Selectivity profiles of FLU and SIM at 10 µM on related lipid-activated transcription factors in Gal4 hbrid 

reporter gene assays. Heatmap shows mean relative activation compared to reference agonists at 1 µM for PPARs (α: 

GW7647; γ: rosiglitazone; : L165,041), RXRα (bexarotene), RARα (tretinoin) and 100 µM for Nurr1 (amodiaquine); n 

≥ 2. (H) Summarized cell-free Nurr1 modulatory activities of FLU. 
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Supplementary Methods 

Computational Methods. General: Calculations were conducted in KNIME (version 3.7.2, KNIME AG, Zurich, 

Switzerland) and Molecular Operating Environment (MOE, version 2018.0101, Chemical Computing Group Inc. 

Montreal, QC, Canada) using default settings for each tool/function unless stated otherwise. Amber10:EHT was used 

as default force field for all calculations. Library processing: Analysis of the drug fragment library from Prestwick 

(Prestwick Chemical, Illkirch, France) was performed in KNIME using the provided SMILES strings compared to the 

DrugBank database (all drug structures in SDF Format, version 5.1.1, released on 2018-07-03). The RDKit extension 

nodes (version 4.0.1.v202002121354) were used to filter for PAINs structures and calculate features (MW, clogP, 

number of H-bond donors/acceptors and rotatable bonds, aromatic rings, TPSA). For hits from the primary screen, a 

search for parent and related drugs was performed via molecule substructure and murcko scaffold (both RDKit nodes) 

compared to the DrugBank database (version 5.1.1). Graph based frameworks were extracted with the MOE KNIME 

extension node murcko frameworks ignoring small terminal rings of size 3 or 4. Rings of size 5 to 7 atoms as well as 

annealed rings, bicyclo and spiro compounds of equal ring count were assigned to the same groups. Geometry in terms 

of linker attachment points and connectivity was ignored, only the linker length was considered. Multiple alignment: 

Molecular structures of amodiaquine, fluvastatin and pitavastatin were prepared using MOE Wash tool: protonation 

state dominant at pH 7; coordinates rebuild 3D; preserved existing chirality. Multiple alignment of these three 

compounds was performed using default settings from MOE flexible alignment tool. 
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ABSTRACT: Nuclear receptors, also known as ligand-activated
transcription factors, regulate gene expression upon ligand signals
and present as attractive therapeutic targets especially in chronic
diseases. Despite the therapeutic relevance of some nuclear
receptors in various pathologies, their potential in neurodegenera-
tion and neuroinflammation is insufficiently established. This
perspective gathers preclinical and clinical data for a potential role
of individual nuclear receptors as future targets in Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis, and concom-
itantly evaluates the level of medicinal chemistry targeting these
proteins. Considerable evidence suggests the high promise of
ligand-activated transcription factors to counteract neurodegener-
ative diseases with a particularly high potential of several orphan
nuclear receptors. However, potent tools are lacking for orphan receptors, and limited central nervous system exposure or insufficient
selectivity also compromises the suitability of well-studied nuclear receptor ligands for functional studies. Medicinal chemistry efforts
are needed to develop dedicated high-quality tool compounds for the therapeutic validation of nuclear receptors in
neurodegenerative pathologies.

1. INTRODUCTION

Diseases associated with a loss of neuronal function such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
multiple sclerosis (MS) have a high and constantly growing
global prevalence.1,2 They span a wide spectrum of diseases
leading to cognitive decline and/or disability affecting more
than 40 million people in the world.1,2 Neurodegenerative
diseases are severe health burdens that massively affect quality
of life and globally pressure healthcare systems and economics.
In contrast to several other severe pathologies such as cancer
or chronic inflammation, for which pharmacological treatment
has significantly improved in the recent past, most neuro-
degenerative diseases lack efficient therapeutic interventions.
The multifaceted neurodegenerative pathologies arise from
different etiologies and disease mechanisms but still share
certain common characteristics such as neuronal degeneration,
loss of neuronal function, involvement of neuroinflammation,
and in many cases the abnormal neuronal disposal of certain
proteins.
Dementia including AD has a global prevalence of 5−7% in

people above the age of 60 years1,3 with 36 million patients in
2010 and an alarming estimated number of 115 million
patients in 2050.1 Despite these enormous numbers, current
options for dementia treatment are almost negligible. For
example, acetylcholinesterase inhibitors and memantine show
only limited symptomatic effects4,5 in early disease stages, and

efficacy of ginkgo biloba could not be demonstrated, yet.6 So
far, no therapeutic intervention is available which counteracts
underlying disease mechanisms.7 Tau directed agents are
immature,8 and amyloid-β (Aβ) targeting therapies have failed
in clinical development.9 As a consequence of several recent
drawbacks, research on pharmacological agents for dementia
treatment has significantly decreased.10 Improved under-
standing of the complex underlying pathomechanisms11 and
the search for new molecular targets to counteract AD and
other forms of dementia are hence imperative. Therein,
particularly regenerative strategies are urgently needed.10

PD, which mainly arises from degeneration of dopaminergic
neurons in the substantia nigra due to deposition of α-
synuclein and other toxic factors,12 has an estimated prevalence
of 1.0% in people above the age of 60.13 Its pathology and
disease mechanisms are better defined than in AD, and
therapeutic options, which include, for example, dopaminergic
agents, monoamine oxidase inhibitors, catechol-O-methyl

Received: February 1, 2021
Published: July 12, 2021

Perspectivepubs.acs.org/jmc

© 2021 The Authors. Published by
American Chemical Society

9592
https://doi.org/10.1021/acs.jmedchem.1c00186

J. Med. Chem. 2021, 64, 9592−9638

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 F

R
A

N
K

FU
R

T
 o

n 
Fe

br
ua

ry
 2

0,
 2

02
2 

at
 1

9:
11

:4
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabine+Willems"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Zaienne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Merk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.1c00186&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jmcmar/64/14?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/14?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/14?ref=pdf
https://pubs.acs.org/toc/jmcmar/64/14?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf


transferase inhibitors, NMDA antagonists, and anticholiner-
gics,14 are somewhat more effective. Still, available therapeutic
interventions for PD only address disease symptoms without
affecting the underlying causes as well, and research on disease-
modifying interventions that delay progression or even provide
a cure was characterized by several recent failures, too.15

Hence, new strategies to reverse the disease are urgently
needed in PD.
MS is the most prevalent disabling disease in younger people

and affects approximately 3 million people in the world.16 An
autoimmune destruction of neuronal myelin sheaths and
constant neuroinflammation are the central factors in MS

Figure 1. Nuclear receptors. (a) Overview over the nuclear receptor superfamily comprising 48 members in human.30 (b) Basic mechanism of
genomic nuclear receptor function. NRs of the NR1 family like LXRs and PPARs bind to their specific NRE within the promoter region of their
target genes as obligate heterodimers with RXR. In the absence of ligand binding, these heterodimers associate with corepressor complexes, which
results in repression of transcription. Conformational changes of the complex occur upon ligand binding, which involves displacement of the
corepressor complex and subsequent coactivator recruitment, resulting in the transcription of target genes. (c) Exemplified indirect genomic action
of nuclear receptors. For example, NFκB-regulated pro-inflammatory genes are differently controlled by NRs. Monomers such as PPARγ or LXR
can undergo SUMOylation upon ligand binding and recruit corepressors to inhibit gene expression via NFκB (p50 and p65 subunits) interaction
with its response elements.
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leading to progressive neuronal damage. The treatment of MS
has markedly evolved over the last decades17 allowing a
significantly slowed progression with modern therapeutic
interventions in several cases.16,17 However, the multiple
available MS treatment options target the immune system to
counteract inflammatory processes and consequently prevent
neuronal destruction.18 Despite the remarkable progress
achieved by the new MS medications, therapeutic interven-
tions to reverse MS are urgently required.18

Several lines of evidence present certain nuclear receptors as
potential molecular targets to treat neurodegenerative diseases.
As ligand-sensing transcriptional regulators, nuclear receptors
control metabolic homeostasis and have multiple cell-
protective functions against toxic metabolites. Hence, a
potential neuroprotective role of these transcription factors is
obvious. Moreover, nuclear receptors are involved in the
control of cell proliferation, differentiation, and survival,
suggesting their modulation also as potential avenue to
regenerative approaches. Putative strategies for regenerative
treatment in neurodegenerative diseases may target neuronal
protection and repair mechanisms. Therapeutic strategies
which are able to promote neuronal regeneration, restore
neuronal integrity, and counteract neuroinflammation would
hold enormous potential for numerous diseases associated with
neurodegeneration. Although the adult human brain is one of
the organs with the lowest regenerative ability, neurogenesis
occurs throughout life from neural stem cells (NSCs),19 and
knockout studies have already revealed certain growth factors
and their downstream signaling pathways, transcriptional
regulators, and epigenetic proteins as important mediators in
neuroregeneration.19 Putative novel therapeutic approaches to
neurodegenerative diseases might target these regulatory
proteins to modulate survival, proliferation, differentiation, or
migration of NSCs. In addition to NSCs, which may open a
general avenue to regenerative effects, other neuronal cell types
hold regenerative potential in the various pathologies.
Oligodendrocytes (OLs), for example, play a key role in
myelination, and considerable efforts have been spent on
identifying mechanisms that promote remyelination by OLs in
MS.18 This perspective gathers preclinical and clinical evidence
for the potential of nuclear receptors20 as future molecular
targets in the treatment of neurodegenerative pathologies and
focuses on the current stage of medicinal chemistry to target
these transcriptional regulators as new avenues for a cure in
neurodegenerative diseases.

2. NUCLEAR RECEPTORS AND
NEURODEGENERATION

The protein family of nuclear receptors (NRs) in humans
comprises 48 members (Figure 1a) that act as ligand-sensing
transcription factors and regulate gene expression profiles upon
changes in ligand concentrations.21 As their key function, NRs
translate stimuli by signal moleculese.g., hormones or lipid
mediatorsinto enhanced or decreased expression of certain
sets of genes. However, the cellular functions of NRs are
multifaceted (Figure 1b,c) and include direct and indirect
genomic effects, for example, by interacting with other
transcription factors (tethering, transrepression, Figure 1c),
as well as nongenomic activities. The complex roles and
network of NRs involve multiple regulatory mechanisms
(reviewed in, e.g., refs 22−25) such as ligand-dependent and
-independent regulation, post-translational modifications
(phosphorylation and SUMOylation) which can be activating

or inhibiting, ligand effects on subcellular localization, NR
monomer−dimer−oligomer equilibria, and a network of
coregulators that are recruited or released upon ligand
binding.26 Most NRs share a typical common architecture of
an N-terminal ligand-independent activation function 1 (AF-1)
followed by the DNA binding domain (DBD) and a C-
terminal ligand binding domain (LBD), the latter of which
recognizes the ligand and undergoes conformational changes
upon ligand binding.27,28 These changes often affect the
structure and position of the so-called ligand-dependent
activation function 2 (AF-2), which is located in the C-
terminal helix (H12) of the LBD. Ligand chemotype
recognition varies remarkably between different NRs, enabling
selective NR modulation by small molecule ligands and
rendering NRs as attractive targets for a pharmacological
modulation of gene expression.21,26 About half of the NR
family is well studied and has pharmacological relevance.
Endogenous ligands of these receptors are known, and several
potent and selective small molecule modulators are available to
determine their roles in health and disease. For other NRs,
available knowledge on ligands, biochemical function, and
interaction networks as well as pathological relevance is
limited, and for several so-called orphan NRs,29 endogenous
ligands remain elusive. Some nuclear receptors are considered
as potentially attractive pharmacological targets in the context
of neurodegeneration based on varying levels of evidence. In
the following, we summarize findings pointing to an
involvement of individual NRs in neurodegeneration, neuro-
protection, and neuroinflammation, and discuss the potential
and limitations of their available ligands.

2.1. Peroxisome Proliferator-Activated Receptors
(PPAR, NR1C). 2.1.1. Overview. The three peroxisome
proliferator-activated receptors PPARα, PPARγ, and PPARδ
(also termed PPARβ) are cellular lipid sensors and considered
as master regulators of lipid and glucose homeostasis.31 While
the PPARs are differentially expressed in peripheral tissues
with PPARα as the major hepatic isoform, PPARγ in adipose
tissue and immune cells, and ubiquitous expression of PPARδ,
all three subtypes are found in the brain with the highest levels
in neurons.32 PPARs are activated by various nutritional and
endogenous lipids such as polyunsaturated fatty acids, vitamin
E metabolites, and fatty acid mimetic molecules.31,33−35 The
PPARα and PPARγ isoforms have a long history as drug
targets in metabolic diseases (PPARα: hyperlipidemia, PPARγ:
type 2 diabetes), but relevance of fibrates (PPARα agonists),
glitazones (PPARγ agonists) and glitazars (dual PPARα/γ
agonists) for these indications has declined.31,36 Preclinical
evidence ascribes all three PPARs therapeutic potential in a
number of neurodegenerative pathologies, and interest of drug
discovery and pharmacology in the PPARs remains high.

2.1.2. PPARs in Alzheimer’s Disease. In AD, evidence for
therapeutic potential is mainly available for PPARγ activation.
Observational studies in patients receiving antidiabetic
medication point to a protective role of PPARγ activation.37−39

In several large cohorts, treatment with the PPARγ agonist
pioglitazone (1) decreased the risk of developing demen-
tia.37−39 Additionally, some nonsteroidal anti-inflammatory
drugs (NSAIDs) were found to reduce the risk for AD, which
might be associated with the PPARγ agonistic component of
these drugs.2,40 The therapeutic potential of PPAR activation
in AD-related pathologies is rationalized by PPAR-mediated
reduction of Aβ and tau burden, anti-inflammatory activities,
and protective effects on mitochondria.2,41 Numerous
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preclinical studies have observed beneficial effects in AD-
related models. For example, PPARγ activation caused
upregulation of insulin-degrading enzyme in primary neurons
from rats and AD model mice, a protease which is also able to
degrade Aβ.42,43 Additionally, PPARγ activity was found to
decrease expression of β-secretase, which cleaves amyloid
precursor protein (APP) to produce Aβ.43−45 PPARγ
activation with pioglitazone (1) in rats,46 in double transgenic
APP/PS1 mice,47 and in triple transgenic AD mice48 reduced
Aβ levels in the central nervous system (CNS) and improved
energy homeostasis, whereas the irreversible PPARγ antagonist
GW9662 (2) caused the opposite effect.49 Congruently, several
studies50,51 report reduced memory deficits in APP/PS1 mice
upon pioglitazone (1) treatment, while intraventricular
administration of the PPARγ antagonist GW9662 (2) caused
motor dysfunction.49 In APP/PS1 mice, pioglitazone (1) was
also remarkably effective in clearing Aβ, decreasing neuro-
inflammation, and improving cognitive function when
administered in a short-term fashion after disease onset.52

Similar improvements of cognitive deficits upon pioglitazone
(1) treatment were observed in double transgenic mice
expressing mutant human APP and a constitutively active
form of transforming growth factor-β1 (TGF-β1) but without
effects on Aβ burden.53 In rats receiving an intracerebroven-
tricular Aβ injection to establish an AD model, pioglitazone
(1) improved cognitive function, reduced neuroinflammation,
and reversed oxidative mitochondrial damage.54 PPARγ
antagonist treatment counteracted the beneficial effects of
pioglitazone (1). Pioglitazone (1) was also found to improve
synaptic function in APP/PS1 mice in a pathway involving
cyclin-dependent kinase 5 (cdk5).51 Moreover, pioglitazone
(1) and troglitazone reduced tau protein levels and tau
aggregation in cellular models and in primary neurons, while
GW9662 (2) reversed these effects.55,56 Accordingly, four
months of treatment with pioglitazone (1) and rosiglitazone
(3) attenuated tau hyperphosphorylation in triple transgenic
AD mice.48

Despite the mostly promising preclinical observations, late-
stage clinical trials with the PPARγ agonist rosiglitazone (3)
failed to reveal a clinical benefit in the treatment of mild-to-
moderate AD.57,58 Meta-analyses of the reported small and
larger clinical trials on pioglitazone (1) and rosiglitazone (3) in
AD came to the conclusion that based on the available data
rosiglitazone (3) has no benefit in mild-to-moderate AD, while
pioglitazone (1) might have some efficacy.59,60

2.1.3. PPARs in Parkinson’s Disease. Protective effects of
PPAR activation in PD have also been reported from
numerous preclinical models with a focus on the PPARγ
agonistic thiazolidinediones. In the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced mouse model of PD,
pioglitazone (1) prevented microglial activation and loss of
dopaminergic neurons,61 restored tyrosine hydroxylase (TH)
levels,61 and improved motor impairments.62 A potential
involvement of monoamine oxidase B inhibition62 in these
effects of pioglitazone (1) is speculated. Rosiglitazone (3)
exhibited anti-inflammatory effects in MPTP-induced PD in
mice, too, and reverted microglial activation as well as pro-
inflammatory cytokine levels.63 Pioglitazone (1) was even
examined in MPTP-induced PD in rhesus monkeys, where it
also normalized TH levels and other CNS markers of PD.
Concomitantly, pioglitazone (1) administration (5 mg/kg p.o.
daily) caused a marked improvement in several behavioral tests
compared to placebo-treated animals including performance in

fine motor skills.64 Even in a rare and severe model of late-
stage PD in mice induced by mitochondrial complex IV defects
in dopaminergic neurons, which is characterized by extensive
loss of dopaminergic neurons and strong motor deficits,
pioglitazone (1) exhibited improvements in motor impairment
and neuroinflammation.65

In addition to the glitazones, neuroprotective and anti-
neuroinflammatory effects in the rodent MPTP model were
also observed upon treatment with the non-thiazolidinedione
PPARγ (partial) agonists MDG54866,67 or LSN862,68 which
further corroborates involvement of PPARγ modulation in
therapeutic effects. Moreover, treatment of lipopolysaccharide
(LPS)-stimulated primary mouse microglia with MDG548
revealed increased phagocytic activity as another potential
mechanism of PPAR-mediated beneficial effects in neuro-
degenerative diseases.67

Similar to PPARγ agonists, the PPARα agonist fenofibrate,
the structurally related PPARδ agonists GW0742 (4) and
GW501516 (5), and the dual PPARα/γ agonist MHY908
ameliorated MPTP-induced PD in mice with cognitive and
locomotor improvements, reduced TH levels, decreased
neuroinflammation, and less neuronal damage in several
studies.69−74 In line with this, PPARδ antagonist (GSK0660)
treatment worsened the toxicity of 1-methyl-4-phenylpyridi-
nium iodide (MPP+) on neuronal cells in vitro, while the
agonist GW0742 (4) reversed this effect.72 Neuron-specific
knockout of PPARγ and/or PPARδ in the MPTP-induced
model of PD did, however, not result in more severe neuronal
damage, potentially suggesting that PPAR in other cell types is
important for the protective effects observed with PPAR
agonists.75 In the less common rotenone-induced rat model of
PD, which has a strong endoplasmic reticulum stress
component, intracerebroventricular infusion of PPARδ agonist
GW501516 (5) improved locomotor activity, decreased
endoplasmic reticulum stress, reduced neuronal apoptosis,
and counteracted the loss of dopaminergic neurons.76

PPAR ligands were also examined in the 6-hydroxy
dopamine (6-OHDA)-induced rodent model of PD. Pioglita-
zone (1) decreased mortality, ameliorated microglial activation
and reduced NFκB activity, enhanced neuronal survival, and
improved locomotor deficits in 6-OHDA treated rats.77,78

Similarly, intraperitoneal administration of rosiglitazone (3) to
6-OHDA rats restored TH levels, prevented microglial
activation, and decreased pro-inflammatory markers such as
cyclooxygenase-2 (COX-2) and tumor necrosis factor α
(TNFα) in the CNS.79 Since the beneficial effects of
rosiglitazone (3) were strengthened when the drug was
administered before disease induction, a potential involvement
of decreased COX-2 activity in the neuroprotective effects is
speculated.79 In an extended 6-OHDA rat model with
concomitant chronic levodopa administration, rosiglitazone
(3) was also found to attenuate levodopa-induced dyskinesia.80

A recent in vitro study provided a link between PPARs and
Nurr1 (see section 2.7.2) activity.81 A PPAR response element
is located in the promoter region of the neuroprotective
transcription factor Nurr1, and the PPARα agonist gemfibrozil
enhanced Nurr1 expression in wild-type but not in PPARα
knockout dopaminergic neurons and mice.
In line with the promising neuroprotective activities of

PPARγ agonists in preclinical models of PD, a retrospective
study has revealed protective effects of glitazone82 intake.
Incidence of PD was reduced in patients receiving a
thiazolidinedione as antidiabetic medication compared to
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other antidiabetic drugs. Previous thiazolidinedione use was
not protective,82 and no protective effect was observed for
fibrate use.83

2.1.4. PPARs in Multiple Sclerosis. In MS patients, a
significant upregulation of PPARγ has been detected in
cerebrospinal fluid (CSF).84 PPARγ levels additionally
correlated with the number of immune cells and IgG index
in CSF as neuroinflammatory markers.84 PPARα, PPARδ, and
the key PPAR coactivator PGC-1α were below the detection
limit and hence not considered as elevated.85 A recent study86

reported strong downregulation of PPARγ but not PPARα or
LXRα/β in macrophages derived from MS patients compared
to healthy controls. Moreover, treatment of macrophages from
healthy donors with the MS-associated pro-inflammatory
cytokines interferon γ (IFNγ) and interleukin-1 β (IL-1β)
resulted in a similar downregulation of PPARγ.
In line with these findings, considerable preclinical evidence

for the therapeutic potential of PPAR agonism in MS has
accumulated and mainly suggests the PPARγ subtype as a
promising target. Multiple studies have demonstrated that
PPARγ activation by pioglitazone (1)87−89 or 15-deoxy-
delta(12,14)-prostaglandin J(2) (15d-PGJ2)90 treatment amel-
iorates experimental autoimmune encephalomyelitis (EAE),
and, expectedly, dual treatment with 15d-PGJ2 and RXR
agonist 9-cis retinoid acid (9-cis RA, 43) achieved enhanced
efficacy.91 Mechanistically, these effects of PPARγ activation
are hypothesized to involve protective effects on mitochondria,
enhanced OL differentiation, anti-inflammatory effects on
phagocytic macrophages and microglia, and modulation of T
cell differentiation.
In cellular setting, pioglitazone (1) or docosahexaenoic acid

(45) activated PPARγ in oligodendrocyte progenitor cells
(OPCs) to promote their maturation. The effect was blocked
by the PPARγ antagonist GW9662 (2). PPARγ activation also
counteracted the TNFα-induced arrest of OPCs in a pathway
putatively involving phosphorylation of extracellular signal
kinases (ERKs).92 Moreover, PPARγ agonists were found to
protect OLs against inflammatory damage to mitochondria.93

Inflammatory stimuli with TNFα cause enhanced superoxide
production by mitochondria and decreased membrane
potential. Pioglitazone (1) counteracted these effects and
promoted PGC-1α expression, which increases the biogenesis
of mitochondria.
Treatment of primary mouse microglia with PPARγ agonists

(15d-PGJ2, pioglitazone (1), rosiglitazone (3), ciglitazone)
prevented LPS- or cytokine-induced NO production, IL-1β
release, and IL-6 release.94 Similar effects were observed in
primary mouse astrocyte cultures94 and in primary rat
Schwann cells.95 A recent study demonstrated the importance
of the PPARγ-regulated fatty acid translocase CD36 in
clearance of myelin debris by phagocytes and suppression of
neuroinflammation.96 Through enhanced CD36-mediated
myelin uptake, phagocytic macrophages and microglia adopted
a less inflammatory phenotype. Inhibition of CD36 promoted
neuroinflammation in EAE. In line with this, Wouters et al.86

detected increased PPARγ signaling in macrophages upon
myelin phagocytosispotentially induced by fatty acids
contained in myelin debriswhich was blocked by GW9662
(2). PPARγ expression was not altered by myelin uptake. Vice
versa, the PPARγ antagonist GW9662 (2) did not affect myelin
phagocytosis but disturbed intracellular lipid processing.
In T cells, PPARγ activation was found to act as a negative

regulator of differentiation to Th17 cells in a pathway involving

TGF-β, IL-6, and RORγt.88 The PPARγ agonists pioglitazone
(1), ciglitazone, and GW347845 reduced proliferation and pro-
inflammatory cytokine secretion in a T cell line (Jurkat) and in
phytohemagglutinin (PHA)-stimulated peripheral blood
mononuclear cells (PBMCs) derived from 21 MS patients
and 12 healthy donors.97 In EAE, pioglitazone (1) treatment
selectively reduced Th17 but not Th1 differentiation.88 Th17
cell differentiation was also reduced by treatment with an
endogenous PPARγ activator (13s-HODE).88 T cell-specific
PPARγ knockout had the opposite effect, strongly enhanced
Th17 cell differentiation, and caused an earlier disease onset in
EAE.88 Notably, pioglitazone (1) treatment of T cells from
healthy donors or MS patients also reduced the number of IL-
17 producing T cells formed upon TGF-β/IL-21 stimulation.88

PPARγ is hence speculated to regulate autoimmunity in the
CNS by controlling T cell differentiation.88

Some studies also point to a potential of PPARδ in MS.
Treatment with the PPARδ agonist GW0742 (4)98 had
therapeutic efficacy in EAE, and PPARδ-deficient mice
displayed prolonged disease duration in EAE with compro-
mised remission and recovery.99 Therein, PPARδ knockout
animals revealed elevated INFγ and IL-17 levels in the brain
and alterations in T cell populations. In an in vitro model of
demyelination and neuroinflammation using embryonal rat
neuronal cells and antibodies against myelin oligodendrocyte
glycoprotein (MOG), PPARδ agonist GW501516 (5)
exhibited anti-inflammatory effects but failed to counteract
demyelination-induced changes in gene expression.100 In
MOGp35-55-induced EAE in mice, PPARδ activation (with
GW501516 (5) or L165041 (6)) counteracted IFNγ and IL-17
production by T cells and lowered levels of other pro-
inflammatory cytokines in the CNS.101 PPARδ activation is
therefore speculated to have anti-inflammatory effects in MS
and might be involved in remission and recovery of MS-
associated pathology. In line with this, treatment of human
OLs or primary mouse OLs with the nonselective PPAR
agonist gemfibrozil promoted differentiation and enhanced
expression of myelin-related genes.102,103 In primary mouse
OLs, the effect was lost in cultures from PPARδ-deficient
animals but not in cells lacking PPARα.102

On the basis of accumulating evidence for the therapeutic
potential of PPARγ activation in MS, pioglitazone (1) was
studied in some small clinical trials. In a one-year, placebo-
controlled trial, pioglitazone (1) use was safe in relapsing
remitting MS.104 The study discovered a reduction in gray
matter atrophy and a tendency to decreased lesion burden,
while no improvement in the expanded disability status scale
was observed.104 Another small study suggested that
pioglitazone (1) treatment may reduce lesion development
in relapsing remitting MS.105 In a cohort study106 with MS
patients also affected by the metabolic syndrome, treatment
with either of the antidiabetic drugs metformin and
pioglitazone (1) over 6 months resulted in a decreased
number of lesions compared to untreated patients. Both drugs
also had anti-inflammatory effects as observed by lower
cytokine secretion. This limited evidence for therapeutic
efficacy of pioglitazone (1) in MS is encouraging, but larger
and longer trials would be needed to demonstrate a clinical
benefit. Moreover, it may be doubted whether poorly CNS
available pioglitazone (1) is a good choice in this indication
since PPARγ activation in the brain appears to mediate the
desired anti-inflammatory and neuroprotective effects.
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2.1.5. PPAR Ligands. In the past, the PPARs have been in
the focus of drug discovery for their involvement in metabolic
balance and their potential as drug targets for highly prevalent
metabolic diseases.36 Extensive efforts were made to develop
various types of PPAR ligands (Scheme 1). Numerous subtype
selective and nonselective ligands target one, two, or all three
PPARs. Elafibranor (7)107 activates PPARα and PPARδ,
farglitazar (8)108−110 is an example of a potent dual PPARα/
γ agonist, L796449 (9)111 is a dual PPARγ/δ agonist, and
GW9578 (10)112 is a balanced pan-PPAR agonist. Achieving
subtype selectivity among the PPARs is not trivial, but several
potent subtype selective agonists have been developed.
GW7647 (11),112 CP-775146 (12),113 and NS-220 (13, also
termed LS-191458)114 are potent and selective PPARα
agonists. In past studies, Wy-14643 (14)115 was used as

PPARα agonist but later found to activate PPARγ116 and
RXRs117 as well. For PPARγ, the drug approved thiazolidine-
diones rosiglitazone (3)118 and pioglitazone (1),119 GW1929
(15),120 and 16121 comprise high potency and strong subtype
selectivity. In addition, the covalent, irreversible PPARγ
antagonist GW9662 (2)122 is a very valuable tool to study
PPARγ biology. L165041 (6),111 GW501516 (5),123,124

GW0742 (4),124 and seladelpar (17)125 are the most selective
PPARδ activators with high potency. Since the majority of
PPAR agonists comprise acidic, fatty acid mimetic structures,34

their CNS availability is limited, however. Several preclinical
studies have hence applied the PPAR agonists via intra-
cerebroventricular infusion.74 Pioglitazone (1), the most
widely used PPARγ agonist in studies and trials on neuro-
degenerative diseases, presents poor CNS availability mainly

Scheme 1. Selected PPAR Ligands Used in Studies on Neurodegeneration or with Preferable Tool Compound Characteristics
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due to P-glycoprotein (P-gp) efflux.126 GSK1997132B (18)127

has been specifically developed as a brain-penetrant (partial)
PPARγ agonist.
2.1.6. Conclusion. Overall, activation of PPAR, especially

the PPARγ subtype, has been found to exhibit attractive effects
in multiple in vitro and in vivo models of neurodegenerative
diseases (summarized in Table 1), but translation toward

therapeutic efficacy in humans is lacking. This may be due to a
merely protective rather than therapeutic role of PPAR
agonism, which aligns with observations that the use of
pioglitazone (1) as an antidiabetic medication reduced AD risk
and PD incidence. It may also be speculated that the
glitazones, which were used in the majority of preclinical
studies on neurodegeneration but have poor CNS bioavail-
ability, exhibited most of their effects through peripheral rather
than CNS activity. PPAR ligands specifically designed for
blood−brain barrier (BBB) penetration are needed to further
validate PPAR activation as a therapeutic approach in
neurodegeneration. Additionally, the beneficial effects ob-
served with glitazones require confirmation with other PPAR
agonist scaffolds to exclude involvement of other, non-PPAR-
mediated mechanisms.
2.2. RevERB (NR1D). 2.2.1. Overview. Recent data also

point to a potential involvement of the transcriptional
repressors reverse ERB (revERBα, NR1D1; revERBβ,
NR1D2) in neurodegenerative pathologies.128,129 These
proteins participate in the circadian clock as repressors and
are considered as counterparts/antagonists of the retinoic acid
receptor related orphan receptors (RORs).129,130 RevERBα is
encoded by the opposite DNA strand of the thyroid hormone
receptor α (THRα, also termed ERBA oncogene) explaining

the unusual name of the nuclear receptor.129,131 RevERBs act
mainly as monomers and lack the typical C-terminal AF-2 of
NRs providing a first hint to their transcriptional repressor
activity.132,133 Accordingly, revERBs strongly recruit corepres-
sors such as NCoR, resulting in chromatin condensation and
gene repression.134 Expression of revERBs varies in a circadian
fashion.135,136

2.2.2. RevERB in Neuroinflammation. A number of
preclinical studies have revealed promising effects of revERB
modulation in neuroinflammation and neurodegeneration, but
the reported observations are also controversial. In vitro,
effects of treatment with the revERB agonist SR9011 (19)
were analyzed in primary microglia from neonatal rats.137 The
compound diminished pro-inflammatory cytokine release upon
TNFα treatment and decreased phagocytic activity. Mitochon-
drial activity and ATP generation as well as expression of genes
involved in carbohydrate metabolism were also reduced. Guo
et al.138 found beneficial effects of pharmacological revERBα
activation with GSK4112 (20) and SR9011 (19), which dose-
dependently counteracted LPS-induced microglial activation in
the murine microglial cell line BV2, in primary mouse
microglia, and in mice. The observed anti-inflammatory effects
of revERBα activation involved NFκB-dependent pathways
and a decreased release of pro-inflammatory cytokines.

2.2.3. RevERB in Alzheimer’s Disease. Similarly, the revERB
activator SR9009 (21) counteracted cognitive dysfunction and
decreased cortical Aβ levels in the SAMP8 mouse model of
AD.139 Additionally, revERB activation enhanced the number
of synapses and upregulated marker proteins of synaptic health,
which are decreased in the disease model. In line with these
findings, Griffin et al.140 showed that revERBα knockout
enhanced microglial activation in vivo with spontaneous
inflammation in the hippocampus, and revERBα knockout
mice revealed a markedly increased neuroinflammatory
reaction to LPS. As in other studies, these effects were linked
to altered NFκB signaling. In vitro, cultured revERBα-deficient
primary microglia exhibited a pro-inflammatory phenotype,
and a coculture model revealed increased neuronal death for
revERBα-deficient microglia. Somewhat contradictory to these
encouraging observations for pharmacological revERB activa-
tion, Lee et al.141 discovered beneficial effects in neuro-
degeneration upon inhibition of revERB activity. RevERB
knockdown or inhibition with the antagonist SR8278 (22) in
the 5XFAD model of AD in mice enhanced Aβ uptake by
microglial cells and decreased size and number of Aβ plaques.

2.2.4. RevERB in Multiple Sclerosis. Chang et al.130 probed
the role of revERB in EAE and observed anti-inflammatory
activity of the transcription factor in Th17 cells. RevERB
antagonized RORγt, which regulates expression of IL-17 to
drive inflammation. RevERB overexpression or treatment with
revERB activator SR9009 (21) remarkably ameliorated EAE in
mice and suppressed disease progression. At the same time,
Chang et al. also observed milder EAE in revERB-deficient
mice, however, which appeared to be due to disturbed T cell
differentiation to Th17 cells. Hence, despite being promising,
the findings on revERB modulation in neurodegenerative and
neuroinflammatory pathologies are inconsistent.

2.2.5. RevERB Ligands. In the recent decade, considerable
knowledge on revERB ligands has been obtained (summarized
in a recent review128). Heme was found as a natural revERB
ligand142 and constitutes the first endogenous nuclear receptor
ligand which is not a hormone, steroid, or lipid. Medicinal
chemistry has provided a number of revERB modulators as

Table 1. Summarized Observations on PPARs in
Neurodegeneration

PPARα (= NR1C1), PPARδ (= NR1C2; also known as PPARβ, NUC1, and
FAAR), and PPARγ (= NR1C3)

PPARs in
AD

Pioglitazone (1) use reduced AD risk in cohort studies.37−39

PPARγ activation induces insulin-degrading enzyme which can
degrade Aβ.42,43

PPARγ activation downregulates β-secretase which cleaves APP
to produce Aβ.43−45

PPARγ activation decreased memory deficits50,51 and reduced
Aβ46−48 and tau48 levels in rodent models of AD.

PPARs in
PD

PPAR activation prevented microglial activation and loss of
dopaminergic neurons, restored tyrosine hydroxylase (TH)
levels, and improved motor impairments in rodent models of
PD (PPARα,69−74 PPARγ,61−65,77−80 PPARδ69−74).

Incidence of PD was reduced in patients receiving pioglitazone
(1) as an antidiabetic medication.82 Fibrate use had no such
effect.83

PPARs in
MS

PPARγ but not PPARα and PPARδ was found upregulated in
CSF of MS patients.84,85

PPARγ but not PPARα and LXR was found downregulated in
macrophages from MS patients.86

PPARγ activation ameliorated EAE.87−90

PPARδ activation ameliorated EAE,98 and PPARδ knockout
compromised recovery from EAE.99

PPARγ activation reduced inflammatory response of PBMCs
from healthy donors and MS patients.97

PPARγ activation prevented arrest of OPCs92 and protected OLs
against inflammatory damage.93

PPARγ activation induced CD36 to enhance myelin debris
clearance.96

Pioglitazone (1) treatment reduced number of lesions and gray
matter atrophy in MS patients.104−106
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useful tool compounds (Scheme 2). GSK4112 (20) is the
prototype of the most widely used revERB agonists, and

several descendants (19, 21−26) of this chemotype with
enhanced potency and improved properties were devel-
oped.128,129 Within this series, GSK2945 (23) provides the
most preferable profile with high revERB agonist activity (EC50
0.05 μM), sufficient selectivity, and a pharmacokinetic profile
suitable for in vivo studies.143 In addition, two further revERB
agonist chemotypes have been described,144,145 exemplified by
27 and 28, which are highly active examples of each series with
sub-micromolar potencies. Development of revERB antago-
nists was not as successful as for agonists. SR8278 (22) with an
IC50 value of 0.47 μM is the most potent tool to date.128,129,146

Two further weak revERB antagonist scaffolds (29, 30)147,148

have been recently described and provide a solid basis for the
development of improved tools to study revERB biology.
2.2.6. Conclusion. Despite some promising observations

(summarized in Table 2), available data on revERB in
neurodegeneration are limited and contradictory since
beneficial effects were observed for both knockout/inhibition
and overexpression/activation. Consistent understanding of

the transcription factor’s role in neurodegeneration is lacking,
and further research is required to validate revERB as a
therapeutic target. Additional and improved tool compounds
to study pharmacological revERB modulation will be needed
since the revERB activators GSK4112 (20), SR9009 (21), and
SR9011 (19) that were used in most experiments share a
common chemotype and are likely to share common off-
targets. Accordingly, a recent report149 suggests revERB-
independent effects of SR9009 (21). Validation of revERB
would strongly benefit from a set of structurally diverse
modulator scaffolds to exclude off-target effects in a chemo-
genomic fashion. RevERB modulator development should also
consider the CNS as attractive site of action and provide BBB
penetration data. In addition, the majority of studies on
revERB in neurodegeneration have been conducted without
important control experiments such as revERB knockdown to
validate revERB-mediated effects. Future studies would profit
from considering the unclear specificity of revERB ligands and
a design comprising control experiments to demonstrate
involvement of revERB modulation in therapeutic effects.

2.3. Liver X receptors (LXRs). 2.3.1. Overview. The liver
X receptors (LXRs)150 act as key regulators of cholesterol
homeostasis and as such control, for example, the expression of
the cholesterol transporters ATP-binding cassette transporter
A1 (ABCA1) and ABCG1 as well as the apolipoproteins ApoE
and ApoC. Additionally, LXR activation exhibits anti-
inflammatory effects. The receptors are endogenously activated
by oxysterols (oxidized cholesterol derivatives) such as
24(S),25-epoxycholesterol and 24(S)-hydroxycholesterol, the
latter of which is also found in the brain with high abundance
and hence also termed cerebrosterol.151,152 The two LXR
subtypes (LXRα, NR1H2; LXRβ, NR1H3)150 are structurally
conserved but differ in their expression patterns. LXRα is
found at high levels in liver, intestine, adipose tissue, and
macrophages, while LXRβ is ubiquitously expressed. The
therapeutic potential of LXR modulation in neurodegeneration
is mainly attributed to three general mechanisms, the
regulation of (CNS-)cholesterol homeostasis, anti-inflamma-
tory effects, and involvement in Aβ elimination in AD.152−155

2.3.2. LXR, Cholesterol, and Neuronal Health. Approx-
imately one-fourth of the body’s cholesterol content is found in
the CNS where it is a key component of myelin sheaths and
neuronal cell membranes illustrating the importance of
cholesterol homeostasis in the brain.156−158 Most of the
CNS cholesterol content arises from de novo synthesis
mostly by astrocyteswhich as cholesterol transport and

Scheme 2. RevERB Modulators

Table 2. Summarized Observations on revERB in
Neurodegeneration

RevERBα (= NR1D1; also known as EAR1) and revERBβ (= NR1D2; also
known as EAR1β, BD73, RVR, and HZF-2)

RevERB in
neuroinflammation

RevERBα knockout in mice enhanced microglial
activation and neuroinflammatory reaction to
LPS.140

RevERB activation counteracted microglial
activation138 and pro-inflammatory cytokine
release.137

RevERB in AD RevERB knockout or inhibition enhanced microglial
Aβ uptake and decreased the size and number of Aβ
plaques in 5XFAD mice.141

RevERB activation decreased cognitive dysfunction
and cortical Aβ levels in a rodent AD model.139

RevERB in MS RevERB knockout caused milder EAE.130

RevERB overexpression or activation ameliorated EAE
and suppressed disease progression.130
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degradation is tightly regulated by LXRs.152,159 LXR agonists
were found to promote the cholesterol supply from astrocytes
to neurons via induction of the cholesterol transporters
ABCA1 and ABCG1 mediating cholesterol efflux and via
upregulation of ApoE for cholesterol transport to neu-
rons.159,160 LXR activity hence appears crucial for neuronal
health, and several knockout studies support this hypothesis.
While LXRα knockout mainly impairs peripheral cholesterol
homeostasis,161 LXRβ-deficient mice at seven months of age
developed neuronal lipid accumulation, degeneration of motor
neurons, and axonal atrophy resulting in an amyotrophic lateral
sclerosis-like phenotype.162,163 Double knockout of both LXR
subtypes in mice led to impairment in spatial learning and
motor coordination which was associated with thinner myelin
sheaths in the cerebellum.164 Expression levels of the myelin
components myelin basic protein and proteolipid protein as
well as ABCA1 were decreased in these animals.164 Knockout
of LXRβ also caused neurodegeneration of the optic nerve and
in retinal ganglia, and was associated with increased deposition
of Aβ in ganglion cells, while LXRα-deficient mice did not
show such characteristics.165

2.3.3. LXR in Alzheimer’s Disease. Most efforts in studying
LXRs in neurodegeneration focused on aspects of AD. Anti-
inflammatory effects of LXR activation were found to be
beneficial in several in vitro and in vivo studies related to AD.
Both LXRs are found in microglial cells.166 Treatment of
primary microglia from wild-type mice with Aβ causes an
inflammatory response with upregulation of, for example,
RANTES, TNFα, IL-1β, COX-2, and inducible NO-synthase
(iNOS). In primary mouse microglia, LXR agonist (T0901317
(31)) treatment diminished Aβ-stimulated expression of these
pro-inflammatory genes including COX-2 and iNOS, and
counteracted NFκB activation.166,167 Primary microglia from
LXR knockout mice displayed diminished ABCA1 expression
but similar basal levels of pro-inflammatory genes. Upon Aβ
treatment, however, the inflammatory response of LXR
knockout microglia was stronger than for wild-type glia.166

LXR activity, therefore, seems to counteract neuroinflamma-
tory responses to Aβ.
In addition to LXR-mediated anti-inflammatory effects, a

potential relevance of LXR in AD is rationalized by the
observation that ApoE associates with Aβ plaques and that the
ApoE epsilon-4 (ApoE-ϵ4) allele is strongly associated with an
increased risk for AD.168 With levels as high as 5% of
extracellular soluble protein, ApoE is highly abundant in the
brain.168 It is secreted mainly by astrocytes and serves for
cholesterol transport in the CNS.168−170 Early in vitro and in
vivo studies171−173 on effects of LXR on ApoE, ABCA1, and
Aβ levels have reported conflicting observations. While these
studies agree that LXR activation causes ABCA1 upregulation,
Fukumoto et al.171 observed increased secretion of Aβ upon
LXR activation, whereas later reports detected decreased
cellular Aβ secretion172 and production173 upon LXR agonist
(T0901317 (31)) treatment.
In transgenic APP23 mice with neuronal expression of a

disease-associated APP, a high-fat/high-cholesterol diet was
found to exacerbate the disease as observed by a higher Aβ
load and impaired spatial learning and memory function. LXR
agonist treatment (T0901317 (31)) counteracted these effects
of a high-fat/high-cholesterol diet,174 suggesting an involve-
ment of lipid/cholesterol homeostasis in LXR-mediated effects
on Aβ load and cognitive function.

LXR activation with T0901317 (31) in double transgenic
APP/PS1 mice expressing human APP with disease-associated
mutations and presenilin 1 (PS1) decreased membrane
cholesterol levels in the CNS.175 APP levels were not affected
by LXR agonist treatment, but LXR activation reduced β-
secretase expression and activity resulting in lower Aβ levels. A
connection between membrane cholesterol levels and β-
secretase activity was deduced from in vitro experiments in
which membrane cholesterol depletion in primary mouse
neuronal cells with β-methyl cyclodextrin reduced β-secretase
activity. LXR agonist treatment diminished membrane
cholesterol levels and β-secretase activity in primary mouse
neuronal cells, as well, and this effect was abrogated by ABCA1
inhibition with glyburide. In contrast to these observations,
silencing of LXRβ in primary rat neurons expectedly decreased
expression of ABCA1 but also lowered cholesterol levels.176

Concomitantly, HMG-CoA reductase expression and secretion
of Aβ were reduced.
Genetic knockout of either LXR subtype in transgenic APP/

PS1 mice increased Aβ plaque burden and plaque size with a
stronger effect of LXRα knockout.166 In line with this,
treatment of LXR wild-type transgenic APP/PS1 mice with
the LXR agonist T0901317 (31) decreased Aβ levels and
deposition167 and reduced microglial activation as well as pro-
inflammatory cytokine levels in the CNS. Pharmacological
LXR activation furthermore increased the number of
cholinergic neurons in the transgenic animals compared to
vehicle treatment and improved spatial learning as observed by
a maze test. In a related in vivo study using double transgenic
APP/PS1 mice, long-term pharmacological LXR activation
with T0901317 (31) failed to reduce Aβ plaques but improved
memory function in object recognition and object location
tests.177 In a triple transgenic mouse model of AD (3xTgAD,
also involving Tau pathology), treatment with the LXR agonist
GW3965 (32) increased expression of ABCA1 and ApoE in
the CNS.178 Interestingly, higher ApoE expression upon LXR
agonist treatment was mainly found in neurons. Additionally,
GW3965 (32) treatment enhanced expression of neural stem
cell and proliferation markers. LXR agonist-treated transgenic
mice demonstrated significantly improved performance in
learning tasks compared to vehicle-treated animals. No effects
of LXR agonist treatment on Aβ load were detected, however.
These results suggest other mechanisms of LXR activation
mediating cognitive improvements in AD. A recent in vitro
study179 on hippocampal neurons suggested that oligomeric
Aβ alters expression levels of synaptic proteins and the number
of synaptic contacts. Treatment with the LXR agonist GW3965
(32) prevented synaptic changes, increased the expression of
neuronal survival genes, decreased caspase activity, and
promoted the number of synaptic contacts. The not fully
consistent effects of T0901317 (31) and GW3965 (32) in AD-
related studies might at least partly arise from different
selectivity profiles since T0901317 (31) also modulates
RORs.180

2.3.4. LXR and Parkinson’s Disease. While the therapeutic
potential of LXR modulation in AD has been extensively
evaluated, few studies have focused on LXR in PD, but there
are observations supporting a role of LXR also in this
pathology. In addition to the general anti-neuroinflammatory
effects of LXR (2.3.2), the MPTP-induced model of PD has
revealed stronger damage of dopaminergic neurons in the
substantia nigra and enhanced microglial activation in
LXRβ−/− mice compared to wild-type littermates.181
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2.3.5. LXR and Multiple Sclerosis. As is obvious from the
role of LXR in (neuro)inflammatory processes, LXR
modulation also holds promise for MS treatment, and several
in vitro and in vivo studies support this assumption. In wild-
type mice, treatment with the LXR agonist T0901317 (31)
promoted expression of the myelin components myelin basic
protein and proteolipid protein, while its effects were lost in
LXR double knockout animals suggesting LXR involvement in
the regulation of these important neural proteins.164 Similar
observations were made in primary cerebellar cultures.164 LXR
signaling was also found to be important to regulate cholesterol
homeostasis in OLs which mediate remyelination.182

T0901317 (31) treatment of OLs enhanced LXR-regulated
gene expression and cholesterol efflux.182 Overall, these results
point to a therapeutic potential of LXR in MS but may be
compromised by the limited selectivity of LXR agonist
T0901317 (31), which is also an inverse ROR agonist.180 A
recent study183 has provided further evidence for a therapeutic
role of LXR in MS and indicates the importance of LXR
signaling for a pro-inflammatory to anti-inflammatory switch of
microglia in MS lesions which is needed for repair. After
demyelination, myelin and cell debris have to be cleared by
phagocytosis requiring a pro-inflammatory response before
repair mechanisms are initiated in an anti-inflammatory
phase.183 LXR signaling appears to be important in this switch
and to provide cholesterol for remyelination.183 In line with
this, levels of the LXR ligand 27-hydroxycholesterol, LXR
activity, and LXR-regulated gene expression were induced in
human macrophages after myelin phagocytosis in vitro.184

Autopsies from active human MS lesions confirmed increased
LXR signaling and upregulation of ABCA1 and ApoE.184

Moreover, LXR has been suggested to involve in T cell
differentiation to Th17 cells which are key cellular factors of
MS pathology.185 LXR knockout in EAE mice resulted in
enhanced Th17 cell differentiation, whereas the LXR activators
T0901317 (31) and GW3965 (32) decreased Th17 cell
differentiation.185 In line with this, IL-17 secretion was reduced
in wild-type mice upon LXR agonist treatment.185 In vitro,
T0901317 (31) and GW3965 (32) dose-dependently
inhibited Th17 cell differentiation which was also observed

upon overexpression of either LXRα or LXRβ. T cells from
mice with LXRα, LXRβ, or dual knockout revealed the
opposite effect.185

2.3.6. LXR Ligands. Several potent LXR ligands have been
developed as valuable tools and experimental drugs (Scheme
3). The most widely used LXR reference agonists T0901317
(31)186 and GW3965 (32)187 activate both LXR subtypes with
similar potencies. Activation of brain LXR has been
demonstrated for both compounds in animal models, e.g., by
increased expression of LXR-regulated genes in the
CNS.171,173,178 T0901317 (31) also is an inverse ROR
agonist,180 which potentially affects outcomes of in vivo
studies. AZ12260493 (33) is another agonist of both LXRs,
while BMS779788 (34)188 and WAY252623 (also termed
LXR623, 35)189 exhibit a slight LXRβ preference. Develop-
ment of LXR ligands with a pronounced subtype selectivity has
been hindered by the high similarity of LXRα and LXRβ
providing a remaining challenge for future LXR ligand design.
The functionally selective LXRβ agonist 36190 presents as a
successful example to overcome the lack of subtype selectivity.
It exhibits markedly higher LXRβ activation efficacy (104%)
compared to the LXRα subtype (31%) and was developed for
the potential treatment of AD-related pathologies based on the
hypothesis that LXRβ preference might avoid hepatic side
effects but exhibit full therapeutic efficacy in the brain. 36 was
brain-penetrant in mice and rhesus monkeys and increased
CNS levels of ABCA1 and ApoE. As hypothesized, no adverse
effects on liver triglycerides were observed upon treatment
with 36 in either species. In Tg2576 mice overproducing Aβ
peptides, 36 caused a reduction of Aβ levels in the brain and
improved locomotor activity. In rhesus monkeys, 36 induced a
3-fold increase in brain ApoE levels, while a related compound
with high P-gp efflux ratio did not alter ApoE indicating that
the effect of 36 was mediated by brain LXR activation. 36,
therefore, appears as very promising tool to study LXRβ
activation in neurodegeneration with reduced adverse effects of
hepatic LXRα agonism.

2.3.7. Conclusion. As a key regulator of cholesterol
homeostasis and anti-inflammatory transcription factor, LXR
has attracted attention as a potential target in AD and MS

Scheme 3. Selected LXR Ligands
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(Table 3). Anti-inflammatory effects in microglia have been
demonstrated for LXR activation, and a role in AD is

rationalized by the LXR-dependent regulation of ApoE
expression, although some observations on LXR in AD models
are controversial. LXR agonist tools with sufficient BBB
penetration are available, and several studies support the
potential of pharmacological LXR activation in AD and MS
treatment. Some promising observations, especially regarding
anti-inflammatory effects, are compromised by the use of the
LXR agonist 31 as tool, which also has considerable potency as
an inverse ROR agonist. Among the two LXR isoforms, LXRβ
activation has shown greater therapeutic potential in neuro-
degeneration and less adverse hepatic effects, but fully subtype
selective LXR agonists to exploit this potential are lacking, and
novel LXR modulators are needed. The functionally selective
and brain penetrant LXRβ agonist 36 is a promising example
of a next-generation tool to capture the effects of LXRβ
activation in the CNS.
2.4. Vitamin D Receptor (VDR). 2.4.1. Overview. The

vitamin D receptor (VDR, NR1I1) is a cellular sensor for
vitamin D with 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) as
the main endogenous ligand.150 It binds the DR3 response
element as a heterodimer with RXR. VDR is essentially
involved in the regulation of vitamin D and calcium

homeostasis by controlling expression of crucial enzymes for
vitamin D biosynthesis and degradation.150

2.4.2. VDR in Neurodegenerative Diseases. The impor-
tance of calcium homeostasis in the neuronal system for Ca2+

signaling provides a link between VDR, neuronal function, and
neurodegeneration.191 Additionally, VDR has been ascribed a
cell-protective role against toxic metabolites150,192,193 that
might contribute to neuroprotective effects. In the brain, VDR
is expressed in neurons and glial cells,194 and VDR knockout in
mice caused motor impairment without affecting cognitive
function.195

In recent years, a number of reports on VDR-mediated
beneficial effects in neurodegenerative diseases have accumu-
lated. Most notably, VDR genetic polymorphisms in humans
were correlated with AD or PD, among which one single-
nucleotide polymorphism (SNP) showed correlation with both
diseases,196−198 suggesting VDR as a potential susceptibility
gene. Genetic polymorphisms of VDR were also found in MS
patients.199 Evidence for the importance of sufficient vitamin D
levels in AD, PD, and MS also results from epidemiological
and clinical studies.199−204 In PD, vitamin D supplementation
appears beneficial,200,202 and a correlation between vitamin D
deficiency and AD is proposed201 as epidemiological studies
have revealed high prevalence of hypovitaminosis D201 in AD
patient populations. Moreover, prospective studies involving
samples of up to 7 million individuals found a correlation
between high vitamin D levels and decreased MS risk.203,205

Altered expression of AD-associated VDR-regulated genes was
detected in the brains of mice with hypovitaminosis D,206

suggesting that low vitamin D levels affect gene expression in
the brain.
In vitro, a protective potential of VDR signaling in neuronal

cell populations including astrocytes as brain immune cells has
been demonstrated in several studies.207−210 Moreover, it has
been proposed that Aβ formed in AD suppresses VDR
expression, while administration of vitamin D counteracted this
effect.211 Vitamin D was also found to inhibit LPS-induced
astrocyte activation in vitro and in rats,210 suggesting an anti-
neuroinflammatory potential. In line with this, in vivo studies
have reported therapeutic effects of vitamin D and analogues in
EAE.212 In the context of PD, diminished VDR expression was
detected in the 6-OHDA-induced and the preformed fibril
(PFF) injection rodent models of PD.213 The reduced VDR
activity resulted in decreased P-gp levels, which is thought to
be important for clearance of intracerebral α-synuclein load in

Table 3. Summarized Observations on LXRs in
Neurodegeneration

LXRα (= NR1H3; also known as RLD-1) and LXRβ (= NR1H2; also known
as UNR, NER, and RIP15)

LXRs in
AD

LXR activation ameliorated and LXR knockout enhanced the
inflammatory response of microglia to Aβ.166,167

LXR knockout in transgenic AD mice increased Aβ plaque burden
and plaque size.166

Observations regarding effects of LXR activation on Aβ levels are
inconsistent.167,171−173

Long-term LXR agonist treatment improved cognitive function in
transgenic AD mice.177

LXRs in
PD

LXRβ knockout in MPTP-induced PD enhanced microglial
activation and dopaminergic neuron damage.181

LXRs in
MS

LXR activation promoted expression of myelin components
(myelin basic protein, proteolipid protein).164

LXR signaling was found to be important in regulating cholesterol
homeostasis in (myelinating) OLs182 and to provide cholesterol
for remyelination.183

In EAE, LXR knockout enhanced and LXR agonist treatment
decreased Th17 cell differentiation.185

Scheme 4. Potent and Selective VDR Ligands (Agonists 37−40; Antagonist 41) from the Literature214−217 as Potential Tools
for Functional Studies in Neurodegeneration

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00186
J. Med. Chem. 2021, 64, 9592−9638

9602

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=sch4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PD.213 Treatment with 1,25(OH)2D3 counteracted these
effects and restored VDR and P-gp activity.213

2.4.3. VDR Ligands. Despite promising preliminary data, the
potential of VDR as a therapeutic target for neurodegenerative
diseases remains to be validated. Several potent (up to sub-
nanomolar EC50 and Kd values) and selective VDR modulators
(37−41, Scheme 4) including vitamin D analogues and
nonsteroidal compounds are available.214 They can serve for
further functional in vivo studies in the context of neuro-
degeneration. Adverse effects on calcium homeostasis may, of
course, limit a long-term therapeutic VDR modulation in
neurodegenerative diseases, but extensive efforts in medicinal
chemistry214 have provided potent VDR modulators with low
calcemic effects in vivo (e.g., 39) that might overcome this
obstacle.
2.4.4. Conclusion. Disease-associated SNPs of VDR and the

correlation between vitamin D levels and incidence of
neurodegenerative diseases provide the strongest evidence for
a potential involvement of VDR in neurodegeneration
(summarized in Table 4), and motor impairment observed

in VDR knockout animals further supports this assumption.
However, mechanistic understanding of VDR involvement in
neurodegenerative diseases is incomplete, and studies on
effects of pharmacological VDR modulation in this context are
limited despite the availability of multiple potent and selective
VDR modulators. Although involvement of brain VDR in the
observed effects, for example, regarding anti-neuroinflamma-
tory activity has been demonstrated, contributions of
peripheral VDR activation remain to be evaluated, and adverse
effects of systemic VDR activation must be considered.
2.5. Retinoid X Receptors (RXR). 2.5.1. Overview. RXR

belongs to the second subfamily of nuclear receptors and has
the typical NR structure. It exists in three subtypes which are
encoded by independent genes218 but still exhibit very high
structural similarity, especially in the LBD. The amino acids,
which are responsible for the formation of the ligand binding
site, are identical in all three subtypes.219−221 A key feature of
RXR is that it acts as a universal heterodimer partner for many
other NRs.21 These heterodimers are distinguished between
permissive (e.g., PPAR/RXR, FXR/RXR and LXR/RXR) and
nonpermissive heterodimers (e.g., RAR/RXR)21 (Figure 2).
Nonpermissive heterodimers can only be activated by ligands
of the heterodimer partner and not by an RXR agonist alone.21

In contrast, permissive heterodimers can be activated by

ligands of RXR and by ligands of the heterodimer partner, and
are synergistically activated in the presence of ligands for both
partners.21

Owing to this important role in the NR network, at least one
subtype of RXR is expressed in every cell that has a
nucleus,218,222 but the subtype distribution differs. In mice,
RXRα was found distributed over the whole body but with
particularly high expression in the liver, spleen, epidermis, and
kidney.218,223 For RXRß, no explicit expression pattern could
be observed, resulting in the assumption that this subtype is
almost ubiquitous.218,223 Regarding neurodegenerative dis-
eases, it is important to mention that, in contrast to the
other two subtypes, higher CNS localization was observed for
RXRγ. Additionally, this subtype is found in heart muscles,
adrenal glands, and muscle cells.218,223 Within the CNS, there
is no distinct distribution. RXRγ is expressed in the striatum,
parts of the amygdala, the spinal cord, and in the
hypothalamus.224,225 A particularly high expression was found
in basal ganglia, and an association with motor function and
addiction has been suggested.226 Especially noteworthy is the
high expression of RXRγ in glial cells,226 as these cells are
involved in pathophysiological processes in neurodegenerative
diseases.227,228

Because of its crucial involvement in numerous (patho-
)physiological processes as a universal NR heterodimer
partner, the pharmacological potential of RXR may be very
high. In addition to the established role of RXR activation in
the field of cancer therapy,222 the role of RXR in neuro-
degenerative diseases has been intensively studied in recent
years. Therein, RXR involves in neuroprotective, neuro-
inflammatory, and regenerative processes regulated by its
heterodimers.229 Especially for the treatment of AD, MS, and
PD, RXR is evolving as an attractive target.

2.5.2. RXR in Alzheimer’s Disease. One of the major risk
factors for the development of AD is ApoE, especially the
ApoE-ϵ4 variant.230−234 Together with the ABCA1, ApoE
regulates the lipid and cholesterol transport in the CNS.235

ABCA1 mediates the cellular efflux of phospholipids and
cholesterol toward ApoE.236 It has been proposed that ApoE
inadequately equipped with lipids and cholesterol affects the
accumulation and transport of Aβ.235,237,238 Both the ApoE
and the ABCA1 genes are under transcriptional control of the
PPARγ/RXR- and LXR/RXR-heterodimers.230 For this reason,
an RXR agonist could exhibit a dual effect through the

Table 4. Summarized Observations on VDR in
Neurodegeneration

VDR (= NR1I1)

VDR in
AD

Genetic polymorphisms of VDR were correlated with AD.196

High prevalence of hypovitaminosis D in AD patients.201

Low vitamin D levels altered expression of AD-associated genes
in mice.206

VDR in
PD

Genetic polymorphisms of VDR were correlated with PD.197,198

Beneficial effects of vitamin D supplementation.200,202

VDR expression was diminished in 6-OHDA-induced PD.213

VDR knockout in mice caused motor impairment without
affecting cognitive function.195

VDR in
MS

Genetic polymorphisms of VDR were correlated with MS.199

High vitamin D levels correlated with lower MS risk.203,205

VDR activation inhibited LPS-induced astrocyte activation in
vitro and in rats.210

VDR activation ameliorated EAE.212

Figure 2. Role of RXR in NR heterodimers. Permissive heterodimers
respond to RXR ligands and to ligands of the heterodimer partner.
The presence of ligands for both partners causes synergistic activation.
Nonpermissive heterodimers can only be activated by ligands of the
heterodimer partner.21
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simultaneous activation of both heterodimers, since both
heterodimers are permissive.23

Therapeutic effects of RXR agonists have been observed in
common preclinical models of AD. In APP/PS1 mice, acute
treatment with bexarotene (42) caused a removal of diffuse
and compact Aß plaques in the cortex and hippocampus,
elevated levels of ApoE, ABCA1, and ABCG1, reduced soluble
and insoluble Aβ levels, counteracted cognitive and behavioral
deficits and restored cognition and memory.239 The bexar-
otene (42)-treated APP/PS1 mice also showed an improved
hippocampal function, and in total, the Aβ plaques were
reduced by 75%.239 This acute and chronic efficacy of RXR
activation with bexarotene (42) in AD in both early and late
stages presents as a very attractive and promising therapeutic
strategy. However, four independent groups, despite also
observing therapeutic effects, failed to reproduce these findings
thoroughly.240−243

The effects of bexarotene (42) in AD have also been
investigated in two small clinical studies. A phase 1 trial with
12 patients receiving either 450 mg/day bexarotene (42) or
placebo reported that only a very small proportion of
bexarotene (42) enters the CNS. Bexarotene (42) treatment
only slightly elevated ApoE levels in CSF and had no effect on
the synthesis, clearance, or total levels of Aβ in CSF.244 In a
small, double-blind, placebo-controlled phase 2 trial, 20
patients with AD were randomized to receive 300 mg/day of
bexarotene (42) or placebo for 4 weeks.245 No difference
regarding composite or regional Aβ burden was observed
between bexarotene (42) and placebo when all patients were
included in the analysis.245 However, ApoE-ϵ4 noncarriers
showed reduced Aβ burden in all measured cortical regions
after bexarotene (42) treatment compared to placebo.245 In
addition, an observed correlation between reduced cortical Aβ
and an increasing serum level of Aβ1−42 potentially indicates an
excretion of soluble Aβ forms from brain to blood.245 This

Scheme 5. Selected RXR Ligands
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short-term trial was not powered to detect cognitive changes,
however.245

2.5.3. RXR in Parkinson’s Disease. Similar to AD,
involvement of RXR in PD is connected with permissive
RXR heterodimer formation. In the case of PD, the permissive
RXR/Nurr1 heterodimer is most relevant due to the key role
of Nurr1 in PD (see section 2.7.2).2,246

2.5.4. RXR in Multiple Sclerosis. An involvement of RXR in
MS is evident from the fact that its expression is elevated upon
CNS damage.247 An increased expression of RXRγ in OPCs,
which develop into adult OLs and are responsible for the
formation of the myelin layer, has been detected in MS
lesions.227 OLs can repair damage to myelin sheaths caused by
MS-associated autoimmune inflammation to a certain extent
and thus may have regenerative potential.227 The increased
RXRγ expression was observed both in rats with toxin-induced
central demyelination and post mortem in human tissue
samples.227 Moreover, RXRγ knockout mice displayed
significantly less differentiated OLs in lesions after toxin-
induced demyelination compared to wild-type animals.227

A second possible mechanism of RXR involvement in MS248

refers to the fact that myelin fragments resulting from
demyelization inhibit OPC differentiation.249,250 Removal of
these fragments represents an important step in the
regeneration of CNS damage. Macrophage-specific RXRα
knockout mice exhibited reduced myelin phagocytosis capacity
after induced demyelination and delayed OPC differentia-
tion,248 suggesting involvement of RXR in this process
together with its heterodimer partners PPAR and LXR (see
sections 2.1 and 2.3). Moreover, an interesting reversal of
functional defects in myelin phagocytosis by MS monocytes
upon bexarotene (42) treatment was observed in patient-
derived monocyte samples.248

The effect of RXR activation in MS was examined in several
preclinical models. In vitro, 9-cis RA (43) exhibited anti-
inflammatory effects on microglia and astrocytes by inhibiting
the production of pro-inflammatory cytokines, such as TNFα
and IL-1ß.251 RXR activation hence counteracted neuro-
inflammation and might intervene in the acute phase of the
disease. Furthermore, 9-cis RA (43) promoted the differ-
entiation of OPCs ex vivo and enhanced myelin basic protein
production.227 In focal toxin-induced demyelination in aged
rats, 9-cis RA (43) enhanced expression of myelin basic
protein mRNA in lesions and accelerated remyelination.227 In
addition to 9-cis RA (43) and bexarotene (42), the second-
generation rexinoid IRX4204 (90, see section 2.7.2.6) has been
studied in several preclinical models of MS. It alleviated the
symptoms of EAE in mice and supported the differentiation of
OPCs from mouse brains to OLs.252 In focal toxin (ethidium
bromide) induced demyelination in rats (one-year-old),
IRX4204 (90) treatment caused an increase in CNS
remyelination,252 and in a mouse model of nonimmune-
mediated demyelination, IRX4204 (90) exhibited neuro-
protective activity by directly affecting demyelinated axons.252

2.5.5. RXR Ligands. As outlined above, RXR has a central
role in the network of NRs as a heterodimer partner. From this
unique characteristic, a potential involvement of RXR in
multiple regulatory systems can be inferred since the majority
of RXR heterodimers is permissive, meaning that they can be
activated by RXR agonists.253 In addition, ligand-dependent
allosteric modulation between the heterodimer partners is
discussed.26 The resulting therapeutic potential of RXR
modulation in multiple indications has stimulated considerable

efforts in RXR ligand development. In addition to the high
similarity of the three RXR isoform LBDs,221 the RXR ligand
binding sites are very lipophilic and provide little potential for
polar ligand−protein interactions.221,222 Consequently, the
majority of RXR ligands are exceptionally lipophilic.
Very early on, metabolites of vitamin A were suspected as

natural RXR ligands, and based on this, 9-cis RA (43, Scheme
5) was identified as a high-affinity ligand.107,254 Reported EC50
values for 9-cis RA (43) vary depending on the test system
between 1.7 and 200 nM for all RXR subtypes.222,254−258

Because of its low endogenous levels, the physiological
relevance of 9-cis RA (43) is controversially discussed,
however. Exogenous 9-cis RA (43) has therapeutic relevance
(as alitretinoin) to treat chronic hand eczema and skin lesions
in connection with Kaposi’s sarcoma259,260 and is studied for
the treatment of atopic dermatitis and psoriasis.261 9-Cis-
13,14-dihydroretinoic acid (44), another metabolite of vitamin
A, activates RXR as well and was detected in mice at relevant
levels.262,263 In addition, several fatty acids were discovered as
potential endogenous RXR ligands including docosahexaenoic
acid (DHA, 45), oleic acid (46), palmitic acid (47), and stearic
acid.221,222,256,264,265 The potency of these fatty acids on RXR
is limited (micromolar range), however, and despite
considerable concentrations found in plasma and even the
brain, a physiological relevance remains to be demonstrated.
The first potent synthetic RXR agonists were based on the

structure of 9-cis RA (43), which conforms well to the L-
shaped ligand binding pocket of RXR. The most prominent
synthetic RXR agonist is bexarotene (42) is the only synthetic
RXR ligandthat has received drug approval to date. It is used as
a second-line therapy in the treatment of cutaneous T cell
lymphoma.222,266,267 Bexarotene (42) is a pan-RXR agonist
with similar potency on all three subtypes (EC50: RXRα: 33
nM, RXRβ: 24 nM, RXRγ: 25 nM)268 and comprises
nonfavorable physicochemical properties117 with exceptionally
high lipophilicity (logP 6.9), low solubility, and poor
pharmacokinetics.117,269,270 In addition, bexarotene (42) is
associated with risks/adverse effects271 such as severe
disturbances in lipid homeostasis (elevated triglyceride and
cholesterol levels), leukopenia, hypothyroidism, and an
increased risk of acute pancreatitis. From bexarotene (42),
several other rexinoids were developed such as SR11237 (48,
EC50: RXRα: 29 nM, RXRβ: 98 nM, RXRγ: 232 nM),272

LG100268 (49, EC50: 3−4 nM),273 PA024 (50, EC50: RXRα:
3 nM, RXRβ: 24 nM, RXRγ: 8 nM),272 NEt-3IP (51, EC50:
RXRα: 32 nM, RXRβ: 36 nM, RXRγ: 376 nM),274 and NEt-
3IB (52, EC50: RXRα: 0.58 nM, RXRβ: 23 nM, RXRγ: 3
nM).274 Derived from the unselective PPAR agonist Wy14-643
(14),275 the RXR agonist 53117 has been developed as a potent
next-generation RXR ligand with strong selectivity, superior
physicochemical properties, and improved pharmacokinetics.
RXR antagonists were obtained from rexinoid scaffolds by
introduction of bulky side chains.276,277 Representative RXR
antagonists useful as tool compounds are HX531 (54, IC50:
RXRα: 1 μM), LG100754 (55, IC50: RXRα: 16 nM), and
UVI3003 (56, IC50: RXRα: 0.24 μM).276

Progress has recently been made in subtype selective
targeting of RXR. The natural product valerenic acid (57)
was discovered as an RXRβ agonist with functional preference.
In addition to a lower EC50 value for RXRβ activation (EC50:
RXRα: 27 μM, RXRβ: 5.2 μM, RXRγ: 43 μM) valerenic acid
(57) exhibits remarkably higher efficacy on the RXRβ subtype
(fold activation: RXRα: 9-fold, RXRβ: 69-fold, RXRγ: 4-
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fold).278 Moreover, computational de novo design279 has
yielded biphenyl-based RXR modulators, which could be tuned
in their subtype-preference profile as exemplified by the RXRβ
preferential compound 58.280 Together, these results demon-
strate that RXR subtype selectivity can be achieved despite
their high LBD similarity.221

2.5.6. Conclusion. Because of its ability to act as a universal
heterodimer partner for multiple other NRs, RXR is involved
in various aspects of neurodegenerative diseases (summarized
in Table 5) and has been intensively studied for this role in

recent years. Despite some controversial reports, therapeutic
effects of pharmacological RXR activation in many preclinical
models support a promising therapeutic potential of RXR
especially in AD and MS. Most remarkably, pharmacological
RXR activation reduced Aβ plaques in cortex and hippo-
campus of AD mice, promoted remyelination in mouse models
of MS, and reversed functional defects of MS monocytes in
myelin phagocytosis. However, available RXR agonists such as
bexarotene (42), 9-cis RA (43), or IRX4204 (90), though
exhibiting remarkable potency, have several limitations. BBB
penetration was found to be very low for bexarotene (42) and
is likely poor for the other structurally related rexinoids due to
their common carboxylic acid group. The low CNS
bioavailability of the RXR agonist tools used in the preclinical
studies might raise the question of whether the attractive
effects were actually mediated by RXR activation in the brain.
However, several studies have included knockout or antagonist
control experiments, suggesting that RXR in the CNS is at least
in part involved in the therapeutic activities. Moreover, the
involvement of the universal heterodimer partner RXR in
multiple nuclear receptor signaling systems and the associated
adverse effects that were, for example, observed with
bexarotene (42), demand the development of subtype selective
RXR modulators. The recent discovery of valerenic acid (57)
as a selective RXRβ agonist278 demonstrates that this
selectivity can be achieved despite remarkable similarity of
the three RXR isoforms.221 Hence, a lot of further research is
needed to enable subtype selective RXR activation in the brain

and to capture the full potential of RXR modulation in
neurodegenerative diseases.

2.6. Tailless Homologue (TLX, NR2E1). 2.6.1. Overview.
The orphan NR TLX (NR2E1) is one of the least studied and
most elusive nuclear receptors. It is considered a master
regulator of neural stem cell (NSC) maintenance281 and is
evolutionarily conserved in vertebrates and invertebrates. TLX
was found to exhibit an essential role in embryonal brain
development, and high TLX expression in adults was detected
exclusively in quiescent and rapidly dividing NSCs in
neurogenic regions as well as in retinal progenitor cells.282−285

Mechanistically, TLX appears to differ from other nuclear
receptors in a number of aspects. In line with its role in
maintaining NSCs in a proliferating state and the underlying
suppression of pten and p21, TLX was found to act mostly as a
negative regulator of gene expression. It binds to the NR
response element sequence AAGTCA as a monomer with high
affinity286 and according to current knowledge differs also in its
corepressor recruitment profile from most other NRs as it
strongly binds atrophin, lysine-specific histone demethylase 1A
(LSD-1), and histone deacetylases to inhibit gene expres-
sion.286−291 Structurally, TLX comprises the typical architec-
ture of NRs despite a shorter LBD that lacks the first two of 12
helices which are present in most NRs.286 Early modeling
approaches suggested that TLX may possess a ligand binding
pocket within the LBD,286,292 but evidence from a cocrystal
structure supporting this assumption is lacking. A TLX apo
structure revealed the terminal α helix H12 of TLX bound at
the canonical coactivator binding site of nuclear receptors
indicating an autorepression.293 This autorepressed state
resembles other NRs with repressor activity such as the
TLX-related photoreceptor-specific nuclear receptor (PNR,
NR2E3)294 and the dosage-sensitive sex-reversal adrenal
hypoplasia congenital critical region on the X chromosome
gene 1 (Dax-1, NR0B1).295 The putative ligand binding site of
TLX is mostly blocked by bulky hydrophobic residues in the
apo structure.291,293 Molecular dynamics and subsequent
mutagenesis studies have suggested a potential binding site
(for rexinoids) inside the TLX LBD close to the interface of
helices H3 and H11.291 This site has a higher solvent exposure
than the ligand binding pockets of common NRs and is not
present in the apo structure but requires conformational
changes of H11 or H3 depending on the ligand type.291,293

2.6.2. TLX in Neurodegeneration. Despite limited knowl-
edge on TLX and the lack of TLX modulator tools for
functional studies, there is preliminary evidence for a great
potential of TLX in neurodegenerative diseases. In the brain,
TLX regulates the maintenance of NSC populations and
neurogenesis.281,290 It governs behavior and activation of
NSCs281 through directly controlling the expression of the
tumor suppressor pten and the cyclin-dependent kinase
inhibitor p21, thereby enabling re-entry in the cell
cycle.281,284,286 Accordingly, the putative TLX activator oleic
acid (46) was recently shown to induce NSC mitosis and
neurogenesis in mice.296 Thus, maintaining NSCs in the brain
in a proliferating, self-renewing state and preventing their
differentiation appear to be key roles of TLX.281,282,297−299

NSCs are found in at least two main regions of the adult
(human) brain, the subgranular zone of the dentate gyrus and
the subventricular zone of the lateral ventricle, from where
NSCs initiate the formation of new neurons.281,282,300 TLX
appears to be a key regulator of this process by maintaining a
balance between proliferating NSCs and differentiated

Table 5. Summarized Observations on RXR in
Neurodegeneration

RXRα (= NR2B1), RXRβ (= NR2B2; also known as H-2RIIBP and RCoR-1) and
RXRγ (= NR2B3)

RXR in
AD

In APP/PS1 mice, bexarotene (42) treatment (3, 7, or 14 days) reduced
Aβ levels and caused removal of Aβ plaques, elevated ApoE, ABCA1,
and ABCG1 levels, restored cognition and memory function, and
improved hippocampal function.239

In human patients, bexarotene (42) treatment slightly elevated ApoE
levels in CSF but had no effect on synthesis, clearance, or total levels of
Aβ. ApoE-ϵ4 noncarriers showed reduced Aβ burden.244,245

RXR in
MS

RXRγ-knockout mice had less differentiated OLs in lesions after toxin-
induced demyelination.227

RXRα-knockout mice exhibited reduced myelin phagocytosis after
demyelination and delayed OPC differentiation.248

Bexarotene (42) reversed functional defects of MS patient monocytes in
myelin phagocytosis.248

9-cis RA (43) exhibited anti-inflammatory effects on microglia and
astrocytes by inhibiting the production of pro-inflammatory cytokines,
such as TNFα and IL-1ß.251

9-cis RA (43) and IRX4204 (90) caused CNS remyelination in young
and aged rats after toxin-induced demyelination.227,252

IRX4204 (90) alleviated symptoms of EAE in mice and promoted
differentiation of OPC.252

RXR in
PD

See permissive RXR/Nurr1-heterodimer.
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neurons.281,282,300 The absence of TLX, accordingly, caused an
entire loss of neurogenesis.301 A number of knockout studies in
rodents have revealed promising links of TLX to neurological
and neurodegenerative diseases. TLX knockout led to limbic
defects, hyperactivity, and violent behavior in adult
mice.281,302,303 Concomitantly, active neurogenic regions in
the brains of these mice showed severe deficits.281,304 NSCs
from TLX knockout mice were unable to proliferate and self-
renew, while an ectopic expression of TLX efficiently rescued
this ability.281,282 A brain-specific TLX overexpression in mice
led to improved learning capacity and memory function.305

These observations from in vitro and in vivo studies together
draw a picture of TLX as a crucially important regulator of
neuronal health and neuro-regeneration, and demonstrate an
involvement of the orphan NR in spatial learning and cognitive
functions during adolescence and adulthood.281,306−308 More-
over, TLX mutations in humans are linked to microcephaly
and mental diseases such as bipolar disorders and schizo-
phrenia.281,309 A recent study observed a correlation between
schizophrenia risk and certain TLX haplotypes that were
predicted to affect the expression rate of TLX,310 ascribing the
orphan NR also a key role in mental health. Overall,
compelling evidence points to a great therapeutic potential
of targeting TLX in neurodegeneration and neurological
diseases.
In addition to its involvement in neuronal and retinal

function, TLX has been associated with glioblastoma develop-
ment, the most common and a highly aggressive brain
tumor.311−313 The orphan NR was found overexpressed in
tumor stem cells of glioblastoma,312 while TLX knockdown
decreased tumor progression and enhanced survival in a
xenograft tumor model in mice.314 TLX modulators, therefore,
might hold strong potential in this context as well. However,
there is no evidence that ectopic TLX overexpression in animal
models promotes cancer development,291 which is an
important aspect for pharmacological targeting of TLX in
neurodegeneration.
2.6.3. TLX Ligands and Modulators. A number of studies

have demonstrated that TLX activity can be modulated by
small molecule ligands, and a few TLX modulators with mostly
weak potency (micromolar range) have been de-
scribed286,291,292,315 (Scheme 6). Benod et al.292 were the
first to report small molecule modulators of TLX from a

medium-throughput screening campaign. By differential
scanning fluorimetry with the recombinant TLX LBD protein,
they identified 190 primary hits from a library of 20 000
compounds. Three compounds (famprofazone, ccrp1 (59);
ccrp2 (60); dydrogesterone, ccrp3 (61)) showed activity on
TLX in an orthogonal cellular reporter gene assay. In another
study,315 the activity of famprofazone (59) and ccrp2 (60)
(ccrp3 (61) was not tested) could not be reproduced,
however. Dueva et al.315 applied a computational approach
to TLX ligand discovery and reported 62−64 as TLX
modulators in a cellular setting. Orthogonal validation of
these compounds as TLX ligands is pending, however, and
they comprise PAINS suspect elements. Retinoids (ligands of
the nuclear retinoic acid receptors, RARs) have recently been
proposed to act as TLX modulators, too. In vitro, certain
natural (all-trans retinal, ATRAL (65)) and synthetic
(BMS453 (66); CD1530 (67)) compounds showed TLX
activation or inverse agonism with potencies ranging
approximately between 0.2 μM and 2 μM.291 Retinoid efficacy
in TLX activation (∼5-fold, BMS453 (66)) and repression
(∼4-fold, ATRAL (65)) was limited, however. NMR experi-
ments were employed to orthogonally validate a direct
interaction between TLX and the retinoids, which revealed
chemical shift perturbations and line broadening.291 Another
recent study296 has discovered oleic acid (46) as a putative
endogenous TLX ligand that is capable of switching TLX
activity from transcriptional repression to cell cycle activation
and was shown to be present in human NSCs.

2.6.4. Conclusion. Despite a very limited understanding of
TLX, the essential regulator of NSC homeostasis holds
remarkable promise in neurodegenerative diseases (summar-
ized in Table 6). However, owing to the lack of TLX
modulators as tools, functional understanding of TLX is
incomplete, and insights in its (patho-)physiological role stem
only from knockout experiments. Current evidence of TLX
mutations disrupting neurogenesis and knockout causing
abnormal brain development and behavioral deficits points to
a high potential of targeting TLX for regenerative approaches
in neurodegeneration. Therein, the exclusive expression of
TLX in certain brain regions may suggest few adverse effects of
TLX modulation since no other tissues would be affected.
However, the known TLX ligand space is very limited and
somewhat controversial. Biochemical and biophysical charac-

Scheme 6. TLX Ligands Reported in the Literature291,292,315
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terization of most putative TLX modulators is not
comprehensive. Broad reproduction of their activities in
various settings and orthogonal validation is pending. Despite
preliminary data, binding sites and the molecular mode-of-
action remain elusive for TLX. With their limited potency,
efficacy, and selectivity, and their unclear modes of action, the
available TLX ligands are insufficient for pharmacological
evaluation and validation of the orphan NR. More potent,
selective, and broadly profiled TLX agonists and inverse
agonists are required as pharmacological tools for target
validation. The development of potent TLX ligands as highly
profiled tools for functional studies on TLX is imperative.
2.7. NR4A Receptors. 2.7.1. Nur77 (NR4A1). 2.7.1.1. Over-

view. As the first member of the NR4A subfamily of NRs,
Nur77 was originally identified as nerve growth factor-induced
clone B (NGFI-B)316 and is an orphan nuclear receptor since
no endogenous ligands are known so far. Nur77 was thought
to be a ligand-independent transcription factor due to its
closed and tightly packed conformation of the LBD in which
the canonical ligand binding pocket is occupied by bulky
hydrophobic amino acids that are conserved among the three
NR4A subfamily members.317 The resulting autoactivated
conformation (Figure 3c) renders Nur77 (and the related
NR4A receptors Nurr1 and NOR-1) as a constitutively active
transcriptional inducer with high transcriptional activity in the
absence of a ligand. Nur77 can act in three forms, as a
monomer on NGFI-B response elements (NBRE), as a
homodimer on Nur response elements (NurRE), which were
first detected in the promoter region of the proopiomelano-
cortin (POMC)318 gene, or as a heterodimer with an RXR on
DR5 response elements.319−321 Nur77 is widely expressed in
several tissues including the pituitary gland, adrenal gland,
thyroid, liver, testis, ovary, thymus, muscle, lung, and
prostate29 but also in the nervous system with the highest
levels in the cerebral cortex and hippocampus.322 In contrast to
Nurr1, it is highly expressed in target areas of dopaminergic
neurons such as the striatum, nucleus accumbens, and
prefrontal cortex. Interestingly, Nur77 mRNA was not found
in the prenatal CNS but only in the adult brain.323 The
functions of Nur77 are manifold and appear to be tissue
specific. In metabolic diseases like diabetes, it seems to
participate in the regulation of blood glucose levels since
genetic deletion of Nur77 in mice increased insulin
resistance.324,325 Also several inflammatory conditions such
as asthma,326 atherosclerosis,327,328 arthritis,329 and sepsis330

are linked to Nur77 activity. Additionally, Nur77 is overex-
pressed in multiple solid tumors and plays a pro-oncogenic role
in cancer (reviewed in Beard et al.331). Moreover, Nur77 was
shown to induce apoptosis by targeting mitochondria, whereby

it translocates from the nucleus to the cytoplasm in an RXRα
regulated fashion,332,333 suggesting that Nur77 also exhibits
activities via non-transcriptional mechanisms.

2.7.1.2. Nur77 in Parkinson’s Disease. Growing evidence,
mainly from PD models, ascribes Nur77 a role in in
neurodegenerative diseases. Although Nur77 knockout
mice334 and rats335 exhibited only a mild phenotype, they
tended to have higher basal locomotor activity. In line with
this, a SNP in the Nur77 gene was found to be strongly
associated with tardive dyskinesias in a cohort of schizophrenic
patients.336 Several studies further investigated the role of
Nur77 in drug-induced dyskinesias and PD models with
somewhat controversial results. Still, all studies demonstrate
involvement of Nur77 in aberrant dopamine-related behavior.

Table 6. Summarized Observations on TLX in
Neurodegeneration

TLX (= NR2E1; also known as TLL and XTLL)

TLX in
neurodegeneration

TLX mutations in human were associated with
microcephaly and mental diseases.281,309

TLX regulates the maintenance of NSCs and
neurogenesis.281,290

TLX maintains a balance between proliferating NSCs
and differentiated neurons.281,282,300

TLX knockout led to defects in neurogenesis,281,304

limbic defects, hyperactivity, and violent behavior in
adult mice.281,302,303

Brain-specific TLX overexpression improved learning
capacity and memory function.305

Figure 3. Comparison of the crystal structures of “classical” nuclear
receptors (RXRα) and NR4A receptors (Nur77). (a) The apo
structure of the RXRα LBD (pdb 3R29) in complex with the
corepressor peptide SMRT (magenta) reveals the NR in its inactive
state in which the C-terminal α-helix (H12, colored red) comprises
the AF-2 in an unordered conformation. (b) The ligand-activated
state of RXRα (pdb 3OAP) shows the NR cocrystallized with its
endogenous ligand 9-cis RA (43) and the coactivator peptide TIF2
(neon green) with H12 in its active conformation. (c) The apo
structure of the Nur77 LBD (pdb 3V3E) reveals the NR in an
autoactivated state with H12 coordinated to the LBD core without a
bound ligand. (d) Ligand-activated cocrystal structure (pdb 6KZ5) of
the Nur77 LBD in complex with agonist Csn-B (68, purple)
superimposed with ligand binding pockets and their respective ligands
from other Nur77 cocrystal structures revealing other binding sites
with high solvent exposure. Csn-B (68, purple) is bound at the
dimeric interface, THPN (71, teal, pdb 4JGV) is protruding toward a
sub-pocket between H5 and H7, and TMPA (69, blue and orange,
pdb 3V3Q) is bound to two different sites. Site A (orange) is located
at the interaction site of H12, which resembles the binding pockets
identified for covalently bound Nurr1 ligands DHI (83) and PGA1
(80), while site B (blue) constitutes a cavity on the surface close to
helices 1, 5, and 8. Alignment and superposition of the structures were
performed in MOE 2020.09.
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Full Nur77 knockout in mice displayed beneficial effects on
dopamine neuron function.334 Moreover, the regulation of the
neuropeptides enkephalin and neurotensin was shown to be
Nur77 dependent in the context of dopamine denervation in 6-
ODHA-lesioned mice;337 however, they remain to be validated
as direct Nur77 target genes.337,338 In two MPTP animal
models, Nur77 was downregulated,339,340 and Nur77 knockout
resulted in a sensitization to dopaminergic cell death following
MPTP treatment.340 In drug-induced dyskinesia, induction of
Nur77 by administration of RXR agonist DHA (45) following
levodopa treatment ameliorated symptoms.339 The latter was
proven with DHA (45) administration in Nur77 knockout
mice,341 which failed to counteract haloperidol-induced
dyskinesia pointing toward a potential involvement of the
Nur77-RXR heterodimer.
The findings of Rouillard et al.335 and Wei et al.342 are hence

controversial: Although Nur77 expression is almost negligible
in substantia nigra and the ventral tegmental area, rapid
upregulation of Nur77 in substantia nigra and midbrain was
observed in a 6-OHDA-induced rat PD model with
concomitant downregulation of Nurr1 and TH in midbrain.335

Moreover, Nur77 deficiency decreased dopaminergic neuronal
loss in two different rodent PD models.335 Accordingly, Nur77
protein expression was rapidly upregulated upon 6-OHDA
treatment in vitro, and Nurr1 protein expression decreased
over time, supporting a contradirectional coupling of these two
receptors in the context of neurodegeneration.342,343 The
NMDA receptor antagonist memantine and lentiviral Nur77
knockdown reversed these effects, prevented neurodegenera-
tion by inhibiting Nur77 translocation to the cytosol, and
promoted neuroprotection via post-translational modifications
of Nurr1.342

Contributions of Nur77 to neuroinflammation in the context
of PD are more consistent. In microglia, Nur77 expression was
reduced upon microglial activation by LPS treatment in vitro
and in vivo.344 Silencing of Nur77 enhanced inflammatory
responses and overexpression or activation of Nur77 with the
agonist cytosporone B (Csn-B, 68) suppressed pro-inflamma-
tory responses.344 These anti-inflammatory effects were shown
to involve Nur77-mediated inhibition of IκB-α phosphoryla-
tion and NFκB repression.345 Additionally, anti-inflammatory
and antioxidant stress effects of Nur77 activity were
demonstrated with Csn-B (68) counteracting MPP+-induced
inflammation in vitro,345 and with C-DIM5, a Nur77 and
Nurr1 activating compound, diminishing NFκB activity in
MPTP/TNF/IFN-treated astrocytes.343 Of note, Popichak et
al. detected compensatory expression of Nur77 and Nurr1 in
astrocytes by knocking down either nuclear receptor by RNA
interference (RNAi), whereas NOR-1 expression was not
affected.343 Therein, the anti-inflammatory effect of C-DIM5
increased upon Nur77 knockdown, pointing rather toward
Nurr1-mediated effects. Double knockdown of both receptors
fully prevented the anti-inflammatory activity of C-DIM5.
However, direct binding of C-DIM5 to either receptor is only
supported by molecular docking studies.
2.7.1.3. Nur77 in Multiple Sclerosis. In the context of MS,

Nur77 is expressed during early T cell activation and acts as a
key regulator of T cell immunometabolism, which controls the
development of aberrant pro-inflammatory T cell responses
and autoimmunity.346 Nur77 deficiency led to enhanced T cell
proliferation, and Nur77 knockout in EAE in mice caused
earlier disease onset and significantly increased the clinical
EAE score.346 Based on Nur77’s role as a negative regulator of

microglial activation, the Nur77 agonist Csn-B (68) was
studied in EAE in mice. Treatment with 68 markedly
ameliorated disease progression in wild-type mice but not in
Nur77 knockout animals and protected from demyelination.347

As Nur77 restricts T cell activation and T cell-mediated CNS
autoimmunity, and acts as regulator of metabolic genes in
activated T cells, selective Nur77 agonists may emerge as a
new approach to counteract T cell-mediated autoimmune
diseases like MS.

2.7.1.4. Nur77 in Alzheimer’s Disease. In AD, there is little
evidence for an involvement of Nur77 to date. Expression of
alpha 1-antichymotrypsin/serpinA3, a member of the serine
protease inhibitor family, was found to be induced by Nur77 as
it contains a Nur77 monomer response element in its
promoter region.348 It is involved in acute phase and
inflammatory responses but is also known to contribute to
the development of AD as it interacts with Aβ peptide and
turned out to be a major component of Aβ plaques. Moreover,
RXRα and Nur77 were found to translocate from the nucleus
to the mitochondria in neurons after Aβ and H2O2 treatment
which resulted in apoptosis.349 Accordingly, treatment with the
RXR agonist 9-cis RA (43) reduced apoptosis by blocking the
translocation in vitro and in vivo and enhanced B-cell
lymphoma 2 (Bcl-2) protein expression.

2.7.1.5. Nur77 Ligands. Although Nur77 is an orphan
nuclear receptor, several studies have reported Nur77
modulating small molecules (Scheme 7). Growing evidence

from crystal structures supports the assumption of a blocked
canonical ligand binding pocket since all known Nur77 ligands
to date bind to noncanonical sites on the surface of the LBD
(Figure 3d). Among them, the agonist cytosporone B (Csn-B,
68), a natural product, was the first compound shown to
directly bind to the Nur77 LBD350 by glutathione S-
transferase-pull-down, circular dichroism (CD) spectroscopy,
surface plasmon resonance (SPR) binding kinetics, and
mutagenesis studies. Two different reporter gene assays in
BGC-823 cells, a human gastric cancer cell line, confirmed
transactivation of Gal4-Nur77-full-length (fl) (EC50 0.278 nM)
and Gal4-Nur77-LBD (EC50 0.115 nM) constructs. No
response was observed with Gal4-Nur77-DBD and Gal4-
Nur77-Y453A mutant constructs supporting a direct inter-
action with the Nur77 LBD. In addition to Nur77, binding of
Csn-B (68) to the related receptor Nurr1 was observed in
NMR perturbation studies, but Nurr1 transactivation by Csn-B
(68) was weak.350,351 Csn-B (68) was also evaluated in vivo

Scheme 7. Nur77 Ligands Reported in the
Literature325,330,350,354,356,357
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where it increased blood glucose levels and induced
gluconeogenic genes in wild-type animals but not in
Nur77−/− knockout mice. Additionally, Nur77-induced
apoptosis by targeted translocation from nucleus to cytoplasm
was observed upon treatment of BGC-823 cells with Csn-B
(68). Many further studies352,353 focused on the anticancer
activity of Csn-B (68), and systematic structure−activity
relationship (SAR) studies on the Csn-B (68) scaffold were
conducted which identified the alkyl ester function as a key
pharmacophore feature for Nur77 transactivation.352 Recently,
a cocrystal structure (pdb 6KZ5) of Nur77 in complex with
Csn-B (68) revealed an unusual pocket at the dimer interface
between two LBD molecules353 (Figure 3d, purple site).
Following the discovery of Csn-B (68) as a direct Nur77

agonist, several derivatives were developed and intensively
studied for their modes of action. Effects in the field of
metabolic diseases were further investigated in vitro and in vivo
with ethyl 2-[2,3,4-trimethoxy-6-(1-octanoyl)phenyl]acetate
(TMPA, 69),325 a neutral antagonist derived from Csn-B
(68) with no effect in a Nur77 reporter gene assay. A cocrystal
structure (pdb 3V3Q) demonstrated direct binding to two
different sites on the surface of the Nur77 LBD. Site A is
located between helices 4, 11, and 12 (Figure 3d, orange site),
while site B constitutes a cavity on the surface close to helices
1, 5, and 8 (Figure 3d, blue site).
A potential anti-inflammatory compound was developed

with the Csn-B (68) derivative n-pentyl 2-[3,5-dihydroxy-2-(1-
nonanoyl)phenyl]acetate (PDNPA, 70),330 a competitive
inhibitor of the Nur77−p38α interaction via binding to
Nur77. The compound prevented phosphorylation of Nur77
and but conserved the ability of Nur77 to inhibit NFκB activity

by direct interaction with the NFκB subunit p65 (Figure 4b).
Despite also binding to the Nurr1- and NOR-1-LBDs, PDNPA
(70) antagonized an NFκB reporter gene assay in a RAW264.7
murine macrophage cell line only in a Nur77-dependent
fashion with an IC50 value of 1.6 μM. Ligand binding of
PDNPA (70) to Nur77 was confirmed by a cocrystal structure
(pdb 4RZG), which revealed binding to site A like TMPA
(69), between helices 4, 11 and 12, but PDNPA (70) and
TMPA (69) differed in their in vitro and in vivo activities.
Another Csn-B (68) derivative with anticancer activity is 1-

(3,4,5-trihydroxyphenyl)nonan-1-one (THPN, 71).354 A coc-
rystal structure (pdb 4JGV) revealed binding to the Nur77
LBD surface between helices 5, 7, 8, 9, and 10 (Figure 3d, teal
site), where also the close analogue 1-(3,5-dimethoxyphenyl)-
decan-1-one (DPDO, pdb 4KZI) bound but without
protruding toward the subpocket between helices 5 and 7.
THPN (71) induced a mitochondrial signaling pathway
toward autophagic cell death and was, hence, characterized
in cell viability tests in several melanoma and non-melanoma
cancer cell lines, in binding studies and in knockdown
experiments, while Nur77 transactivation has not been studied.
A small SAR evaluation with six THPN (71) derivatives
differing in chain length and hydroxyl group substitution
pattern revealed a correlation between LBD binding affinity
and potency, and resulted in an optimized descendant with C9
instead of C8.355

The pentacyclic triterpene celastrol (72) was discovered in a
screening of anti-inflammatory natural products in an SPR
assay for Nur77 binding where it exhibited a Kd value of 0.29
μM.356 Binding was confirmed by CD and HPLC analysis, and
celastrol (72) reduced transcriptional activity of Nur77 in a

Figure 4. NR4A receptor mechanisms of action. (a) The constitutively active NR4A receptors (Nur77, Nurr1, and NOR-1) can directly bind to
specific response elements as a homodimer, as a heterodimer with RXR (only Nur77 and Nurr1), or as a monomer. Sumoylation of the respective
NR causes monomerization, and these monomers activate NBRE. NR4A homodimers bind to NurRE, while NR4A:RXR heterodimers bind to
DR5 response elements. (b) Additionally, Nurr1 monomers directly interact with p65 on the NFκB RE upon sumoylation and recruit the CoREST
corepressor complex, which results in suppression of NFκB-regulated pro-inflammatory genes. Abbreviations: CoREST, REST corepressor; DR5,
direct repeat spaced by five nucleotides; NBRE, NGFI-B responsive element; NFκB, nuclear factor-κB; NOR-1, neuron derived orphan receptor 1;
NurRE, Nur response element; Nurr1, nuclear receptor related-1 protein; RXR, retinoid X receptor.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00186
J. Med. Chem. 2021, 64, 9592−9638

9610

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=fig4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reporter gene assay at 0.5 μM in HEK293T cells. Mechanistic
investigation revealed enhanced Nur77 mitochondrial trans-
location to inhibit inflammation via autophagy by direct
interaction with a LxxLL motif of TNF receptor-associated
factor 2 (TRAF2). Molecular docking studies suggested a
similar binding site for celastrol (72) as shown for THPN
(71). Isoalantolactone (73) was derived from a natural-
product-based small molecule library screen as another Nur77-
modulating compound.357 Two different reporter gene assays
in human pancreatic MiaPaCa2 cells and murine 3T3-L1
preadipocytes revealed inverse Nur77 agonism of isoalanto-
lactone (73). By additionally activating AMPKα, the
compound exhibited a dual mechanism which collectively
inhibited adipogenesis in vitro and in vivo. However, direct
interaction of isoalantolactone (73) with Nur77 and its
binding site remain elusive.
Early findings on potential endogenous Nur77 ligands were

reported by Vinayavekhin et al.358 who discovered unsaturated
fatty acids, namely, arachidonic acid and DHA (45), as Nur77
binders in a metabolomics approach from brain and testes
samples. Evidence for binding was reported from an 8-anilino-
1-naphthalenesulfonic acid (ANS) displacement assay and
from CD experiments with the His6-Nur77 LBD. Prostaglan-
din A2 (PGA2, 92)359 was later identified as another potential
endogenous agonist for Nur77, and addition of biotinylated
PGA2 (92) to recombinant Nur77 protein revealed binding
with a Kd value of 2.05 μM according to Western blot analysis
and an SPR assay. Covalent interaction of PGA2 (92) with
Cys566 was postulated based on covalent molecular docking
and molecular dynamic simulation based on the observation
that only PGs with an endocyclic Cβ electrophile bound to
Nur77. A full-length Nur77 reporter gene assay with a NurRE
response element in human bronchial epithelial NHBE cells
revealed dose-dependent activity with up to 15-fold Nur77
transactivation at 10 μM PGA2 (92). In line with this, we have
recently discovered NSAIDs as Nur77 and NOR-1 modulators
with meclofenamic acid (85) acting as Nur77 agonist, and
meloxicam, lornoxicam, mofezolac, oxaprozin (83), and
parecoxib (84) as inverse Nur77 agonists in a Gal4-Nur77
hybrid reporter gene assay in HEK293T cells.360 In addition,
amodiaquine (AQ, 75) and chloroquine (CQ, 76), initially
characterized as Nurr1 modulators, revealed Nur77 and NOR-
1 agonism in the same setting. These findings of similar ligand
activities on Nur77, Nurr1, and NOR-1 suggest that obtaining
selective ligands for the individual NR4A receptors will be
challenging.
The antimetabolite 6-mercaptopurine (6-MP, 91), a well-

known anticancer agent, was extensively studied as a Nurr1361

and NOR-1362 agonist and found to modulate the receptors
through the AF-1 region. Nur77 activation by 6-MP (91) is
hence thought to follow a similar mechanism. 6-MP (91)
strongly activated Nur77 in a full-length reporter gene assay
using a homodimer responsive reporter construct in C2C12
murine myoblast cells.362 However, this activity was accom-
panied by an induction of Nur77 and other NR4A protein
levels suggesting nonspecific effects of 6-MP (91).363

Fangchinoline,364 a bisbenzyltetrahydroisoquinoline alkaloid
from Stephania tetrandra, modulated Nur77 through the N-
terminal region, too, and inhibited Nur77 transactivation in
MiaPaCa-2 cells. The natural product exhibited anticancer
activity in part via inducing Nur77-dependent pro-apoptotic
pathways, whereas no translocation from the nucleus occurred.

Nur77 modulation by the compound series of 1,1-bis(3′-
indolyl)-1-(p-phenyl)methane (C-DIM) and analogues is
controversial.365−367 Activating (DIM-C-pPhOCH3, C-
DIM5)367 and inhibiting (DIM-C-pPhOH, C-DIM8)366

compounds have been reported from this series and were
investigated in various types of cancer cell lines. The
compounds exhibited Nur77-independent apoptosis induction,
kinase induction, and endoplasmic reticulum stress activation,
but conclusive evidence for direct modulation of NR4A
receptors is missing. The authors of C-DIM characterization as
putative NR4A ligands conclude that the modulating activity
on Nur77 may be due to indirect activation or deactivation
rather than ligand binding.367 Despite some evidence for direct
binding from pull-down assays and CD spectroscopy, no IC50
or EC50 values for C-DIM and analogues are available, and
their effects vary significantly depending on the cell context.365

Effects of C-DIM and analogues reported from animal models
are hence difficult to interpret and cannot be related to a clear
mode-of-action.
Three further compounds have been reported in the context

of Nur77 which do not directly bind to or interact with Nur77
but affect its activity by other mechanisms. 1,3,7-Trihydroxy-
2,4-diprenylxanthone (CCE9)368 and the anticancer agent
cisplatin369 were found to induce Nur77 protein expression,
which may have similar effects as Nur77 activation owing to
the high constitutive transcriptional activity of Nur77. Z-
ligustilide,370 a phthalide compound from Radix Angelica
sinensis, is characterized as an autophagy inhibitor that restored
Nur77 from selective degradation by autophagy, thereby
enabling Nur77−Ku80 interaction which suppressed double-
strand break repair. As a consequence, cell sensitivity to
tamoxifen was enhanced in an autophagy-associated fashion.

2.7.1.6. Conclusion. The orphan nuclear receptor Nur77 is
an emerging target in several indications including neuro-
degenerative diseases (summarized in Table 7). Despite
ubiquitous expression as well as pleiotropic and nontranscrip-
tional effects, a role of Nur77 in neuroinflammation and
dopamine neurotransmission is well described. Validation of
Nur77 as a therapeutic target will require multiple further
studies, however, which are hindered by the lack of high-
quality tool compounds. The unclear mode-of-action, lacking
proof for direct interaction, and poor selectivity of C-DIM-
based Nur77 modulators compromises the significance of
several studies on Nur77 in neurodegeneration. Selective
Nur77 agonists and inverse agonists with confirmed direct
binding are needed for a deeper understanding of Nur77 in
neurodegeneration. Future studies should also further analyze
the nongenomic effects involving translocation of Nur77 and
whether this pathway can be selectively modulated with
ligands.

2.7.2. Nurr1 (NR4A2). 2.7.2.1. Overview. The orphan
nuclear receptor related 1 (Nurr1) is the second member of
the NR4A subfamily and was initially considered as a ligand-
independent transcription factor. The first crystal structure
(pdb 1OVL) of the NR4A family in 2003 revealed Nurr1 in
apo form in an autoactivated conformation and lacking a
canonical ligand binding site due to tightly packed bulky
hydrophobic residues within the LBD core317 (compare Figure
3c). Moreover, structural analysis identified a hydrophobic
coregulator interaction surface between helices 11 and 12
distinct from the canonical nuclear receptor coactivator
interaction site, which in turn is a highly polar area in the
Nurr1 LBD.371,372 These early findings indicated different
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regulatory mechanisms and a potentially different coregulatory
network for Nurr1. In line with this, we observed ligand-
dependent displacement of four coregulator peptides by
inverse Nurr1 agonists, namely, NCoR-1 and SMRT,
considered as corepressors, the coactivator NCoA6 and the
coregulator NRIP1.360 Additionally, the SUMO-E3 ligase
PIASγ is known as a potent repressor of Nurr1 trans-
activation.373 Like its relative Nur77 (see section 2.7.1),
Nurr1 can act as a monomer (on the NBRE), a homodimer
(on the NurRE), and a heterodimer with RXR (on the DR5)
on different response elements319−321 (Figure 4a). Nurr1 is the
most extensively studied NR4A member in the context of
neurodegenerative diseases. It is mainly expressed in the
central nervous system with particularly high abundance in
mesencephalic dopaminergic neurons of the ventral tegmental
area and substantia nigra pars compacta, and the para-
ventricular thalamic nuclei.322 As a key regulator in
dopaminergic neuron development and maintenance, Nurr1
is expressed in the midbrain from early prenatal state to
adulthood.374 Nurr1 regulates genes that are essential factors in
dopamine neurotransmission such as tyrosine hydroxylase
(TH), dopamine transporter (DAT), vesicular monoamine
transporter 2 (VMAT2), and aromatic L-amino acid decar-
boxylase (AADC).374−377 Various Nurr1-regulated genes were
discovered in dopaminergic neurons including Dlk1, Ptpru,
and Klhl1,378 the GTP cyclohydrolase,379 vasoactive intestinal
peptide (VIP),380 receptor tyrosine kinase Ret381 critical in
neurotrophic factor signaling, and topoisomerase IIβ,382 but
also osteopontin, osteocalcin, and neuropilin29 are Nurr1-
dependent. Although Nurr1 is considered as a contributing
factor in attention-deficit hyperactivity disorder,383 inflamma-
tory arthritis,384 metabolic disease, and cancer (reviewed in ref
385), emerging evidence ascribes Nurr1 a particularly

important role in the pathogenesis of neurodegenerative
diseases and presents as a very promising drug target especially
in PD.

2.7.2.2. Nurr1 in Parkinson’s Disease. The key regulatory
role of Nurr1 in dopaminergic neuron development became
apparent in knockout studies, as homozygous Nurr1 knockout
mice exhibited a complete loss of ventral mesencephalic
dopaminergic neurons, altered gene expression in the dorsal
motor nucleus of the brainstem, respiratory dysfunction, and
notable hypoactivity, and died within two days after birth.29,374

Moreover, a number of Nurr1 SNPs were found in patients
with familial PD.29,386 Most notably, the polymorphism
rs35479735 located in intron 6 of the Nurr1 gene, which
may affect the splicing process, strongly correlates with an
increased risk of sporadic and familial PD.387 Post-mortem
analysis of PD patients revealed a significant decrease of Nurr1
expression in nigral neurons containing α-synuclein inclusions,
which correlated with loss of TH+ neurons.388 Accordingly,
diminished levels of Nurr1 were also found in nigral
dopaminergic rat neurons caused by elevated α-synuclein
levels389 and in MPTP-treated mice.390 In contrast, Nurr1
overexpression protected dopaminergic neurons against several
toxic insults in vitro and in vivo, which was apparent from
upregulation of neuroprotective genes and increased neuronal
survival.389−392 Moreover, transplantation of mesenchymal
stem cells with lentiviral Nurr1 overexpression in 6-OHDA-
treated rats increased the number of TH+ neurons, lowered
microglial activation, and reduced expression of inflammatory
mediators in the substantia nigra.393 In microglia and
astrocytes, Nurr1 acted as a negative regulator of NFκB-
regulated inflammatory genes by stabilizing the CoREST
corepressor complex at p65/p50 cis-acting promoter ele-
ments394 (Figure 4b) and thereby limited the production of
neurotoxic mediators like TNFα, IL-1β, and iNOS in the
substantia nigra of LPS-injected mice. In contrast, interaction
of Nurr1 and coactivator Foxa2 in midbrain dopaminergic
neurons was found to diminish the Nurr1−CoREST
interaction and to induce dopamine phenotype gene
expression.395

Despite the early assumption that Nurr1 is ligand
independent, the antimalarial amodiaquine (AQ, 75) was
discovered as an activator of Nurr1 and enhanced the
expression of Nurr1-regulated genes (TH, DAT, VMAT2,
AADC) in rat NSCs. Moreover, AQ (75) suppressed pro-
inflammatory cytokine release after LPS treatment in primary
rat microglia and improved behavioral deficits in 6-OHDA-
lesioned rats.396 In addition to AQ (75), the prostaglandins A1
(PGA1, 81) and E1397 as well as the dopamine metabolite 5,6-
dihydroxyindole (DHI, 82)398 were identified as potential
endogenous Nurr1 activators. PGA1 (81) and PGE1 exhibited
neuroprotective effects in a primary midbrain dopaminergic
neuron-glia coculture derived from rat embryos treated with
MPTP or LPS, induced dopaminergic gene expression in
MN9D cells in a Nurr1-dependent manner, and attenuated
motor deficits in MPTP-induced PD in mice.397 DHI (82)
significantly increased mRNA expression of Nurr1-regulated
genes (TH, VMAT2, and DAT) in wild-type zebrafish
larvae.398 The synthetic Nurr1 agonists SA00025 (79)399 and
IP7e (80)400 also exhibited neuroprotective and anti-
inflammatory effects in different rodent PD models. However,
Nurr1 levels in the brain were also increased upon treatment
with IP7e (80)400 pointing to other mechanisms than direct
Nurr1 activation.

Table 7. Summarized Observations on Nur77 in
Neurodegeneration

Nur77 (= NR4A1; also known as NGFI-B, TR3, NAK-1, and N10)

Nur77 in
AD

Alpha 1-antichymotrypsin/serpinA3 is involved in AD development
and Nur77 regulated.348

Translocation of Nur77-RXR to mitochondria in neurons upon Aβ/
H2O2 treatment results in apoptosis.349 Activation with the RXR
agonist 9-RA (43) prevented translocation, reduced apoptosis, and
enhanced Bcl-2 expression in vitro and in vivo.349

Nur77 in
PD

Nur77 knockout slightly enhanced basal locomotor activity in mice and
rats.334,335

Nur77 knockout in mice: TH ↑, dopamine metabolite DOPAC ↑,
COMT ↓.334

Nur77 knockout in the MPTP PD model had conflicting results:
sensitization to dopaminergic cell death340 and decreased
dopaminergic neuronal loss after perturbation.335

Nur77 knockout in the 6-OHDA PD model decreased dopaminergic
neuronal loss in rats.335

Nur77 was downregulated in MPTP in monkeys and in the
nigrostriatal region of mice.339,340

6-OHDA treatment induced Nur77 expression in vitro342 and in
vivo.335 Nurr1 was counter-regulated.

Microglial activation by LPS treatment reduced Nur77 expression in
vitro and in vivo (MPTP model).344

Nur77 activation (Csn-B (68) or C-DIM5) suppressed NFκB activity
in BV2 microglia and counteracted inflammation in vitro.343−345

Nur77 in
MS

Nur77 knockout enhanced T cells activation and T cell-mediated CNS
autoimmunity in vitro and in vivo.346

Nur77 knockout in EAE caused earlier disease onset and increased
EAE score/severity.346

Nur77 activation (Csn-B (68)) ameliorated EAE progression and
protected from demyelination in wild-type mice but not in Nur77
knockout animals.347
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Exploration of Nurr1−RXR heterodimer-specific RXR
agonists has further validated Nurr1 activation as a valuable
approach to counteract neuroinflammation and PD in vitro
and in vivo. XTC0139508 (85),401 its descendant BRF110
(86),402 and IRX4204 (90)403 were intensively studied in vitro
for their neuroprotective effects in various neuronal cell
cultures and induced Nurr1-regulated genes. Additionally,
BRF110 (86)402 and IRX4204 (90)403 improved motor
function and reduced dopaminergic neuron loss in 6-OHDA
and MPTP rodent models. HX600 (87) exhibited neuro-
protective effects, too, by lowering levels of pro-inflammatory
mediators in LPS-stimulated primary mouse microglia and by
reducing ischemic neuronal damage and impaired motor
function in an ischemic stroke model in mice.404

2.7.2.3. Nurr1 in Alzheimer’s Disease. Beyond Nurr1’s
overall neuroprotective and anti-neuroinflammatory activity, its
role in AD remains to be studied in detail (recently reviewed in
ref 405). A number of studies indicates involvement of Nurr1
dysregulation as a contributing factor in the pathogenesis of
AD. Two in vitro models of AD using Aβ1−42 fibril-treated cells
observed downregulation of Nurr1 protein and mRNA levels
in primary rat neurons and in a neuronally differentiated
human mesenchymal cell line.406 In addition, Nurr1 mRNA
levels in the hippocampus were reduced in mutant APP
transgenic mice as a model of early memory loss in AD.407

Most notably, post-mortem analysis of AD patients revealed a
significant decrease of Nurr1 expression in nigral neurons
containing neurofibrillary tangles, which correlated with a loss
of TH+ neurons.388 In line with this, 5XFAD mice displayed
Nurr1 coexpression with Aβ accumulation in the subiculum
and frontal cortex at early stages, and an age-dependent loss of
Nurr1-expressing cells in later stages.408 Nurr1 knockdown by
stereotactic Nurr1-shRNA injection in the subiculum amplified
AD pathology in 5XFAD mice, whereas Nurr1 overexpression
and Nurr1 activation with the agonist AQ (75) ameliorated
AD symptoms with reduced Aβ accumulation, less neuro-
degeneration, and improved cognitive function.409

2.7.2.4. Nurr1 in Multiple Sclerosis. Studies on Nurr1
involvement in the context of MS reported contradictory
findings. The Nurr1 activator IP7e (80) caused protective
effects in EAE in mice by inhibiting NFκB-mediated
inflammation in early disease stage.410 Accordingly, hetero-
zygous Nurr1 knockout mice exhibited an early EAE disease
onset with elevated inflammatory infiltrates in the spinal
cord.411 In contrast, systemic RNAi-mediated Nurr1 knock-
down in mice attenuated EAE, which was referred to a
potential role of Nurr1 in Th17 cell differentiation via
regulation of IL-21 and IL-23R expression.412 The Nurr1
agonist chloroquine (CQ, 76) activated Treg cell differ-
entiation from naiv̈e murine T cells in a Nurr1-dependent
manner and significantly suppressed the progression of
inflammatory bowel disease, another autoimmune disease, in
a dextran sulfate sodium (DSS)-induced mouse model.413

2.7.2.5. Nurr1 Ligands and Modulators. Although Nurr1 is
considered as an orphan nuclear receptor and lacking a
classical ligand-binding site, recent findings of potential
endogenous ligands, evidence from cocrystal structures, and
mechanistic studies revealed Nurr1 as a promising drug target.
In 2015, Kim et al.396 demonstrated that Nurr1 can be directly
modulated via its LBD by small molecules and discovered the
two antimalarial drugs AQ (75) and CQ (76) as Nurr1 ligands
in a drug screening in a full-length Nurr1 reporter gene assay
using a monomer responsive reporter construct in human
neuroblastoma SK-N-BE(2)C cells (Scheme 8). Both com-
pounds were shown to interact directly with the LBD by NMR
perturbation experiments and mutagenesis studies located the
interaction site close to the canonical ligand-binding pocket,
which was recently confirmed by Munoz-Tello et al.351 In
addition, we have recently discovered the two AQ-derived
fragment-sized Nurr1 agonists 77 and 78 which provided new
insights in the activation mechanism of Nurr1 by causing
recruitment of NCoR-1 and SMRT upon agonist binding.414

Another noncanonical binding pocket within the Nurr1 LBD
was first discovered for the dopamine metabolite DHI (82)
which covalently bound to Cys566 in a Nurr1 cocrystal

Scheme 8. Nurr1 Modulators Reported in the Literature360,396−398,418,422
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structure (pdb 6DDA) and thereby induced a pocket between
helices 4, 11, and 12 involving outward movement of helix
12398 (compare Figure 3d, orange site). In vitro, DHI (82)
stimulated Nurr1 activity in a Gal4-Nurr1 hybrid reporter gene
assay in human choriocarcinoma JGE3 cells by 1.6-fold at 100
μM.
First evidence for a potential endogenous Nurr1 ligand was

reported for the unsaturated fatty acid DHA (45).415 Solution
NMR spectroscopy mapped the putative ligand-binding pocket
close to the AQ binding site and recruitment of a PIASγ
peptide was found enhanced by DHA (45) binding. Two full-
length reporter gene assays using a monomer responsive
reporter construct in HEK293T cells and murine dopaminergic
MN9D cells showed dose-dependent repression of Nurr1
activity by ∼25% at 50 μM DHA (45). Further structural
analysis by NMR experiments, deuterium uptake mass
spectrometry, and molecular dynamic simulations suggested
that the putative canonical ligand-binding pocket is able to
expand from its collapsed conformation to harbor the
unsaturated fatty acid.416,417 Rajan et al. added two
prostaglandins, namely, PGA1 (81) and PGE1, to the
collection of Nurr1’s endogenous ligands397 and found
covalent binding of PGA1 (81) to Cys566 (pdb 5Y41)
comparable to the ligand-binding pocket induced by DHI (82)
with an even stronger 21° shift of helix 12. PGA1 (81) and
PGE1 induced Nurr1 transactivation in two different reporter
gene assays, Gal4-Nurr1 and full-length Nurr1, performed in
murine dopaminergic MN9D cells and N27-A rat dopaminer-
gic neurons with estimated EC50 values of 5 μM and 3 μM. In
line with this, we recently discovered several NSAIDs as Nurr1
modulators.360 Among them, the first-in-class inverse Nurr1
agonists oxaprozin (83) and parecoxib (84) counteracted
intrinsic Nurr1 activity in four different reporter gene assay
settings in HEK293T cells. Meclofenamic acid (85, Gal4-
Nurr1 EC50 4.7 μM) evolved as a Nurr1 modulator with
differential activity on different Nurr1 response elements. The
NSAIDs also affected the coregulator interaction profile of
Nurr1 with NCoR-1, SMRT, NCoA6, and NRIP as well as the
receptor’s dimerization equilibrium in HTRF-based assays.
Moreover, NSAIDs and AQ-type ligands exhibited simulta-
neous Nurr1 modulation with additive effects pointing to the

existence of two independent binding sites within the Nurr1
LBD.
In addition to these few orthogonally validated direct Nurr1

modulators, further compounds were reported to affect Nurr1
activity for which confirmation of direct interaction is lacking.
The imidazopyridine SA00025 (79)418 has been reported as a
potent and selective Nurr1 agonist based on two luciferase
reporter gene assays (Gal4-Nurr1fl (EC50 218 nM)418 and
monomer responsive reporter construct (EC50 0.7 nM)419).
The compound has favorable ADMET and pharmacokinetic
properties418,420 except for a hErg liability (IC50 1.5 μM) and
was found to reach the brain of rats after oral administration
where it significantly induced Nurr1-regulated gene expression
in the substantia nigra after seven days of daily dosing.399

Direct binding to Nurr1 was studied for several compounds of
the SA00025 (79) series by SPR,419 but the reported data are
incomprehensive, and a direct Nurr1 binding of the lead
compound SR24237418 could not be confirmed.351

A benzimidazole-based combinatorial approach to Nurr1
modulators has reported SR10098421 as one of three hits, and
Nurr1 agonists with isoxazolopyridinone scaffold were derived
from a high-throughput screening (HTS) campaign422 with
subsequent SAR studies. Both series reached low nanomolar
potencies in a reporter gene assay in stably Nurr1-expressing
MN9D cells. Among these compounds, IP7e (80, EC50 3.9
nM) showed brain bioavailability in mice422 and was applied to
the EAE410 and a PD400 mouse model. Data from a recent
NMR structural footprinting analysis puts a direct binding of
SR10098, IP7e (80), and analogue SR10658 to the Nurr1 LBD
into question, however.351

As stated for Nur77 (see section 2.7.1), C-DIM derivatives
were also extensively studied as Nurr1 modulators with
contradictory results in pancreatic423 and bladder cancer424

cells, neuronal cells,425−427 and glioblastoma cells.428 Multiple
anti-inflammatory and neuroprotective effects were also
reported from PD mouse models.425,427,429 Mechanistic
evaluation of NR4A modulation by C-DIM derivatives using
various hybrid receptor constructs in reporter gene assays
demonstrated that the NH2-terminal domain was sufficient for
transactivation.423 Through N-terminal Nurr1 modulation, C-
DIM derivatives may hence exhibit direct effects on Nurr1 for

Scheme 9. Nurr1-RXR Heterodimer-Specific RXR Agonists Reported in the Literature402,403,435,436,438,439
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example in NFκB transrepression429 (Figure 4b), but altered
Nurr1 protein levels426 and indirect mechanisms rather than
direct Nurr1 transactivation via its LBD appear to dominate
the effects.351

In addition, the antimetabolite 6-MP (91) was identified as a
Nurr1 activator from an HTS utilizing a full-length reporter
gene assay under the control of the homodimer responsive
element in CV1 cells.361 Closer evaluation of Nurr1361 and
NOR-1362 modulation suggested a noncanonical mechanism of
nuclear receptor activation through the N-terminal AF-1
domain not involving interaction with the LBD.
A number of other compounds, mostly chemotherapeutic

agents, such as camptothecin,430 the metabolite 7-ethyl-10-
hydroxy-camptothecin of irinotecan, and KU0171309431 (from
HTS) were found to inhibit Nurr1 transactivation. Apart from
KU0171309 whose mode of Nurr1 modulation remains
elusive, these agents were found to suppress Nurr1 activity
via inhibition of the EGFR cascade. Furthermore, neuro-
protective agents have been discovered which do not directly
modulate Nurr1 activity but were shown to induce Nurr1
expression in vitro and in vivo. Among them were the anti-PD
drug pramipexol,432 for which Nurr1 upregulation was
proposed to be mediated via the dopamine D3 receptor, the
phosphodiesterase-3 inhibitor cilostazol,433 and moracenin
D,434 a flavonoid extracted from Mori Cortex radicis.
2.7.2.6. Nurr1-RXR Heterodimer-Specific RXR Ligands. As

discussed above, Nurr1 can act as a permissive heterodimer
with RXR opening another avenue to Nurr1 modulation via
heterodimer activation with RXR agonists. Owing to the
multitude of RXR heterodimers and associated effects,
heterodimer preferential activity is very desirable in this
context. Hence, a number of Nurr1−RXR heterodimer-specific
RXR ligands (Scheme 9) have been reported which were
shown to promote Nurr1 activity or enhance its function in PD
models (outlined above). The aminopyrimidine derivative
XCT0135908 (XCT, 85)435 selectively induced luciferase
activity dependent on a Gal4−Nurr1−RXRα heterodimer in
CV-1 cells. Its activity was blocked by the RXR antagonist
LG1208. However, XCT (85) has low plasma stability and
poor brain exposure after intraperitoneal administration, and
even intracerebroventricular injection failed to show in vivo
activity as the expression of Nurr1 regulated genes in midbrain
such as TH was not changed.402 BRF110 (86),402 a close

analogue of XCT (85), activated a full-length Nurr1-RXRα
reporter gene assay utilizing a heterodimer responsive reporter
construct in the human dopaminergic neuroblastoma cell line
SH-SY5Y with an EC50 value of ∼0.9 μM. Its binding to RXRα
is only supported by molecular docking studies, but lentiviral
knockdown of Nurr1 demonstrated involvement of Nurr1 in
heterodimer activation. Pharmacokinetic properties of BRF110
(86) after intraperitoneal administration in mice were
improved compared to 85 with CNS bioavailability and a
moderate half-life of 1.5 h in plasma and brain. The
dibenzodiazepine RXR ligand HX600 (87) was also found to
selectively activate Nurr1- and Nur77-RXR heterodimers in
several cellular settings.436,437 The chiral dihydrobenzofuran
88438 was designed as a full RXR agonist from a series of
conformationally constrained RXR ligands with a slight (3-
fold) preference for the Nurr1−RXR heterodimer (pEC50 7.9,
111% efficacy) compared to the RXR homodimer (pEC50 7.6,
85% efficacy) in a bioluminescence resonance energy transfer
(BRET) assay. Cocrystal structure analysis of RXRα in
complex with dihydrobenzofuran 88 and the TIF2 coactivator
peptide (pdb 5EC9) confirmed orthosteric binding to RXR
and a typical agonist conformation. The synthetic honokiol
derivative 89 with a biaryl scaffold demonstrated a greater 25-
fold selectivity for the Nurr1-RXRα heterodimer (pEC50 9.1,
129% efficacy) compared to the RXRα homodimer (pEC50 7.7,
291% efficacy) determined in a BRET assay.439 The respective
cocrystal structure analysis indicated that compact ligands,
allowing movement of helix 7 and 11, favor RXRα
heterodimerization with Nurr1 (pdb 5MKU), whereas ligands
with substituents in the 2′ position on the biaryl scaffold
induced pocket expansion with helix 12 movement, resulting in
lower binding affinity or antagonistic behavior (pdb 5MKJ)
and promoting RXRα homodimerization.
The RXR ligand IRX4204 (90) has been studied most

extensively in the context of neurodegeneration. Profiling of
IRX4204 (90) demonstrated potent induction of Nurr1-
dependent transcriptional activity (EC50 < 1 nM) in COS7
cells transfected with full-length Nurr1 and RXRα constructs
and, surprisingly, a monomer responsive (NBRE) reporter
construct.403 Pharmacokinetic parameters (determined in rats)
of IRX4204 (90) were favorable with bioavailability in the
brain at reasonable concentrations (11.5 ± 2.9 nM) after oral
administration of IRX4204 (90), which was sufficient to

Table 8. Summarized Observations on Nurr1 in Neurodegeneration

Nurr1 (= NR4A2; also known as NOT, TINUR, and HZF-3)

Nurr1 in
AD

Nurr1 expression in nigral neurons was found diminished in AD patients.388

Nurr1 mRNA levels in the hippocampus were decreased in APP transgenic mice.407

Nurr1 was coexpressed with Aβ accumulation in the subiculum and frontal cortex in early-stage 5XFAD mice.408

5XFAD mice lose Nurr1 expressing cells in an age-dependent fashion.408

shRNA-mediated Nurr1 knockdown in the subiculum worsened AD pathology in 5XFAD mice.409

Nurr1 overexpression or activation (AQ (78)) improved AD symptoms (Aß ↓, neurodegeneration ↓, cognitive function ↑) in 5XFAD mice.409

Nurr1 in
PD

Nurr1 knockout caused loss of dopaminergic neuron development and respiratory dysfunction and is lethal.29,374

Nurr1 expression in nigral neurons was found decreased in PD patients and in rodent models of PD.388−390 Diminished Nurr1 levels correlated with high
α-synuclein levels and loss of TH+ neurons.388−390

Nurr1 overexpression protected neurons against toxic insults of α-synuclein in vitro and in rodent PD models.389−393

Nurr1 agonists upregulated neuroprotective and dopaminergic genes in vitro and in vivo.396−398,403,414

Nurr1 agonists decreased expression of pro-inflammatory cytokines in vitro.396,397,404

Nurr1 agonists and heterodimer-specific Nurr1-RXR agonists exhibited neuroprotective effects and improved symptoms in 6-OHDA-induced PD in
mice and rats396,399,401−403 and attenuated motor deficits in MPTP-treated mice.397,402

Nurr1 in
MS

Heterozygous Nurr1 knockout caused early EAE onset and enhanced inflammatory infiltrates in the spinal cord.411

Systemic Nurr1 knockdown attenuated EAE via diminished Th17 cell differentiation.412

Nurr1 activator IP7e (80) had protective effects in EAE by decreasing NFκB activity.410
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induce Nurr1-regulated gene expression in the substantia nigra.
In addition to IRX4204 (90), also the most widely used RXR
agonist bexarotene (42) was found to favor the Nurr1-RXR
heterodimer (pEC50 8.3) over the RXR homodimer (pEC50
7.5) in a BRET assay in HEK293T cells.440 In vivo
experiments demonstrated that bexarotene (42) upregulated
Nurr1-dependent genes DAT and VMAT2, rescued dopami-
nergic neuronal loss, and reversed behavioral deficits in 6-
OHDA-lesioned rats. However, the neuroprotective effects of
bexarotene (42) cannot be ascribed to Nurr1-mediated effects
alone as the LXR−RXR and PPAR−RXR heterodimers are
also effectively activated by bexarotene (42). Volakakis et al.391

observed no effect of bexarotene (42) on dopamine neuron
loss and motor impairment in 6-OHDA-injected rats but found
bexarotene (42) able to restore disrupted Ret expression and
neurotrophic GDNF signaling.
2.7.2.7. Conclusion. Nurr1 is an emerging drug target being

extensively studied in the context of neurodegenerative
diseases (summarized in Table 8) in which it holds enormous
potential as a key regulator of dopaminergic neuron function.
However, the available Nurr1 modulator tools are of
insufficient quality to fully explore the potential of Nurr1
modulation, and the limited quality of (putative) Nurr1
modulators used in preclinical studies weakens the significance
of these experiments. More potent, more selective, and
particularly better characterized tools are needed for
pharmacological validation of Nurr1 in neurodegeneration
and other pathologies. Pending further validation of Nurr1 as a
therapeutic target, potent and selective Nurr1 agonists may
hold remarkable potential as a disease-modifying approach
especially in PD.
2.7.3. NOR-1 (NR4A3). 2.7.3.1. Overview. The neuron

derived orphan receptor 1 (NOR-1, NR4A3) is a very poorly
studied NR, whose developmental and physiological functions
remain widely elusive.441 As third member of the NR4A
subfamily, it shares many characteristics of the other two
members of this family, with the exception that NOR-1
appears not to form heterodimers with RXR in contrast to
Nurr1 and Nur77385 (compare Figure 4a). Similar as for
Nur77 and Nurr1, structural analysis of NOR-1 suggested that
the receptor lacks an accessible ligand binding pocket. NOR-1
adopts a self-activated conformation in the absence of a ligand
to be constitutively active (compare Figure 3c). Its transcrip-
tional activity hence primarily depends on the expression
level.442 NOR-1 mRNA is expressed in many rodent tissues. A
notably high abundance was observed in the developing rat
brain, whereas NOR-1 levels in the adult brain were lower.443

NOR-1 is mainly expressed in the cerebral neocortex,
hippocampus, amygdala, cerebellum, and dopaminoceptive
areas, for example, striatum, nucleus accumbens, olfactory
tubercle, and prefrontal and cingular cortices.443,444 In contrast,
NOR-1 mRNA levels in dopaminergic neurons of the midbrain
are low.443 Additionally, NOR-1 is present in the neuronal
cytoplasm throughout the brain and spinal cord.443 Although
one study has reported NOR-1 knockout as embryole-
thal,385,445 most knowledge on the therapeutic potential of
the orphan receptor results from knockout studies.
2.7.3.2. NOR-1 and Neurodegeneration. According to the

scarce available knowledge, NOR-1 is involved in inflamma-
tion, vascular biology, immunity, and lipid and glucose
metabolism, suggesting that dysregulation of NOR-1 could
lead to diseases such as obesity, diabetes, cardiovascular
disease, and cancer.442 In addition, some preliminary evidence

indicates that NOR-1 might be involved in the pathogenesis of
neurodegenerative diseases. NOR-1 was found to play an
important role during development of the CNS by mediating
neuronal differentiation and maintaining neuronal plasticity in
the adult CNS.441 In mice, NOR-1 knockout led to impaired
axonal growth in the hippocampus, postnatal neuronal cell
death, and a compact pyramidal cell layer of Ammon’s horn
was not formed at CA1 and CA3 in NOR-1−/− mice.441 This
suggests a specific role for NOR-1 in the survival of CA1
pyramidal cells.441 In addition, an increased liability to limbic
seizures as well as a compromised axonal guidance in the
dentate gyrus and in the mossy fibers were observed in NOR-1
knockout mice.443 Further important evidence for an
involvement of NOR-1 in neurodegenerative diseases evolves
from its accumulation in Lewy bodies of patients with PD and
dementia with Lewy bodies (DLB), and in glial and neuronal
cytoplasmic inclusions in multiple system atrophy (MSA).443

Moreover, NOR-1 induced the anti-apoptotic protein cIAP2 in
neuronal cells under oxidative stress, hypoxia, and ischemia446

and was upregulated by the transcription factor cAMP
response element binding protein (CREB) which is considered
as an important factor for neuronal survival and neuro-
protection.392 CREB-regulated expression of NOR-1 and the
other NR4A receptors was detected in neuronal cells, raising
the assumption that the NR4A family receptors function as
mediators of CREB-induced neuroprotection and neuronal
survival.392,446

2.7.3.3. NOR-1 Ligands and Modulators. NOR-1 is
classified as an orphan nuclear receptor, and no potent ligand
for NOR-1 has been discovered so far. Two NOR-1-activating
compounds have been reported in the literature, the anti-
inflammatory and antineoplastic drug 6-MP (91)362 and the
eicosanoid prostaglandin A2 (PGA2, 92).447 PGA2 (92) was
shown to bind to the NOR-1 LBD and to activate NOR-1-
dependent gene transcription at 10 μM concentration.447

PGA2 (92) activated the full-length NOR-1 in the presence
and absence of RXRα, indicating that RXRα was not necessary
for its activity, which agrees with the assumed monomeric
activity of NOR-1.447 Furthermore, it was shown that a NOR-1
mutant lacking the LBD was not activated by PGA2 (92).447

The effect exerted by PGA2 (92) on NOR-1 is rather weak,
however. In contrast to PGA2 (92), which likely activates
NOR-1 through its LBD, 6-MP (91) required the N-terminal
AF-1 domain for NOR-1 activation.362 More specifically, the
region between amino acid residues 1 and 150 mediated the
NOR-1 activation by 6-MP (91).362 In a Gal4-NOR-1-AF-1-
assay, 6-MP (91) achieved a strong 113-fold NOR-1 activation
at 50 μM in proliferating murine C2C12 myoblasts.362 The 6-
MP analogues 6-mercaptopurine riboside (93) and 6-
mercaptopurine deoxyriboside (94) also activated the N-
terminal NOR-1 region.362

2.7.3.4. Conclusion. NOR-1 is a very poorly studied orphan
nuclear receptor, and little is known about its therapeutic
potential (summarized in Table 9). Knockout studies provide
preliminary evidence that NOR-1 is involved in neuronal cell
survival and might therefore be an attractive target in
neurodegenerative diseases. Particularly, the observed accu-
mulation of NOR-1 in Lewy bodies of PD patients and in
neuronal cytoplasmic inclusions in MSA as well as its function
as a mediator of CREB-induced neuroprotection support this
assumption. However, only observations on decreased NOR-1
activity (knockout) are available so far since potent and
selective NOR-1 activators are lacking. NOR-1 agonist and
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inverse agonist tools are urgently required to capture the
orphan receptor’s potential in neurodegenerative diseases.

2.8. Estrogen receptors (ER, NR3A). 2.8.1. Overview.
Estrogen receptors (ER)448−450 comprise two subtypes ERα
and ERβ (ERα, NR3A1; ERβ, NR3A2), which together with
the G protein coupled estrogen receptor GPER mediate the
effects of estrogens and estrogenic compounds. Although
estrogens are primarily female hormones, ERs are crucial
transcription factors not only in females but have relevance
also in males as illustrated by the infertility of male ERα
knockout mice.449−451 With ER agonists as part of contra-
ceptives and ER antagonists as well as the selective ER
modulators (SERMs) as anticancer drugs, ERs have consid-
erable relevance as drug targets.448,449 ERs are found in female
reproductive organs, as well as in bone, brain, liver, colon, skin,
and salivary gland with different subtype distributions.448,449

Although ERα and ERβ share high structural similarity,
selective targeting has been achieved with synthetic
ligands.448,449 As steroid receptors, ERs act as homodimers
on their response element ERE (GGTCAnnnTGACC) but
also exhibit other mechanisms of activity including indirect
interaction with the DNA via binding to other transcription
factors (“tethering”) as well as rapid nongenomic ef-
fects.448−450 The fact that several neurodegenerative and
neuroinflammatory diseases (e.g., MS, AD) have a higher
incidence in women452,453 may suggest an involvement of
sexual hormones in their pathogenesis and point to a potential
role of ERsas pharmacological targets in neurodegeneration.
Mainly based on epidemiological observations, postmeno-
pausal decline in estrogen levels is hypothesized as a potential
link to higher prevalence of AD in women.452,454 Additionally,
evidence for an association between ER variants and AD has
been reported.455 ER modulation, therefore, is considered as
promising therapeutic strategy particularly in age-related
neurodegenerative diseases.454

2.8.2. ER in Alzheimer’s Disease. The mechanisms by which
estrogens contribute neuroprotective, anti-neuroinflammatory,
and anti-neurodegenerative effects are multifaceted. In vitro,
estrogens protected cultured neurons against several toxic
insults including oxidative stress, excitotoxicity, and Aβ-
mediated toxicity.456−461 These effects were shown to be at
least in part dependent on ER activation459,462,463 and to
involve ER-mediated induction of Bcl-2 proteins464 that
promote cell survival. Neuroprotective effects were individually
demonstrated for both ER subtypes. In cultured rat cortical
neurons, selective ERβ activation was sufficient for neuro-
protective effects against Aβ,465 while in SH-SY5Y neuro-
blastoma cells, ERα activation protected against Aβ toxicity
also in the absence of ERβ.466 Estrogens also exhibited
neuroprotective effects in several rodent models of neuro-
toxicity,459,467−470 which could be linked to ER activation.459

While some observations point to a more prominent role of
ERα in neuroprotection,471,472 activation of both ER subtypes
exhibited similar neuroprotective effects in several studies, and
their individual contributions have not been elucidated.473−475

The signaling pathways of ERα- and ERβ-mediated neuro-
protection seem to differ,454,466,472,473,476−478 however, sug-
gesting potentially additive effects for activation of both
isoforms. Additionally, extranuclear mechanisms of ERs have
been reported to involve in neuroprotection479 among which
mitochondrial activities of ERβ seem to be of particular
importance.480 Estrogens were also found to decrease Aβ
formation and to promote its clearance in several stud-
ies,481−487 whereas estrogen deficiency in the brain enhanced
plaque formation in a transgenic AD mouse model.488

Estrogen effects on Aβ levels likely involve ER-mediated
upregulation of degrading enzymes (insulin-degrading enzyme
and neprilysin),454,489 but experimental observations also
indicate participation of rapid, nongenomic mecha-
nisms.481−486 A recent in vitro study490 has shown that ERβ
activation with diethylpropionitrile or ERβ overexpression can
promote autophagy of extracellular Aβ, while ERβ silencing
had the opposite effect.

2.8.3. ER in Parkinson’s Disease. In the context of PD,
which in contrast to AD and MS has a higher prevalence in
men,491 effects of estrogen use are controversial,492−495 and
clinical trials496,497 have failed to demonstrate pronounced
therapeutic efficacy of estrogens despite the broad evidence for
neuroprotective activity of ER activation in other pathologies.
Preclinical studies observed sex differences in estrogen effects
in rodent PD models and varying efficacy depending on the
treatment start, suggesting that the response to estrogens in the
brain is lost over time and that estrogen therapy may have

Scheme 10. NOR-1 Activating Compounds

Table 9. Summarized Observations on NOR-1 in
Neurodegeneration

NOR-1 (= NR4A3; also known as TEC, MINOR, and CHN)

NOR-1 in
neurodegeneration

NOR-1 knockout in mice441 impaired axonal growth
in hippocampus, caused postnatal neuronal cell
death, and compromised axonal guidance in dentate
gyrus and mossy fibers.

NOR-1 expression is enhanced by the stress-induced
transcription factor CREB, which is an important
factor for neuronal survival and
neuroprotection.392,446
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protective effects only when applied during early meno-
pause.495 Alterations in brain ER levels might hence affect
treatment outcomes.495 Use of ER agonists or SERMs in most
rodent PD models was not associated with therapeutic
effects,495,498−500 and only few studies have reported beneficial
activities of ER modulation in PD. In 6-OHDA-induced
disease in rats, AC-186 (95), a selective ERβ agonist
counteracted the loss of dopaminergic neurons in the
substantia nigra, cognitive impairment, and motor deficits.501

Interestingly, AC-186 (95) was superior to 17β-estradiol (96),
suggesting an advantage of ERβ selectivity, and the beneficial
effects were only present in male animals. Baraka et al.500

applied different types of ER ligands to 6-OHDA-induced PD
in rats. They report therapeutic effects as determined by
behavioral observations and biochemical parameters for 17β-
estradiol (96), the selective ERα agonists propylpyrazoletriol
(PPT, 97), and the SERM raloxifene (98), while the ERβ

selective agonist diarylpropionitrile (DPN, 105) and tamoxifen
(99) were not active. Overall, strong evidence for ERs as
promising targets for PD is lacking.

2.8.4. ER in Neuroinflammation and Multiple Sclerosis.
Estrogens also exhibit pronounced anti-neuroinflammatory
activity which is mainly attributed to their effects on astrocytes
and microglial cells.453,502−505 ER agonists suppressed the
release of pro-inflammatory cytokines after LPS stimulation
from primary human astrocyte cultures506 and inhibited LPS-
induced astrocyte activation in rats.507 Effects of estrogens and
ER agonists have hence been broadly studied in the context of
MS. Estrogen treatment was effective in several studies in the
EAE model of MS in mice508−511 and downregulated pro-
inflammatory cytokine production.509 Therein, also treatment
after disease onset was sufficient to reduce severity.512 Tiwari-
Woodruff et al.476 observed differences of ERα and ERβ
activation in EAE. ERα agonist treatment reduced severity of

Scheme 11. ER Ligands

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00186
J. Med. Chem. 2021, 64, 9592−9638

9618

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=sch11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00186?fig=sch11&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the disease from onset on, while ERβ agonist treatment had no
effect in the early disease stage. At a later stage, ERβ activation
caused a pronounced protective effect, however, as observed by
faster recovery. ERβ knockout abolished this effect. ERα
agonist treatment modulated cytokine levels toward an anti-
inflammatory profile, suggesting a systemic immune-modu-
latory effect, whereas ERβ agonist treatment did not alter
cytokine levels compared to vehicle. Both types of selective ER
ligands reduced demyelination and axonal loss. Overall, these
observations suggest beneficial effects of ER signaling for both
subtypes511,513 in neurodegeneration with a stronger anti-
neuroinflammatory component for ERα and more pronounced
neuroprotective activity for ERβ. The promising observations
on estrogen actions in MS have also led to a number of clinical
trials514−517 to study estrogen treatment in female MS patients,
which reported some beneficial effects but were not fully
consistent. Circulating estrogen levels were found to inversely
correlate with the number of active lesions and relapses.
Estrogen treatment reduced the size of lesions and the annual
number of relapses.
2.8.5. ER Ligands. Regarding medicinal chemistry, ERs are

among the most well-studied NRs and the first NRs for which
selective modulation has been broadly established with the
selective estrogen receptor modulators (SERMs). Estrogens as
the endogenous ER ligands are highly active on both isoforms
and also have pharmacological relevance as drugs, but their use
is limited by severe adverse effects including elevated risk for
breast and endometrial cancer, thromboembolisms, and
strokes.518,519 The ligand binding domains of ERα and ERβ
display only 59% sequence identity, which would suggest large
differences. The ligand binding sites, however, differ in only
two lipophilic residues (ERα: Leu384 and Met421 vs ERβ:
Met336 and Ile373). In addition to these minor changes,
differences in pocket shape and volume provide access to
subtype preferential ligands. Advanced structural understand-
ing of ERs and their modulation by ligands has been obtained
from extensive cocrystal structure analysis and mechanistic
studies,520−523 which draw specific pharmacophore models and
allow the design of subtype preferential modulators exhibiting
agonism or antagonism on the ERs.519 The two ER subtypes
also differ in their expression patterns throughout the body
which enables tissue selective ER modulation and can improve
safety.449,524 Because of their reduced systemic adverse effects,
selective ERβ agonists might hold potential in neuro-
degenerative diseases. As outlined above, ERβ activation
revealed protective effects in EAE models and against Aβ
toxicity suggesting beneficial effects in MS and AD,
respectively. However, both ERs are expressed in the CNS
and are involved in anti-neuroinflammatory or anti-neuro-
degenerative effects. ERα activation exhibited stronger
therapeutic effects in EAE, and several studies suggest different
mechanisms for ERα- and ERβ-mediated effects in the CNS.
ER subtype preferential ligands and SERMs might, therefore,
not be sufficient to establish safe and effective ER modulators
for therapeutic application in neurodegenerative diseases.
The large available collection of small molecule ER ligands

comprises steroidal and nonsteroidal compounds and agonists,
antagonists, and modulators (Scheme 11). The medicinal
chemistry of ER ligands has been extensively summarized in
several reviews.519,525,526 The most active natural estrogen 17β-
estradiol (96) and its derivative ethinylestradiol (100) as well
as diethylstilbestrol (101) are widely used nonselective
agonists for ERα and ERβ. Subtype preferential steroidal ER

ligands were developed from estradiol by introduction of a γ-
lactone over ring D (102, ERα preference) and a vinyl
substituent in 8β-position (103, ERβ preference).519 Medicinal
chemistry efforts have also yielded several chemotypes of
nonsteroidal subtype preferential ER agonists such as
propylpyrazoletriol (97, PPT, ERα preference),527 the rigid
stilbene analogue 104 (ERα preference),528 diarylpropionitrile
(105, DPN, ERβ preference),529 FERb033 (106, ERβ
preference),530 prinaberel and its descendant WAY200070
(107, ERβ preference),531 and AC-186 (95, ERβ prefer-
ence).501 Activity in the CNS has been demonstrated for
example for ERβ agonist DPN (105) in EAE476 and for ERβ
agonist AC-186 (95) in 6-OHDA-induced PD in rats,501

suggesting them as preferable tools to further probe ERs in
neurodegeneration. A key innovation in targeting ERs were the
SERMs532,533 tamoxifen (99), raloxifene (98),527,534 bazedox-
ifene (108), and lasofoxifene (109),535 which exhibit specific
activity profiles on the ER subtypes in different tissues. Owing
to the bulky residues added to the ER ligand pharmacophore,
SERMs antagonize ER activity by preventing the binding of the
activation function in helix H12 to the core of the ER LBD. In
the resulting antagonist conformation, the ER LBD exhibits a
different coregulator recruitment profile with a preference for
corepressor binding.532,533 Therein, ER modulation by SERMs
varies in different tissues, which is rationalized by differential
coregulator equipment of different cell types and tissues. They
act as ER antagonists in breast tissue, as partial agonists in
bone, and activity in endometrium varies depending on the
SERM.532,533 Brain penetration and activation of ER signaling
in the CNS were recently demonstrated536 for the SERM
bazedoxifene (108), which could hence serve as an attractive
tool to further probe ER modulation in neurodegeneration.
Following the SERMs as ER modulatory drugs, the
antiestrogen fulvestrant (110)537 acting as a selective estrogen
receptor degrader (SERD) has introduced another strategy to
inhibit ER activity, and several further SERDs have been
developed533 of which elacestrant (111)538 was found to cross
the blood−brain barrier539 suggesting it as a potential tool to
study inhibition of ER signaling in the CNS.

2.8.6. Conclusion. While evidence for a role of ER in PD is
rather weak, the higher incidence of AD and MS in women and
observations from multiple preclinical studies indicate a
therapeutic potential of ER modulation in these neuro-
degenerative pathologies (summarized in Table 10). However,
clinical trials have mostly failed to translate the beneficial
effects from animal models to patients so far. Varying levels of
circulating hormones in the patient cohorts might be an
important factor for these failures and suggest that certain
patient subgroups might benefit from ER modulation in
neurodegeneration. The multitude of estrogen activities and
potential adverse effects of ER activation must be considered as
a potential limiting factor for ER agonist use in neuro-
degeneration. Selective targeting of ER in the brain might be
an avenue to overcome such obstacles, but whether ER
activation in the CNS is sufficient for the beneficial effects in
neurodegeneration or whether peripheral effects are contribu-
ting remains elusive.

3. SUMMARY AND PERSPECTIVES
The NR superfamily with its 48 ligand-activated transcription
factors in human presents as a very attractive panel of potential
therapeutic targets. Owing to the pronounced and durable
effects that modulation of NRs exhibits on gene expression and
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hence on cellular phenotypes, it appears particularly suitable in
the treatment of chronic diseases. Accordingly, NR ligands are
used as drugs in cancer treatment (e.g., RXR, ER, androgen
receptor), as potent anti-inflammatory agents (e.g., glucocorti-
coid receptor), and to counteract metabolic imbalance (e.g.,
PPAR, farnesoid X receptor). Neurodegenerative diseases such
as AD, PD, and MS are chronic pathologies and closely linked
to chronic inflammation or metabolic imbalance, suggesting a
high potential of NR modulation in these diseases, too.
Although early evidence for therapeutic effects of NR
modulation in neurodegeneration dates back several decades,
a major breakthrough has not been achieved, yet, and no NR
ligand is used as a drug in such indications. However,
preclinical research on NRs as therapeutic targets in neuro-
degeneration is constantly increasing, and cumulative evidence
from pilot clinical trials and cohort studies on polymorphisms
or altered NR expression in patients strongly supports the high
potential of several NRs as future anti-neurodegenerative and
anti-neuroinflammatory targets. The level of evidence for such
therapeutic potential, naturally, varies for the different NRs,
and most studies in the field have been performed for well-
studied proteins such as PPAR and RXR. Nevertheless, recent
findings particularly highlight also the orphan receptors Nurr1
and TLX, which are predominantly found in the brain as very
promising targets for neurodegenerative disease treatment.
Despite very encouraging preclinical observations and

evidence from human patients for the therapeutic potential
of several NRs in neurodegeneration, pharmacological
validation of these findings is often an obstacle and remains
widely incomplete. This is mostly due to a lack of (custom)
tool compounds with suitable properties to provide unambig-
uous data supporting observations from knockout studies or
genetic overexpression. Especially the most promising targets
such as the orphan receptors Nurr1 and TLX are poorly
studied in terms of pharmacological control since potent
modulators are not available. It is hence imperative to
strengthen ligand discovery and tool compound development
efforts for these NRs with the potentially greatest therapeutic
promise in neurodegeneration. In addition, the mode-of-action

or selectivity of several available tools that have already been
used in preclinical models of neurodegeneration is question-
able, especially for LXR, revERB, and NR4A receptors, which
compromises the significance of studies based on these
compounds. Achieving strong selectivity within the protein
family may be challenging for some NR ligands, especially
within NR families (such as NR4A) but is a key aspect for their
proper applicability as pharmacological tools. For example,
some evidence points to different roles of LXR subtypes and
ER subtypes in the CNS, and recent observations suggest that
the NR4A receptors Nur77 and Nurr1 may even have
counteracting roles in neuroprotection and neurodegeneration.
Such scenarios might also hold true for other closely related
NRs, which highlights the importance of selectivity for tool
compounds in this context. Some preclinical observations
made with nonselective or poorly characterized tools hence
cannot be clearly interpreted. Therefore, dedicated (custom)
tool compounds to probe the potential of NRs in neuro-
degeneration are urgently required and must fulfill key criteria
such as selectivity and clear mode-of-action but also sufficient
BBB penetration.
Another open question often is the desired site/tissue of

action for NR modulators to obtain therapeutic effects in
neurodegeneration. The RXR agonist bexarotene (42), for
example, exhibited some attractive therapeutic effects in vivo,
but pharmacokinetic analysis demonstrated very limited CNS
exposure suggesting involvement of systemic anti-inflammatory
or metabolic effects. For certain widely expressed NRs (RXR,
PPAR, LXR, VDR), specific brain targeting may hence not be
necessary but should still be studied with suitable CNS
penetrant tools to decipher systemic contributions and brain-
directed effects of their therapeutic activities. In some cases
(e.g., ER, PPAR, LXR), systemic effects might even be the
dominant mode-of-action leading to improvements in neuro-
degenerative pathologies. Therein, adverse effects of systemic
actions must also be considered when a long-term modulation
of a NR is desired for anti-neurodegenerative activity. In
contrast, less distributed NRs with a particularly high
abundance in the brain (e.g., Nurr1) or even almost exclusive
expression in the brain (e.g., TLX) will require ligands that are
able to reach sufficient CNS concentrations which presents as
an additional challenge to medicinal chemistry but has, for
example, been achieved with dedicated brain-penetrant PPAR
agonists. The dominant expression of these NRs in the brain
on the other hand might be predictive of lower adverse effects
upon their therapeutic modulation since systemic on-target
effects are reduced. This may suggest potentially greater safety
and hence a greater therapeutic potential for these orphan NRs
as targets to treat neurodegeneration.
In summary, ligand-activated transcription factors present as

highly attractive molecular targets to counteract neuro-
degenerative pathologies and thereby hold great promise to
address high unmet medical needs in severe health burdens.
Despite very promising findings for various nuclear receptors
in preclinical models of neurodegeneration, we lack high-
quality tool compounds to validate nuclear receptor modu-
lation as a therapeutic strategy. Medicinal chemistry efforts
must provide potent, selective, and brain-penetrant pharmaco-
logical tools especially for insufficiently studied orphan nuclear
receptors to capture the full therapeutic potential of these
proteins in neurodegeneration and beyond.

Table 10. Summarized Observations on ER in
Neurodegeneration

ERα (= NR3A1; also known as ESR1) and ERβ (= NR3A2; also known as
ESR2 and Erb)

ER in
AD

AD prevalence is higher in women than in men.452

ER activation protected against oxidative stress, excitotoxicity, and
Aβ-mediated toxicity in cultured neurons459,462,463 and in rodent
models of neurotoxicity.459,467−470

ER activation decreased Aβ formation and promoted its clearance in
vivo.481−487

Estrogen deficiency in the brain enhanced plaque formation in
transgenic AD mice.488

ER in
PD

PD prevalence is higher in men than in women.491

No therapeutic benefit of ER activation in clinical trials496,497

ERβ activation counteracted loss of dopaminergic neurons, cognitive
impairment, and motor deficits in 6-OHDA induced PD in rats.501

ER in
MS

MS prevalence is higher in women than in men.453

ER activation suppressed the inflammatory response of astrocytes in
vitro506 and in vivo.507

ER activation ameliorated EAE and downregulated pro-inflammatory
cytokine release.508−511

ERα activation reduced EAE severity from onset on; ERβ activation
improved recovery from EAE at a later stage.476

Clinical trials on ER activation in female MS patients reported some
beneficial but inconsistent outcomes.514−517
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Bonn, T.; Engström, O.; Öhman, L.; Greene, G. L.; Gustafsson, J.-Å.;
Carlquist, M. Molecular Basis of Agonism and Antagonism in the
Oestrogen Receptor. Nature 1997, 389 (6652), 753−758.
(521) Pike, A. C. W.; Brzozowski, A. M.; Hubbard, R. E.; Bonn, T.;
Thorsell, A.-G.; Engström, O.; Ljunggren, J.; Gustafsson, J.-Å.;
Carlquist, M. Structure of the Ligand-Binding Domain of Oestrogen

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00186
J. Med. Chem. 2021, 64, 9592−9638

9637

https://doi.org/10.1016/j.neuron.2004.08.024
https://doi.org/10.1016/j.neuron.2004.08.024
https://doi.org/10.1038/s41419-019-1786-8
https://doi.org/10.1038/s41419-019-1786-8
https://doi.org/10.1016/j.amjmed.2019.03.001.
https://doi.org/10.1212/01.wnl.0000171344.87802.94
https://doi.org/10.1212/01.wnl.0000171344.87802.94
https://doi.org/10.1212/01.wnl.0000171344.87802.94
https://doi.org/10.2147/NDT.S69918
https://doi.org/10.2147/NDT.S69918
https://doi.org/10.2147/NDT.S69918
https://doi.org/10.1001/archneur.61.6.886
https://doi.org/10.1001/archneur.61.6.886
https://doi.org/10.1212/WNL.53.1.91
https://doi.org/10.1212/WNL.53.1.91
https://doi.org/10.1097/00002826-199903000-00005
https://doi.org/10.1097/00002826-199903000-00005
https://doi.org/10.1097/00002826-199903000-00005
https://doi.org/10.1007/BF03033268
https://doi.org/10.1007/BF03033268
https://doi.org/10.1007/BF03033268
https://doi.org/10.1016/j.mce.2008.04.008
https://doi.org/10.1016/j.mce.2008.04.008
https://doi.org/10.1016/j.mce.2008.04.008
https://doi.org/10.1016/j.lfs.2011.03.010
https://doi.org/10.1016/j.lfs.2011.03.010
https://doi.org/10.1016/j.lfs.2011.03.010
https://doi.org/10.1021/cn400132u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn400132u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn400132u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/glia.20644
https://doi.org/10.1002/glia.20644
https://doi.org/10.1210/en.2009-0352
https://doi.org/10.1210/en.2009-0352
https://doi.org/10.1210/en.2009-0352
https://doi.org/10.1210/en.2009-0352
https://doi.org/10.3390/cells8101280
https://doi.org/10.3390/cells8101280
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1016/j.jneuroim.2008.01.006
https://doi.org/10.1016/j.jneuroim.2008.01.006
https://doi.org/10.1016/j.jneuroim.2008.01.006
https://doi.org/10.1073/pnas.1531957100
https://doi.org/10.1073/pnas.1531957100
https://doi.org/10.4049/jimmunol.166.3.2080
https://doi.org/10.4049/jimmunol.166.3.2080
https://doi.org/10.4049/jimmunol.166.3.2080
https://doi.org/10.4049/jimmunol.167.1.542
https://doi.org/10.4049/jimmunol.167.1.542
https://doi.org/10.4049/jimmunol.167.1.542
https://doi.org/10.1002/jnr.10409
https://doi.org/10.1002/jnr.10409
https://doi.org/10.1073/pnas.1103833108
https://doi.org/10.1073/pnas.1103833108
https://doi.org/10.1212/WNL.52.6.1230
https://doi.org/10.1212/WNL.52.6.1230
https://doi.org/10.1523/JNEUROSCI.0886-13.2013
https://doi.org/10.1523/JNEUROSCI.0886-13.2013
https://doi.org/10.1523/JNEUROSCI.0886-13.2013
https://doi.org/10.1002/ana.10301
https://doi.org/10.1002/ana.10301
https://doi.org/10.1016/j.jns.2009.08.056
https://doi.org/10.1016/j.jns.2009.08.056
https://doi.org/10.1016/j.jns.2009.08.056
https://doi.org/10.1016/j.jns.2009.08.056
https://doi.org/10.1212/NXI.0000000000000120
https://doi.org/10.1212/NXI.0000000000000120
https://doi.org/10.1016/S1474-4422(15)00322-1
https://doi.org/10.1016/S1474-4422(15)00322-1
https://doi.org/10.1016/S1474-4422(15)00322-1
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1038/39645
https://doi.org/10.1038/39645
https://doi.org/10.1093/emboj/18.17.4608
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Receptor Beta in the Presence of a Partial Agonist and a Full
Antagonist. EMBO J. 1999, 18 (17), 4608−4618.
(522) Shiau, A. K.; Barstad, D.; Radek, J. T.; Meyers, M. J.; Nettles,
K. W.; Katzenellenbogen, B. S.; Katzenellenbogen, J. A.; Agard, D. A.;
Greene, G. L. Structural Characterization of a Subtype-Selective
Ligand Reveals a Novel Mode of Estrogen Receptor Antagonism. Nat.
Struct. Biol. 2002, 9 (5), 359−364.
(523) Levenson, A. S.; Craig Jordan, V. The Key to the
Antiestrogenic Mechanism of Raloxifene Is Amino Acid 351
(Aspartate) in the Estrogen Receptor. Cancer Res. 1998, 58 (9),
1872−1875.
(524) Heldring, N.; Pike, A.; Andersson, S.; Matthews, J.; Cheng, G.;
Hartman, J.; Tujague, M.; Ström, A.; Treuter, E.; Warner, M.;
Gustafsson, J.-Å. Estrogen Receptors: How Do They Signal and What
Are Their Targets. Physiol. Rev. 2007, 87 (3), 905−931.
(525) Nilsson, S.; Koehler, K. F.; Gustafsson, J.-Å. Development of
Subtype-Selective Oestrogen Receptor-Based Therapeutics. Nat. Rev.
Drug Discovery 2011, 10 (10), 778−792.
(526) Jordan, V. C. Antiestrogens and Selective Estrogen Receptor
Modulators as Multifunctional Medicines. 1. Receptor Interactions. J.
Med. Chem. 2003, 46, 883−908.
(527) Stauffer, S. R.; Coletta, C. J.; Tedesco, R.; Nishiguchi, G.;
Carlson, K.; Sun, J.; Katzenellenbogen, B. S.; Katzenellenbogen, J. A.
Pyrazole Ligands: Structure - Affinity/Activity Relationships and
Estrogen Receptor-α-Selective Agonists. J. Med. Chem. 2000, 43 (26),
4934−4947.
(528) Meyers, M. J.; Sun, J.; Carlson, K. E.; Katzenellenbogen, B. S.;
Katzenellenbogen, J. A. Estrogen Receptor Subtype-Selective Ligands:
Asymmetric Synthesis and Biological Evaluation of Cis- and Trans-
5,11-Dialkyl-5,6,11,12- Tetrahydrochrysenes. J. Med. Chem. 1999, 42
(13), 2456−2468.
(529) Meyers, M. J.; Sun, J.; Carlson, K. E.; Marriner, G. A.;
Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Estrogen Receptor-β
Potency-Selective Ligands: Structure-Activity Relationship Studies of
Diarylpropionitriles and Their Acetylene and Polar Analogues. J. Med.
Chem. 2001, 44 (24), 4230−4251.
(530) Minutolo, F.; Bertini, S.; Granchi, C.; Marchitiello, T.; Prota,
G.; Rapposelli, S.; Tuccinardi, T.; Martinelli, A.; Gunther, J. R.;
Carlson, K. E.; Katzenellenbogen, J. A.; Macchia, M. Structural
Evolutions of Salicylaldoximes as Selective Agonists for Estrogen
Receptor β. J. Med. Chem. 2009, 52 (3), 858−867.
(531) Malamas, M. S.; Manas, E. S.; McDevitt, R. E.; Gunawan, I.;
Xu, Z. B.; Collini, M. D.; Miller, C. P.; Dinh, T.; Henderson, R. A.;
Keith, J. C.; Harris, H. A. Design and Synthesis of Aryl Diphenolic
Azoles as Potent and Selective Estrogen Receptor-β Ligands. J. Med.
Chem. 2004, 47 (21), 5021−5040.
(532) Komm, B. S.; Mirkin, S. An Overview of Current and
Emerging SERMs. J. Steroid Biochem. Mol. Biol. 2014, 143, 207−222.
(533) Patel, H. K.; Bihani, T. Selective Estrogen Receptor
Modulators (SERMs) and Selective Estrogen Receptor Degraders
(SERDs) in Cancer Treatment. Pharmacol. Ther. 2018, 186, 1−24.
(534) Henke, B. R.; Drewry, D. H.; Jones, S. A.; Stewart, E. L.;
Weaver, S. L.; Wiethe, R. W. 2-Amino-4,6-Diarylpyridines as Novel
Ligands for the Estrogen Receptor. Bioorg. Med. Chem. Lett. 2001, 11
(14), 1939−1942.
(535) Renaud, J.; Bischoff, S. F.; Buhl, T.; Floersheim, P.; Fournier,
B.; Geiser, M.; Halleux, C.; Kallen, J.; Keller, H.; Ramage, P. Selective
Estrogen Receptor Modulators with Conformationally Restricted Side
Chains. Synthesis and Structure-Activity Relationship of ERα-
Selective Tetrahydroisoquinoline Ligands. J. Med. Chem. 2005, 48
(2), 364−379.
(536) Hill, R. A.; Kouremenos, K.; Tull, D.; Maggi, A.; Schroeder,
A.; Gibbons, A.; Kulkarni, J.; Sundram, S.; Du, X. Bazedoxifene − a
Promising Brain Active SERM That Crosses the Blood Brain Barrier
and Enhances Spatial Memory. Psychoneuroendocrinology 2020, 121,
104830.
(537) Wakeling, A. E.; Dukes, M.; Bowler, J. A Potent Specific Pure
Antiestrogen with Clinical Potential. Cancer Res. 1991, 51 (15),
3867−3873.

(538) Garner, F.; Shomali, M.; Paquin, D.; Lyttle, C. R.; Hattersley,
G. RAD1901: A Novel, Orally Bioavailable Selective Estrogen
Receptor Degrader That Demonstrates Antitumor Activity in Breast
Cancer Xenograft Models. Anti-Cancer Drugs 2015, 26 (9), 948−956.
(539) Conlan, M. G.; de Vries, E. F. J.; Glaudemans, A.; Wang, Y.;
Troy, S. Pharmacokinetic and Pharmacodynamic Studies of
Elacestrant, A Novel Oral Selective Estrogen Receptor Degrader, in
Healthy Post-Menopausal Women. Eur. J. Drug Metab. Pharmacokinet.
2020, 45 (5), 675−689.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00186
J. Med. Chem. 2021, 64, 9592−9638

9638

https://doi.org/10.1093/emboj/18.17.4608
https://doi.org/10.1093/emboj/18.17.4608
https://doi.org/10.1038/nsb787
https://doi.org/10.1038/nsb787
https://doi.org/10.1152/physrev.00026.2006
https://doi.org/10.1152/physrev.00026.2006
https://doi.org/10.1038/nrd3551
https://doi.org/10.1038/nrd3551
https://doi.org/10.1021/jm020449y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm020449y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm000170m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm000170m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm990101b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm990101b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm990101b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm010254a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm010254a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm010254a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801458t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801458t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm801458t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049719y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049719y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jsbmb.2014.03.003
https://doi.org/10.1016/j.jsbmb.2014.03.003
https://doi.org/10.1016/j.pharmthera.2017.12.012
https://doi.org/10.1016/j.pharmthera.2017.12.012
https://doi.org/10.1016/j.pharmthera.2017.12.012
https://doi.org/10.1016/S0960-894X(01)00321-3
https://doi.org/10.1016/S0960-894X(01)00321-3
https://doi.org/10.1021/jm040858p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm040858p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm040858p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm040858p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.psyneuen.2020.104830
https://doi.org/10.1016/j.psyneuen.2020.104830
https://doi.org/10.1016/j.psyneuen.2020.104830
https://doi.org/10.1097/CAD.0000000000000271
https://doi.org/10.1097/CAD.0000000000000271
https://doi.org/10.1097/CAD.0000000000000271
https://doi.org/10.1007/s13318-020-00635-3
https://doi.org/10.1007/s13318-020-00635-3
https://doi.org/10.1007/s13318-020-00635-3
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

	Seite 5_
	Diss_V104_3_Füllseiten entfernt
	16.1
	16.1 SI
	NMR-Spectra and HPLC
	AzoMDG548
	Methyl (S)-2-amino-3-(4-aminophenyl)propanoate 3
	Methyl (S,E)-2-amino-3-(4-(phenyldiazenyl)phenyl)propanoate 4
	Methyl (S,E)-2-amino-3-(4-((4-chlorophenyl)diazenyl)phenyl)propanoate 5
	AzoGW1929
	AzoGW1929-2
	2'-methyl-[1,1'-biphenyl]-4-amine 9
	AzoRosi
	AzoRosi-2
	AzoRosi-3
	AzoRosi-4

	Photophysical Characterization and Photostationary States (PSS)
	Crystallography
	Isothermal titration calorimetry (ITC)

	16.2
	16.2 SI
	16.3
	Endogenous vitamin E metabolites mediate allosteric PPARγ activation with unprecedented co-regulatory interactions
	Introduction
	Results
	Vitamin E metabolites and GA activate nuclear receptors
	GA and pioglitazone act cooperatively on PPARγ
	GA shows a double binding mode to PPARγ
	GA and pioglitazone induce opposing co-regulator interactions
	GA and pioglitazone induce different gene expression patterns

	Discussion
	Significance
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell lines

	Method details
	Chemicals and compounds
	Hybrid reporter gene assays
	PPRE reporter assay in PPARγ expressing HepG2 cells
	Production of recombinant PPARγ LBD protein for ITC
	Isothermal titration calorimetry (ITC)
	Production of recombinant PPARγ fusion protein
	PPARγ co-regulator recruitment assays
	PPARγ LBD expression, purification and crystallization
	Differential gene expression analysis
	Computational methods

	Quantification and statistical analysis
	Reporter gene assays
	Co-regulator recruitment assays
	Differential gene expression experiment




	16.3 SI
	16.4
	The orphan nuclear receptor Nurr1 is responsive to�non-steroidal anti-inflammatory drugs
	Results
	Nurr1 reveals binding site close to the activation function
	Cyclooxygenase inhibitors modulate NR4A receptors in�vitro
	Modulation of Nurr1 depends on the DNA response element
	Nurr1 ligands modulate Nurr1 dimerization
	Nurr1 recruits canonical nuclear receptor co-regulators
	Nurr1 co-regulator interactions are responsive to ligands
	NSAIDs and amodiaquine simultaneously modulate Nurr1

	Discussion
	Methods
	Reporter gene assays
	Production of recombinant RXRα and Nurr1 fusion proteins
	Nurr1 co-regulator recruitment assays
	Nurr1–nobreakRXR heterodimerization
	Nurr1 homodimerization
	Nurr1–nobreakNCoR-1 interaction
	Computational methods
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


	16.4 SI
	16.5
	16.5 SI1
	16.5 SI2
	16.5 SI3
	16.6
	16.6 SI
	16.7
	16.7 SI
	16.8



