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,7To the scientist there is the joy in pursuing truth which nearly
counteracts the depressing revelations of truth.”

H. P. Lovecraft
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3. Zusammenfassung

Adipositas ist mit vielen Begleit- und Folgeerkrankungen assoziiert und gilt als Risikofaktor
neurodegenerativer Erkrankungen wie der Alzheimerschen Erkrankung (AD). Ein wesentlicher
Pathomechanismus, der sowohl bei Adipositas als auch bei AD feststellbar ist, ist die
Neuroinflammation. Diese kann zur pro-inflammatorischen Aktivierung von Mikroglia und Astroglia
fuhren, charakterisiert durch erhdhte Expressionslevel pro-inflammatorisch wirksamer Mediatoren
wie Interleukin (IL) -1B, IL-6 und Tumornekrosefaktor-a (TNF-a). Daraus resultieren Stérungen
physiologischer Funktionen wie z.B. der effizienten Beseitigung von metabolischen
Abbauprodukten aus dem zentralen Nervensystem (ZNS). In diesem Zusammenhang wird der
Begriff ,Clearance® verwendet, um allgemein die Entfernung von Substanzen aus dem Gehirn
entweder durch Degradation im Hirngewebe selbst oder durch Abtransport aus dem ZNS zu
beschreiben. Eine Stérung der Hirn-Clearance kann die Bildung von Amyloid-B (AB) -Plaques
beginstigen und Uber nachgelagerte Mechanismen wie z. B. die Induktion neuroinflammatorischer
Prozesse zur Progression von AD beitragen.

Basierend auf Mausmodellen der Neuroinflammation, ausgelést durch Adipositas (Hochfett-
Diat (HFD) -Modell und Leptin-Defizienz (ob/ob) -Modell) oder modellietem AD-Phanotyp
(APPswe/PS1dE9 (tg) -Modell), wurde in dieser Arbeit das Zusammenspiel zwischen Ernahrung,
inflammatorischen Prozessen, AB-Pathologie und Neurodegeneration untersucht. Zunachst wurde
analysiert, ob Fehlerndhrung im Rahmen einer langzeitigen, fettreichen Diat (HFD, 60 % Fett) zu
einer persistierenden niedrigschwelligen Inflammation, manifestiert in der Leber (Studie 1) sowie
im Gehirn (Studie 2), fihren kann. Wahrend die entzindliche Infiltration mit Granulozyten und
Makrophagen zwischen HFD- und fettarmer, aber kohlenhydratreicher Diat (KD) keine
Unterschiede zeigte, konnte hinsichtlich der Expression pro-inflammatorischer Mediatoren in der
HFD-Gruppe die Induktion hepatischer TNF-a-Expression gezeigt werden, welche gegenilber der
KD tendenziell und gegentber einer weiteren Kontrollgruppe mit standardisiert-ausgewogene
Makronahrstoffdiat (SD) signifikant war. Im Gehirn fihrte die HFD nicht zu erhéhtem TNF-a-Level,
sondern zu erhohter zerebraler IL-13-Expression. Im HFD-Modell zeigten sich keine kognitiven
Unterschiede im Morris-Water-Maze-Test (MWM). Um zu untersuchen, ob Adipositas generell zu
Verhaltensanderungen fiihren kann, wurde zusatzlich im ob/ob-Modell der genetisch-induzierten
Adipositas gearbeitet (Studie 3). Hier zeigten ob/ob-Mause geschlechtsunabhangig bereits im Alter
von acht Wochen eine Reduktion der Bewegung und des explorativen Verhaltens, was generell als
angstlicher Habitus interpretiert werden kann. Die Erndhrung wurde anschlieBend als
modulierbarer Faktor zur Reduktion inflammatorischer Prozesse untersucht (Studie 4). Hier zeigte
sich im Vergleich zu fortgesetzter HFD ein positiver Effekt eines Didtwechsels von HFD zu KD auf
die Reduktion des Kérpergewichts. Eine Kombination aus KD und Laufbandtraining (LBT) oder KD,
LBT und Intervallfasten (IF) fiihrte zu signifikant reduzierter hepatischer TNF-a-Expression. Im
Gehirn scheint insbesondere die Kombination aus LBT und IF sowohl in Kombination mit HFD als
auch mit KD, flr eine verringerte zerebrale IL-1B3- und IL-6-Expression verantwortlich zu sein.
Zusatzlich wurde Erndhrung als modulierbarer Faktor der AB-Pathologie untersucht (Studie 5). Hier
zeigte eine langfristige Kalorienrestriktion (KR) bei tg-Mausen eine Besserung des Glukose-
Stoffwechsels im ZNS und eine verbesserte kognitive Leistung im MWM. AuRerdem zeigte diese
Studie zum ersten Mal, dass eine KR-induzierte Autophagie als Mechanismus der Hirn-Clearance
in tg-Mausen mit Abschwachung der AB-Pathologie und Neuroinflammation einhergeht. Um die
Hirn-Clearance weiter untersuchen zu kénnen, wurde ein Verfahren zur Gadoliniumkontrastmittel-
basierten MRT-Bildgebung etabliert (Studie 6). Die hierbei in einem longitudinalen Ansatz
gemessene Hirn-Clearance-Kapazitat konnte zunachst keine statistisch signifikanten Unterschiede
zwischen tg-Mausen und Wildtyp-Geschwistertieren zeigen. Moglicherweise ist die erwartete
Effektstarke des Alters und Genotyps auf die Hirn-Clearance kleiner als erwartet und die gewahlte
Tieranzahl auch aufgrund hoher interindividueller Variabilitdt zu niedrig, um die Unterschiede
adaquat abbilden zu kdnnen. Hier erfolgt daher aktuell noch eine Optimierung des Versuchs.

Ob und in welchem Ausmal sich Stérungen der Hirn-Clearance-Kapazitat auch in den genetischen
oder Diat-induzierten Modellen der Adipositas wiederfinden, ist kiinftig ein Forschungsfeld, das in
der Arbeitsgruppe mit der neu etablierten MRT-Methode untersucht werden soll, um
moglicherweise eine weitere pathomechanistische Verbindung zwischen Adipositas,
Neuroinflammation und AB-Pathologie aufzudecken.
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4. Einleitung
4.1 Ernahrung, Adipositas und Neuroinflammation

Die Pravalenz von Ubergewicht (BMI =25) und starkem Ubergewicht bzw. Adipositas
(BMI 230) nimmt seit Jahren kontinuierlich zu [1]. Bei beiden Krankheitsbildern kommt es zur
Gewichtszunahme, die vor allem durch eine UbermaRige Akkumulation von Fettgewebe
entsteht. Neben soziokulturellen Einflissen und mangelnder Bewegung ist Fehlernahrung mit
einem standigen Uberangebot an kalorien- und damit haufig auch fett- sowie zuckerreicher
Nahrung einer der Hauptgrinde fur die Gewichtszunahme bei Adipositas [1].

Eine Fehlerndhrung hat im Kontext von Adipositas haufig schwerwiegende gesundheitliche
Konsequenzen, darunter eine Reihe nachgewiesener Begleit- und Folgeerkrankungen z. B.
des kardiovaskularen Systems (zusammengefasst in der Ubersichtsarbeit von Ciuméarnean et
al. [2]), des muskuloskeletalen Systems (zusammengefasst in der Ubersichtsarbeit von
Anandacoomarasamy et al. [3]) und des (Auto-)Immunsystems (zusammengefasst in der
Ubersichtsarbeit von Hotamisligil [4]). Adipositas ist zusétzlich bereits seit Jahren als
Risikofaktor fur die Entstehung neurodegenerativer Erkrankungen wie der Alzheimerschen
Erkrankungen (AD) anerkannt [5-8]. Ein wesentlicher Pathomechanismus, der sowohl bei
Adipositas als auch bei AD feststellbar ist, ist die Neuroinflammation.

Es wird angenommen, dass die durch Adipositas ausgeldste Neuroinflammation aus einer
persistierenden chronisch-niedrigschwelligen Entzindung der Kdrperperipherie resultiert.

Der Begriff Entziindung wird in der Medizin nicht immer einheitlich verwendet [9], ist aber im
Allgemeinen als Reaktion des Korpers auf einen schadigenden internen oder externen Reiz
definiert, deren Ziel es ist diesen Reiz zu beseitigen, die entstandenen Schaden zu reparieren
und die Homobostase wiederherzustellen. Beteiligt dabei sind neben dem lymphatischen
System eine Vielzahl mobiler Zellen und Molekiile die dem angeborenen/unspezifischen oder
dem erworbenen/spezifischen Immunsystem zugeordnet werden kdénnen. Eine strikte
Abgrenzung zwischen angeborenem und erworbenen Immunsystem ist jedoch nicht immer
moglich [10]. Dem angeborenen Immunsystem werden beispielsweise Makrophagen und
Granulozyten als zellulare Immunabwehrmechanismen zugeordnet, wahrend auf humoraler
Ebene vor allem Interferone und das Komplement-System wirken kénnen (zusammengefasst
von Koenderman et al. [11]). Das erworbene Immunsystem ist funktionell vor allem durch
Lymphozyten charakterisiert. Auf zellularer Ebene sind vor allem T- und B-Zellen an der
spezifischen Immunantwort beteiligt, wahrend auf humoraler Ebene die von B-Zellen
gebildeten Antikdrper eine entscheidende Rolle einnehmen (zusammengefasst von Bonilla
und Oettgen [12]). Humorale und zellulare Immunantwort arbeiten fur gewdhnlich eng
orchestriert miteinander zusammen, wichtige Signalmediatoren hierbei sind Chemokine und
Zytokine [13].

Die persistierende chronisch-niedrigschwellige Entzindung bei Adipositas ist durch eine
Erhéhung von Mediatoren mit pro-inflammatorischem Potenzial wie gesattigten Fettsauren
und Zytokinen gekennzeichnet [4]. Diese Mediatoren koénnen die myeloiden Zellen des
Gehirns, dazu zahlen u.a. parenchymale Mikroglia, perivaskulare Zellen, meningeale
Makrophagen und aus dem Blut eingewanderte Monozyten [14], Uber verschiedene Wege
beeinflussen [15, 16]. Bei Adipositas sind neuroinflammatorische Prozesse vor allem im
Hypothalamus nachweisbar, was zu Dysregulationen der Hypothalamus-Hypophysen-Achse
fuhrt, die weitere Storungen der Regulierung des Korpergewichts und der Nahrungsaufnahme
beglinstigen [17] und somit zu einen Teufelskreis aus Fehlernahrung, Ubergewicht und
Neuroinflammation flihren kénnen.

4.2 Neuroinflammation, Amyloidpathologie und Neurodegeneration

Im Allgemeinen wird Neuroinflammation als Oberbegriff fir alle pro-inflammatorischen
Immunantworten im zentralen Nervensystem (ZNS) genutzt. Die Bezeichnung
Neuroinflammation wird dabei meist unabhangig vom auslésenden Ereignis, z. B. Infektionen,
Traumata, Ischamie oder Toxinen, verwendet [18] und umfasst deshalb ein sehr heterogenes
Krankheitsgeschehen hinsichtlich Kontext, Verlauf und Dauer [19]. Im Rahmen dieser Arbeit
sollen daher nur die wichtigsten Charakteristika naher betrachtet werden, die flr das
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Verstandnis von Neuroinflammation im Rahmen neurodegenerativer Erkrankungen, im
speziellen bei AD, notig sind.

Obwohl die zugrundeliegenden Ursachen vieler neurodegenerativer Erkrankungen noch nicht
im Detail verstanden sind, finden sich neuroinflammatorische Prozesse immer wieder als
gemeinsamer Pathomechanismus [20]. Neuroinflammatorische Prozesse werden daher als
wichtiger kausaler Prozess fir die Abnahme kognitiver Fahigkeiten [21, 22] sowie
Verhaltensanderungen angesehen [23, 24]. Dies trifft auch auf AD als prominenten Vertreter
neurodegenerativer Erkrankungen zu. Nach der weithin anerkannten Amyloid-Kaskaden-
Hypothese ist die Ablagerung von Amyloid-B (AB) im Gehirn das ausldésende Ereignis flr
weitere pathologische Veranderungen bei AD [25, 26]. Dennoch gibt es mittlerweile zahlreiche
Hinweise, dass diese Hypothese allein nicht ausreicht, um viele Aspekte der AD-Pathogenese
zu erklaren [27]. Die Entdeckung erhdhter Konzentrationen von Entzindungsmarkern bei
Patienten mit AD und die ldentifikation von AD-Risikogenen, die mit dem Immunsystem
vernetzt sind, legen nahe, dass Neuroinflammation eine wichtige Rolle in der Entstehung und
Progression von AD einnimmt [18, 28]. Neuroinflammation kann dabei durch AB-Ablagerungen
induziert werden, was zu weiteren krankhaften Veranderungen im ZNS bis hin zum Untergang
von Neuronen flihren kann [29, 30]. Weitere Publikationen zeigen zusatzlich einen kausalen
Zusammenhang zwischen Neuroinflammation und verstarkter AB-Akkumulation [31].
Verschiedene Grade mikroglialer und astroglialer Aktivierung werden haufig bei AD und
anderen neurodegenerativen Erkrankungen beobachtet [32, 33]. Dabei sind Mikroglia die
prominentesten im ZNS-ansassigen Immunzellen, die an der Neuroinflammation beteiligt sind
[34]. Die inflammatorische Aktivierung von Mikroglia fuhrt zu charakteristischen
morphologischen Veranderungen, bei denen diese ihre feinen Fortsatze zurtickziehen und
sowohl die Zellkoérper als auch die Fortsatze hypertroph werden [35]. Der Wechsel vom
homdostatischen zum pro-inflammatorischen Phanotyp ist aullerdem durch eine erhéhte
Expression von Zytokinen wie Interleukin (IL) -1B, IL-6 und Tumornekrosefaktor-a (TNF-a)
sowie pro-inflammatorischen Chemokinen und reaktiven Sauerstoffspezies gekennzeichnet
[36].

Neben der pro-inflammatorischen Aktivierung von Mikroglia kdnnen auch Astroglia eine solche
Aktivierung erfahren. Dabei konnte bereits gezeigt werden, dass Mikroglia die Aktivierung von
Astroglia auslésen kénnen [37]. In den so aktivierten Astroglia kommt es anschlieend zu einer
erhdhten Expression von pro-inflammatorischen Mediatoren wie IL-13, TNF-a und Stickoxiden
(NO) sowie Genen des Komplement-Systems [33]. Daraus resultierend werden
homdoostatische Funktionen, welche Astroglia physiologisch Ubernehmen, wie z. B. die
Aufrechterhaltung der Blut-Hirn-Schranke (BHS) [38, 39], aber auch die effiziente Beseitigung
metabolischer Abbauprodukte aus dem ZNS [40], gestort.

4.3 Hirn-Clearance und Amyloidpathologie

Speziell im ZNS ist aufgrund der hohen metabolischen Aktivitdt neuronaler Zellen [41] die
Homoostase des empfindlichen Gleichgewichtes aus Produktion und Abbau bzw. Abtransport
von potentiell toxischen Molekulen von besonderer Relevanz. In diesem Zusammenhang wird
der Begriff ,Clearance” verwendet, um allgemein die Entfernung von Substanzen aus dem
Gehirn Uber eine Vielzahl moéglicher, zum Teil Uberlappender Systeme zu beschreiben [42].
Die Degradations-Clearance findet lokal im Gehirn statt. Hier kommt es extrazellular zu
enzymatischem Abbau z. B. durch Proteasen, welche von Astroglia sezerniert werden [43, 44].
Nach Aufnahme der abzubauenden Molekile sowohl in Neurone als auch in Gliazellen findet
zudem ein intrazellularer Abbau u. a. Uber Autophagie-Mechanismen statt. Autophagie ist ein
hochkonservierter kataboler Prozess, bei dem beschadigte Organellen und fehlerhafte
Proteine mit Hilfe von Lysosomen abgebaut und anschliefend recycelt werden kdénnen, um
die Proteinhomdostase aufrechtzuerhalten [45].

Es konnten mittlerweile auch zahlreiche ineinandergreifende Mechanismen nachgewiesen
werden, bei denen die Clearance durch Abtransport aus dem ZNS Uber das Blut, die Lymphe
oder durch Rezirkulation in die cerebrospinale Flissigkeit (CSF) gewahrleistet wird [42]. Die
Maoglichkeit zum Transport von Proteinen tber die BHS hangt dabei von Molekulargewicht,
Grofle und Loslichkeit dieser ab [46]. Frihe Studien konnten die Relevanz spezieller
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Transportsysteme durch die BHS aus dem ZNS flr die AB-Clearance bestéatigen [47]. Neben
dem Transport Uber die BHS wurde in den letzten Jahren jedoch auch die Relevanz des
gerichteten Austauschs von interstitieller Flissigkeit (ISF) und CSF fir die Drainage
extrazellularer Flissigkeiten und die Beseitigung interstitieller Abfallstoffe im Rahmen der Hirn-
Clearance bestatigt [40, 48]. Da das Parenchym selbst Uber kein Lymphgefa3system verflgt,
haben sich dazu Gliazell-vermittelte perivaskulare Netzwerke gebildet, die als sogenanntes
glymphatisches System die Funktion des Lymphsystems im ZNS (Ubernehmen (kirzlich
zusammengefasst in der Ubersichtsarbeit von Hablitz und Nedergaard [49]). Nichtsdestotrotz
konnte auch die Existenz meningealer Lymphgefalle im Gehirn nachgewiesen werden, die
womoglich eine zentrale Schnittstelle fir die Clearance der mit der CSF zirkulierenden
Proteine darstellt [50]. Weitere Orte der CSF-Absorptionsclearance finden sich in den
Arachnoidalzotten [51] und Uber paraneurale Routen der optischen [52, 53] und olfaktorischen
Nerven [54, 55], welche schlielich in das periphere Lymphsystem dranieren.

Stérungen insbesondere bei der Hirn-Clearance wurden als pathogene Faktoren bei
verschiedenen neurodegenerativen Erkrankungen mit Proteinaggregationen identifiziert, z. B.
die Ablagerung von AB bei AD [56]. Der Akkumulation von AR liegt ein Ungleichgewicht
zwischen dessen Produktion und Clearance zugrunde [57]. Insbesondere bei der wesentlich
haufiger auftretenden sporadischen AD wird spekuliert, dass eine verminderte Clearance
malfdgeblich zur AD-Pathogenese beitragt [58]. Hierbei wird angenommen, dass Stérungen der
Hirn-Clearance die Bildung von ApB-Plaques beglnstigen und so uber nachgelagerte
Pathomechanismen wie z. B. die Induktion neuroinflammatorischer Prozesse zur Progression
von AD beitragen [59]. Dariber hinaus ist AR selbst in der Lage, den Abtransport Uber die
beschriebenen Hirn-Clearance-Routen zu beeintrachtigen [60, 61]. Aufgrund dieses
Kausalitats-Dilemmas steht in der aktuellen Grundlagenforschung weiterhin die Frage nach
der genauen zeitlichen Abfolge der einzelnen pathologischen Veranderungen im Raum.

4.4 Mausmodelle in der Grundlagenforschung fir die Erforschung
des Zusammenhangs zwischen Ernahrung, Neuroinflammation
und Amyloidpathologie

Tiermodelle spielen in der Erforschung von neurologischen und verhaltensbezogenen, jedoch
auch entzdndlichen Korrelaten des menschlichen Alterns eine entscheidende Rolle.
Insbesondere murine Modelle werden aufgrund ihrer vergleichsweise glinstigen Unterhaltung
und einfachen Handhabbarkeit, der guten genetischen Charakterisierung sowie
verhaltnismalig einfachen Manipulierbarkeit haufig zur Klarung experimenteller
Fragestellungen in der Grundlagenforschung genutzt [62]. Zuséatzlich weisen die
durchschnittlichen Lebenserwartungskurven von Mausen vergleichbare Muster in der
Abnahme des Allgemeinzustandes in Verbindung mit normalen und pathologischen
Alterungsprozessen wie beim Menschen auf [62].

Aufgrund des bereits beschriebenen Zusammenhangs zwischen metabolischen Stérungen
und Neurodegeneration eignen sich murine Adipositas-Modelle zur Erforschung
neuroinflammatorischer und neurodegenerativer Prozesse. Es gibt eine Vielzahl von Modellen,
die auf veranderten Diaten wie der Cafeteria-Diat oder einer Hoch-Fett-Diat (HFD) beruhen
[63, 64]. In diesen Modellen entsteht der Phanotyp Uber einen langeren Zeitraum, wobei die
authentischere Darstellung der humanen Adipositas-Pathologie hervorgehoben wird [65].
Daneben kann die Adipositas im Mausmodell auch genetisch induziert werden. Ein haufig
genutztes Modell sind Leptin-defiziente (ob/ob)-Mause, die aufgrund abnormaler Leptin-
Signalubertragung uUbermafRig viel Nahrung zu sich nehmen [66]. Durch die stetige
Nahrungsaufnahme kommt es in diesem genetischen Modell bereits in sehr jungem Alter zur
Auspragung einer Adipositas [67].

Zur Abbildung neuroinflammatorischer Prozesse bei neurodegenerativen Erkrankungen wie
AD wurde ebenfalls eine Vielzahl genetisch veranderter Phanokopien der humanen AD-
Pathologie in Mausmodellen etabliert [68]. Basierend auf der Amyloid-Kaskaden-Hypothese
[25, 26] konzentriert sich die Mehrheit der Modelle auf bekannte Mutationen in den Genen fir
das Amyloid-Precursor-Protein (APP) und/oder den Presenilinen (PS), die aus hereditaren AD-
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Formen bekannt sind. Hier zdhlen z. B. 5xFAD-Mause [69], ARTE10-Mause [70] oder
APPswe/PS1dE9-Mause [71] zu den haufig genutzten Modellen. Die Mauslinien
unterscheiden sich meist in den spezifischen Mutationen, aber auch in verwendeten
Promotoren und genetischen Hintergrinden. In der aktuellen Forschung sind doppelt
transgene APP/PS1-Mause weit verbreitet, da der synergistische Effekt von mutiertem APP
und PS1 im Vergleich zu monogenen Linien ein friheres Auftreten der nachweisbaren AB-
Pathologie und einen schnelleren Krankheitsverlauf ermdglicht [72].

Bisher spiegeln die verschiedenen Mausmodelle fir Neuroinflammation und
Neurodegeneration jeweils nur gewisse Teilaspekte dieser hochkomplexen Patho-
mechanismen wider. Daher ist die Auswahl des am besten geeigneten Modells fir die jeweilige
Forschungshypothese von entscheidender Bedeutung [73—75].
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4.5 Wissenschaftliche Hypothesenableitung

Basierend auf Mausmodellen fir die Untersuchung der Neuroinflammation, ausgeldst durch
Adipositas (HFD- und ob/ob-Modell) oder modellietem AD-Phanotyp (APPswe/PS1dE9
Modell), und auf Grundlage des dargestellten aktuellen Standes der Wissenschaft soll in dieser
Arbeit das Zusammenspiel zwischen Ernahrung, inflammatorischen Prozessen, AB-Pathologie
und Neurodegeneration untersucht werden. Zusatzlich soll beleuchtet werden, ob es einen
moglichen Zusammenhang zwischen den genannten pathologischen Veranderungen und
Stérungen der Hirn-Clearance-Funktion gibt. Dazu wurden nachfolgende Hypothesen
abgeleitet:

Fehlerndhrung im Rahmen einer langzeitigen, fettreichen Diat fuhrt zu einer
persistierenden niedrigschwelligen systemischen Inflammation, manifestiert als
organstandige Inflammation in der Leber (Studie 1), sowie zu Neuroinflammation
(Studie 2).

Adipositas flhrt zu Verhaltensanderungen (Studie 3).

Ernahrungsintervention (Didatwechsel) kann als therapeutischer Ansatz der Adipositas
angesehen werden und mindert die persistierende niedrigschwellige Inflammation
(Studie 4).

Ernahrungsintervention (Kalorienrestriktion) kann zu einer Steigerung der Hirn-
Clearance uber Autophagie-Mechanismen und damit zu einer Reduktion der Belastung
durch AB-Plaques sowie zu einer reduzierten Neuroinflammation fuhren (Studie 5).

Kontrastmittelbasierte Bildgebung kann in vivo genutzt werden, um die Hirn-Clearance-
Kapazitat einschatzen zu kénnen (Studie 6).
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5. Material und Methoden

Die detaillierte Beschreibung der angewandten Methodik und der verwendeten Materialien der
bereits publizierten Studien 1-5 ist den jeweiligen Originalarbeiten im Anhang zu entnehmen.
Im nachfolgenden Text werden daher nur die flr das Verstandnis dieser Dissertation wichtigen
Methoden der bisher noch nicht verdffentlichten Studie 6 naher erldutert.

5.1 Tierexperimentelle Arbeiten

Die in dieser Arbeit genutzten Mausmodelle (HFD, ob/ob und APPswe/PS1dE9) sind detailliert
in den jeweiligen Publikationen (im Anhang: Veroffentlichte Originalarbeiten ab Seite 43) zu
finden. Alle tierexperimentellen Arbeiten erfolgten mit Genehmigung des o6rtlichen
Tierversuchsausschusses Landesamt fir Landwirtschaft, Lebensmittelsicherheit und
Fischerei (LALLF) des Landes Mecklenburg-Vorpommern (LALLF M-V/TSD/7221.3-2-002/14,
genehmigt am 07.03.2014; LALLF M-V/TSD/7221.3-2-001/18, genehmigt am 01.03.2018;
sowie LALLF M-V/TSD/7221.3-2-009/20, genehmigt am 11.05.2020)] und unter Beachtung
der ARRIVE-RiIchtlinien. Alle Tiere erhielten eine Betreuung gemal der EU-Richtlinie
2010/63/EU.

5.2 Gadoliniumkontrastmittel (GBCA) -basierte Bildgebungs-
untersuchungen zur Evaluation der Hirn-Clearance-Kapazitat

In Studie 6 wurden longitudinale Untersuchungen im Alter von sechs, neun und zwolf Monaten
bei n = 9 APPswe/PS1dE9 (tg) -Mausen und n = 9 Wildtyp (wt) -Geschwistertieren mit einem
Scan-Protokoll durchgefuhrt, das aus einer hoch-T2w Inv. Rec. RARE (FLAIR)-Sequenz
bestand: T2w RARE Inv. Rec. transversal: TE/TR/TI: 37 ms/10000 ms/1800 ms, Echo-
Abstand: 12,333 ms, Rare-Faktor: 8, FoV: 20 x 21 mm, Bildmatrix: 234 x 246, Auflésung:
85 x 85 um, Schichtdicke: 500 um, Schichten: 16, TA: 3:50 min/s. Fir eine Untergruppe aus
n = 6 tg-Tieren und n=6 wt-Tieren im Alter von neun und zwdlf Monaten wurde abwechselnd
eine T1w-RARE-Sequenz und eine hoch-T2w FLAIR-Sequenz verwendet, so dass T1w-Bilder
zusatzlich zur Beurteilung von parenchymalen Veranderungen verwendet werden konnten:
T1w RARE transversal: TE/TR: 16ms/1160ms, Rare-Faktor: 8, FoV: 20 x 21 mm, Bildmatrix:
234 x 246, Aufibsung: 85 x 85 um, Schichtdicke: 500 um, Schichten: 16, TA: 2:40 min/s.
Beide Verfahren wurden einmal vor (=Baseline) und wiederkehrend fur 180-182 min nach
GBCA-Applikation durchgefihrt. Nach den Baseline-Scans mit beiden Sequenzen erhielten
die Mause das GBCA Gadotersaure (DOTAREM® 0,5 mmol/l, Guerbert) in einer Dosierung
von 0,025 ml/g Kérpergewicht als Bolus Uber einen Schwanzvenenkatheter. Im Rahmen der
bildgebenden Untersuchung wurden Mause mit 1,5-2,5% Isofluran (Baxter,
UnterschleiBheim, Deutschland) und Sauerstoff (Air Liquide, Hamburg, Deutschland)
anasthesiert. Die Mause wurden in Bauchlage in einen 7-Tesla-Kleintier-Scanner fur
Magnetresonanztomographie (MRT) (Bruker BioSpin GmbH, Ettlingen, Deutschland) gelegt,
der mit einer 'H-Kryo-Sende-/Empfangsspulenanordnung mit zwei Elementen ausgestattet
war. Die Korperkerntemperatur der Tiere wurde mit Hilfe eines temperaturgesteuerten
Heizkissens auf 37 °C gehalten.

Die T2w-Aufnahmen zeigen CSF hypointens gegenuber dem Hirnparenchym [76]. Nach
Injektion des GBCA sorgt dies fur eine gréitmdgliche Signalintensitadtsdnderung zur
Begutachtung der ventrikuldaren Clearance in den CSF-gefillten Raumen. Demgegeniber
eignen sich T1w-Aufnahmen vor allem zur Untersuchung der GBCA-induzierten
Signalintensitatsanderungen im Hirnparenchym selbst [77, 78], welche ein Anhaltspunkt fur
die Effizienz des Austauschs von CSF und ISF im Rahmen der glymphatischen Clearance sein
kann.

Voxelwerte wurden in manuell eingegrenzten Bereichen von Interesse (engl. Volumes of
Interest, VOI) in den Ventrikeln (in T2w-Bildern) und im Hirnparenchym (T 1w-Bilder) bestimmt
(Abbildung 1 A und B). Die anschlieRende Datenanalyse wurde mit PMOD-Software (Version
3.7; PMOD Technologies) durchgefiihrt. Mit der eingebauten Funktion ,calculate selected VOI
statistics® wurden mittlere Voxelwerte als Mall fir die Helligkeit/Signalintensitat im
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ausgewahlten VOI berechnet. Auf Grundlage dieser Werte wurden Intensitats-Zeit-Kurven
erstellt, welche die relative Veranderung der mittleren Voxelwerte der VOlIs als Prozentsatz
ausgehend vom Ausgangsniveau (=0 %) zeigen. Die weitere Analyse dieser Intensitats-Zeit-
Kurven wurde mit der Software IgorPro (V6.37, WaveMetrics) durchgefiihrt. Der Anstieg der
Signalintensitat nach GBCA-Injektion und der anschlieRende Abfall des Signals wahrend der
Auswaschphase wurden mit einer Modellfunktion beschrieben, die aus einer
Exponentialfunktion flir den Anstieg, addiert mit einer Exponentialfunktion fir den Abfall,
besteht. Dieses Modell wurde aufgrund der Annahme gewahlt, dass die GBCA-Anreicherung
und -Ausschwemmung in den Ventrikeln zu einem groRRen Teil diffusionsgetriebene Prozesse
sind, die sich typischerweise gut mit einem exponentiellen Ansatz beschreiben lassen. Werden
alle experimentellen Daten an diese Modellfunktion angepasst, ergeben sich die
exponentiellen Konstanten fur den ansteigenden bzw. den abfallenden Teil jeder Intensitats-
Zeit-Kurve (schematisch dargestelltin Abbildung 1 C). Da diese Konstanten fir die Anflutungs-
und die Auswaschphase unabhangig von der Signalintensitat sind, kdnnen sie direkt fir den
Vergleich zwischen den Tieren verwendet werden, ohne dass eine weitere Normalisierung der
Daten erforderlich ist.

A C

Konstanteder  Konstante der
Anflutung Auswaschung

Abbildung 1: Schematische Abbildung zur Auswertung von MRT-Bildern. A) Volumes of Interest (VOI) in T2-
gewichteten Bildern im vierten (dunkelblau, linkes Bild) und im dritten Ventrikel (pink) sowie den beiden lateralen
(tirkis und grtin) Ventrikeln (rechtes Bild). B) VOI im Hippocampus (blau) in einem T1-gewichteten Bild. C)
Schematische Darstellung der Intensitdts-Zeit-Kurven, an denen die Konstanten fiir Anflutung und Auswaschung
mit Hilfe des Anstiegs (gestrichelte gelbe Linien) ermittelt wurden. Der Anstieg wurde mit einer Modellfunktion
errechnet, die aus einer Exponentialfunktion fiir den Anstieg, addiert mit einer Exponentialfunktion fiir den Abfall,
besteht.
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6. Ergebnisse
6.1 Studie 1

In der vorliegenden Studie [79] wurde mit Hilfe einer 24-wochigen HFD ein Adipositas-
Mausmodell generiert, das mit zwei Kontrollgruppen verglichen wurde. Die erste
Kontrollgruppe erhielt eine fettarme, aber kohlenhydratreiche Diat (KD), die zweite Gruppe
eine standardisiert-ausgewogene Makronahrstoffdiat (SD). Die Arbeit zielte darauf ab, das pro-
inflammatorische Potenzial der Diat-induzierten Adipositas (von engl. diet-induced obesity,
DIO) auf die Leber zu charakterisieren.

Sowohl im auleren Erscheinungsbild (Abbildung 2 A) als auch im Koérpergewicht (Abbildung
2 B) unterschieden sich die Mause der HFD-Gruppe deutlich von denen der KD- und SD-
Gruppe (p < 0,0001). In situ zeigte sich eine Aufhellung der Lebern sowohl in der HFD- als
auch in der KD-Gruppe im Vergleich zur SD-Gruppe, was auf Fetteinlagerungen hindeutete
(Abbildung 2 C). Die Analyse der Lebergewichte ergab signifikant erhéhte Werte in der HFD-
Gruppe (p < 0,0001 vs. KD-Gruppe; p = 0,013 vs. SD-Gruppe; Abbildung 2 D). Mikroskopisch
zeigte sich zudem in HE-gefarbten Praparaten der HFD-Gruppe eine Steatose mit einem
signifikant erhdhten Leberfettanteil in der HFD-Gruppe (p < 0,0007 vs. KD und SD, Abbildung
2 Eund F). Als zusatzlicher Befund zeigte sich in Mausen der KD-Gruppe ein signifikant
erhohter hepatischer Cholesterolgehalt gegeniber der HFD-Gruppe (p = 0,0240, Abbildung
2 K).

Erste Ergebnisse aus HE-gefarbten Praparaten zeigten zudem erhohte lobulare
Entziindungsherde in der HFD-Gruppe im Vergleich zur SD- (p = 0,0030), nicht aber zur KD-
Gruppe. Zum spezifischeren Nachweis der organischen Manifestation einer
niedrigschwelligen Entzindung in der Leber wurden die entzindlichen Infiltrate der CAE”*
(Granulozyten) und F4/80* (Makrophagen) in der Leber relativ zur Gesamtzahl der
Hepatozyten quantifiziert (Abbildung 2 G-J). Es zeigten sich signifikante Unterschiede
zwischen der HFD- und SD-Gruppe (CAE*: p = 0,0003; F4/80": p = 0,0002), nicht jedoch
zwischen HFD- und KD-Gruppe. Aul3erdem gab es bei beiden Analysen einen signifikanten
Unterschied zwischen beiden Kontrollen (CAE™: p < 0,0001; F4/80": p = 0,006).

Neben der entziindlichen Infiltration mit Granulozyten und Makrophagen wurde auch die
Expression pro-inflammatorischer Mediatoren in der Leber untersucht. Dabei wurde
insbesondere die hepatische mRNA-Expression der pro-inflammatorischen Zytokine il-18, il-6
und tnf-a quantifiziert (Abbildung 2 L). Die Ergebnisse zeigen insgesamt einen heterogenen
Effekt der verschiedenen Diaten auf die Zytokin-Expression. Die il-18-mRNA-Expression in
der KD-Gruppe war signifikant niedriger als in der HFD- und SD-Gruppe (p < 0,0001 vs. HFD-
Gruppe; p =0,0021 vs. SD-Gruppe). Erstaunlicherweise war dies bei der il-6-mRNA-
Expression genau umgekehrt, und die KD-Gruppe zeigte im Vergleich zur HFD- und SD-
Gruppe eine signifikant héhere Expression (p = 0,0106 vs. HFD-Gruppe; p = 0,0124 vs. SD-
Gruppe). Nur die tnf-a-mRNA-Expression war erwartungsgemaf in der HFD-Gruppe am
héchsten, was im Vergleich zur SD-Gruppe signifikant war (p = 0,0052), nicht aber gegenlber
der KD-Gruppe. Dartiber hinaus wurde eine signifikante Erhéhung der tnf-a-mRNA-Expression
in der KD-Gruppe im Vergleich zur SD-Gruppe (p = 0,005) festgestellt.

Zusammenfassend wurden in der vorliegenden Studie die Auswirkungen einer HFD im
Vergleich zu zwei verschiedenen Kontrolldiaten untersucht. Dabei zeigte sich nur im Vergleich
zwischen HFD und SD ein signifikanter Effekt auf die entztuindliche Infiltration mit Granulozyten
und Makrophagen, nicht jedoch im Vergleich zur KD. Bei Begutachtung der Expression pro-
inflammatorischer Mediatoren konnte jedoch sowohl tendentiell gegenliber KD als auch
signifikant gegenuber SD die Induktion der mRNA-Expression des pro-inflammatorisch
wirksamen TNF-a durch HFD gezeigt werden.
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Ergebnisse

E) HE-Farbung Leber
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Abbildung 2: Ubersicht zum Vergleich der Mé&use der Hoch-Fett-Digt (HFD, n=29) mit Mé&usen auf
kohlenhydratreicher Diédt (KD, n = 15) oder standardisiert-ausgewogener Makronéhrstoffdiat (SD, n = 15). Alle
Werte dargestellt als MittelwerttStandardabweichung. A) Reprdsentative Bilder des Phénotyps von Méausen der
HFD-, KD- und SD-Gruppe. B) Kérpergewicht der Mduse. Die Signifikanz der Unterschiede zwischen den Gruppen
wurde mittels Brown-Forsythe und Welch-ANOVA mit angeschlossenem Tukey Post-hoc-Test gepriift,
****p < 0,0001. C) Reprdsentative in situ-Bilder der Lebern von Méusen der HFD-, KD- und SD-Gruppe.
D) Lebergewicht der verschiedenen Gruppen. Signifikanz der Unterschiede zwischen den Gruppen wurde mittels
einfacher ANOVA nach Réngen (Kruskal-Wallis) und anschlieBendem Tukey Post-hoc-Test gepriift;
¥ p < 0,0001, **p<0,01. E)Reprédsentative HE-gefdrbte Leberprdparate (200-fache Vergréerung,
MaRstabsbalken 50 um). F) Prozentualer Anteil des vesikuldren Fettgehalts in der Leber. Signifikanz der
Unterschiede zwischen den Gruppen wurde mittels Brown-Forsythe und Welch-ANOVA sowie anschlieBendem
Tukey Post-hoc-Test gepriift, ****p <0,0001, ***p<0,001. G) Reprasentative Bilder CAE-gefarbter
Leberpréparate (CAE*-Zellen durch Pfeile gekennzeichnet, 400-fache VergréBerung, Mal3stabsbalken 20 um).
H) Relative Anzahl der Granulozyten (CAE*) im Verhéltnis zur Anzahl der Hepatozyten. Signifikanz der
Unterschiede zwischen den Gruppen wurde mittels einfacher ANOVA nach Réngen (Kruskal-Wallis) und
anschlieBendem Tukey Post-hoc-Test gepriift, **** p < 0,0001, ***p < 0,001. |) Représentative F4/80-geférbte
Leberpréparate mit (F4/80*-Zellen rot, 400-fache Vergré3erung, Mal3stabsbalken von 20 um). J) Relative Anzahl
der Makrophagen (F4/80*) im Verhéltnis zur Anzahl der Hepatozyten. Signifikanz der Unterschiede zwischen den
Gruppen wurde mittels einfacher ANOVA und anschlieBendem Tukey Post-hoc-Test gepriift, *** p< 0,001,
**p < 0,01. K) Cholesterolgehalt [ug/mg] in der Leber. Signifikanz der Unterschiede zwischen den Gruppen wurde
mittels einfacher ANOVA nach Réngen (Kruskal-Wallis) und anschlieBendem Tukey Post-hoc-Test gepriift,
*p <0,05. L) mRNA-Expression der Zytokine il-1B, il-6 und tnf-a in der Leber. Signifikanz der Unterschiede
zwischen den Gruppen wurde mittels einfacher ANOVA (il-18) oder einfacher ANOVA nach Réngen (Kruskal-
Wallis) (il-6 und tnf-a) und anschlieendem Tukey Post-hoc-Test gepriift, **p < 0,01, *p < 0,05.
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6.2 Studie 2

In der vorliegenden Studie 2 [80] wurde ebenfalls in dem 24-wdchigen HFD-Mausmodell im
Vergleich zu einer KD gearbeitet, um das pro-inflammatorische Potenzial der DIO auf das
Gehirn durch eine Kombination aus /n-vivo-PET-Analysen mit 2-['®F]fluoro-2-deoxy-D-glucose
(['®F]FDG) und  (4S)-N,N-Diethyl-9-[2-['®F]fluoroethyl]-5-methoxy-2,3,4,9-tetrahydro-1H-
carbazole-4-carboxamide  (flutriciclamide, ['®F]JGE-180) und Ex-vivo-histologischen
und -biochemischen Analysen von Gehirngewebe zu untersuchen.

In Ubereinstimmung mit Studie 1 konnte auch hier die Auspragung eines DIO-Phanotyps in
der HFD-Gruppe gezeigt werden. Die Auswirkungen des DIO-Phanotyps auf den Glucose-
Stoffwechsel im ZNS wurden in vivo mittels ['®FJFDG-PET analysiert. Es zeigte sich ein
statistisch signifikanter Unterschied im korrigierten standardisierten Aufnahmewert (engl.
standardized Uptakevalue, SUVgcc) zwischen beiden Diaten (F24 = 14,5, p = 0,0009) im
Kortex (p =0,0042), Hippocampus (p =0.0004) und Hypothalamus (p = 0,0006) als
ausgewertete Zielregionen.

Um die Auswirkungen des DIO-Phanotyps auf die Entziindung im ZNS in vivo zu beobachten,
wurde eine ['®F]GE-180-PET-Bildgebung durchgefiihrt. Wahrend der Analyse wurde aufgrund
bisher nicht beschriebener Referenzméglichkeiten bei dem genutzten Analyseansatz auf
weitere Normalisierungsschritte verzichtet und das Messergebnis als prozentuale injizierte
Dosis pro ml (%ID/ml) dargestellt. Fur alle drei Zielregionen (Kortex, Hippocampus und
Hypothalamus) waren die %ID-Werte in der HFD-Gruppe tendenziell erhéht, zeigten jedoch
keinen statistisch signifikanten Effekt der entsprechenden Erndhrung zwischen KD und HFD
(F1,21) = 1,691, p =0,2075). Als Parameter zur Evaluation des mdglichen Einflusses einer
Neuroinflammation auf die kognitive Leistung wurde der MWM-Test durchgeflhrt. Hier zeigte
die HFD lediglich einen Einfluss auf die Schwimmgeschwindigkeit (p = 0,0042). Es gab jedoch
keine statistisch signifikanten Unterschiede zwischen HFD und KD hinsichtlich der Latenzzeit
zum Auffinden der Plattform, der Zeit, die im korrekten Quadranten verbracht wurde oder der
Frequenz, mit der die Plattformflache gekreuzt wurde.

Zur Analyse einer organstdndigen Manifestation der persistierenden systemischen
niedrigschwelligen Inflammation der DIO im Gehirn wurden anschlieRend weitere Ex-vivo-
Analysen durchgefiihrt. Zunachst erfolgten histologische Analysen, um eine pro-
inflammatorische zelluldre Immunreaktion im Gehirn bewerten zu kénnen. Dazu wurden
Praparate mit immunhistochemischen Reaktionen auf haufig verwendete Marker fir Mikroglia-
Aktivierung (TSPO, Iba1l und TMEM119) und Astroglia-Aktivierung (GFAP) quantifiziert. In
dem mit Iba1 reagierten Gewebe wurde die morphologische Aktivierung der Mikroglia
aullerdem als Ramifikations-Index (Ri) bewertet. Dartber hinaus wurde fir tspo, iba7 und gfap
eine mMRNA-Expressionsanalyse durchgefihrt, um die immunhistochemischen Reaktionen zu
erganzen. Keine der beschriebenen Analysen zeigte einen statistisch signifikanten
Unterschied zwischen der HFD- und der KD-Gruppe.

Zusatzlich wurde auch die mMRNA-Expression der Zytokine il-16, il-6 und tnfa als Indikatoren
fur eine Neuroinflammation bei langfristiger HFD analysiert (Abbildung 3 E). Die PCR-Analyse
des Hirngewebes ergab statistisch signifikant erhéhte Werte von pro-inflammatorischem il-18
(p =0,0224) sowie eine Tendenz zu erhdhtem il-6 (p = 0,0763), aber keinen statistisch
signifikanten Unterschied der tnf-a mRNA-Expression (p = 0,8261).

Zusammenfassend stellen sich in dieser Arbeit die Auswirkungen einer HFD im Vergleich zu
einer KD auf die organstandige niedrigschwellige Inflammation im Gehirn ahnlich wie in der
Leber (Studie 1) dar. Hinsichtlich der Beteiligung von Mikro- und Astroglia an der
Entzindungsreaktion unterschieden sich beide Gruppen nicht signifikant, jedoch zeigte die
HFD die Induktion einer erhdhten mRNA-Expression des pro-inflammatorischen Zytokins /-

1B.
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Abbildung 3: Ubersicht zum
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6.3 Studie 3

In der vorliegenden Studie 3 [81] wurde im genetischen ob/ob-Modell der Adipositas gearbeitet
und die durch Adipositas ausgeldsten Verhaltensanderungen naher untersucht. Dazu wurden
sowohl weibliche als auch mannliche ob/ob-Mause im Alter von acht, 24 und 40 Wochen mit
ihren zugehodrigen wt-Geschwistertieren zwei gangigen Verhaltenstests, dem offenen-Feld-
Test (OF, Abbildung 4 A) und dem erhdhten Plus-Labyrinth (engl. Elevated Plus Maze, EPM,
Abbildung 4 B), unterzogen, um geschlechts- und altersabhangig Adipositas-bedingte
Verhaltensdnderungen zu untersuchen.

Dabei wurde zunachst die Etablierung eines adipésen Phanotyps in den ob/ob-Mausen
abgesichert. Sowohl das Koérpergewicht (i) als auch das viszerale (ii) und subkutane Fett (iii)
war bei ob/ob-Mausen im Vergleich zu den wt-Geschwistertieren signifikant erhdht. Die
Analyse mittels dreifacher ANOVA ergab einen starken Effekt des Genotyps (i: p < 0,0001,
F,78) = 360,5; ii: p <0,0001, Fi1,69 = 184,3; iii: p <0,0001, F1,58 = 483,1). Daruber hinaus
zeigen die Daten einen starken Effekt des Alters (i: p < 0,0001, F27¢) = 63,98; ii: p < 0,0001,
Fe9 = 13,64; iii: p < 0,0001, F(2,58 = 46,70), aber keinen geschlechtsspezifischen Effekt.

In Bezug auf die Verhaltensanderungen mit Fokus auf Bewegungsparameter zeigte die
statistische Analyse, dass der Genotyp flr die Verhaltensanderung bei ob/ob-Mausen im
Vergleich zu ihren wt-Geschwistertieren mafigeblich verantwortlich war (p < 0,0001 fur alle,
OF: Geschwindigkeit F(1,64 = 198,6; Eintritt ins Zentrum F,63 = 80,41; Eintritt in Peripherie
F.64 = 90,87, EPM: Geschwindigkeit Fp,77 = 132,2; Eintritt in offene Arme F7¢ = 21,5;
Eintritt in geschlossene Arme F,77 = 105,5). Hierbei wurden alle korrelierenden Parameter
von weiblichen und mannlichen ob/ob- und wt-Mausen im Alter von acht, 24 und 40 Wochen
zur Analyse genutzt. Die ob/ob-Mause zeigten bereits im Alter von acht Wochen signifikante
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Veranderungen im Vergleich zu den wt-Mausen, daher scheint das Alter bei den Adipositas-
bedingten Verhaltensanderungen der ob/ob-Mause eine untergeordnete Rolle zu spielen. Aus
diesem Grund wurden fir die weiteren Post-hoc-Analysen die Datensatze fir Geschlecht und
Alter zusammengeflhrt. Dabei zeigte sich, dass die in OF gesammelten Daten zur
Gesamtdistanz und Geschwindigkeit bei ob/ob-Mausen im Vergleich zu wt-Geschwistertieren
signifikant reduziert waren (p < 0,0001, Abbildung 4 C). Ebenso waren die Zeiten, die im
Zentrum und in der peripheren Zone verbracht wurden, bei ob/ob-Mausen im Vergleich zu
wt-Geschwistertieren signifikant reduziert (p < 0,0001, Abbildung 4 C). Auch im EPM zeigten
sich signifikante Unterschiede in der zurlckgelegten Strecke und der Geschwindigkeit
(p < 0,0001, Abbildung 4 D) zwischen beiden Gruppen. Die ob/ob-Mause besuchten im
Vergleich zu wt-Geschwistertieren signifikant weniger offene und geschlossene Arme
(p <0,0001, Abbildung 4 D). Aullerdem zeigten ob/ob-Mause im Vergleich zu
wt- Geschwistertieren ein signifikant reduziertes exploratives Verhalten, charakterisiert durch
reduziertes Aufrichten (p = 0,0020), Strecken nach vorne (p = 0,0020) und durch das Lehnen
Uber den Rand hinaus nach unten (p < 0,00017) (Abbildung 4 E).
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Abbildung 4: Ubersicht zum Vergleich des Verhaltens von Leptin-defizienten (ob/ob) -Mé&usen und Wildtyp (wt)
Geschwistertieren im offenes-Feld-Test (OF) und Elevated Plus Maze (EPM). A) Représentative Heatmap eines
Durchlaufs fiir wt und ob/ob im OF. B) Représentative Heatmap eines Durchlaufs fiir wt und ob/ob im EPM.
C) Auswertung der Bewegungsparameter Geschwindigkeit [cm/s] sowie Eintritt in das Zentrum und die Peripherie
im OF (wt: n = 46, ob/ob: n = 40). D) Auswertung der Bewegungsparameter Geschwindigkeit [cm/s] sowie Eintritt
in offene und geschlossene Arme im EPM (wt: n = 45; ob/ob: n = 45). E) Auswertung der Verhaltensparameter
JSAufrichten®, ,Nach vorn Strecken® und ,Nach unten Lehnen” im EPM (wt: n = 11, ob/ob: n = 12). Signifikanz der
Unterschiede zwischen den Gruppen wurde mittels ungepaartem t-Test gepriift, ** p < 0,01 **** p < 0,0001.

Zusammenfassend konnte diese Studie zeigen, dass eine genetisch-induzierte Adipositas im
ob/ob-Modell geschlechtsunabhangig bereits im Alter von acht Wochen zu robusten
Veranderungen im Verhalten flhrt. Hier zeigten die ob/ob-Mause im Vergleich zu ihren
wt-Geschwistertieren ein reduziertes Bewegungsmuster und ein reduziertes exploratives
Verhalten, was generell als Anzeichen eines angstlichen Habitus interpretiert werden kann.
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6.4 Studie 4

In Studie 4 [82] wurde erneut im Modell der DIO gearbeitet. Im Anschluss an die Etablierung
einer DIO durch 24-woéchige HFD-Fltterung wurde die therapeutische Wirkung von
Interventionen auf die persistierende niedrigschwellige Inflammation evaluiert. Die genutzten
Interventionen waren Diatwechsel auf KD, Intervallfasten (IF) oder Laufbandtraining (LBT) und
diese wurden, wie in Abbildung 5 A dargestellt, allein oder in Kombination fir insgesamt
weitere sechs Monate durchgefuhrt.
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Abbildung 5: A) Experimenteller Ablauf und B-E) Ergebnisse der Untersuchung zur therapeutischen Wirkung der
Interventionen Didtwechsel zu kohlenhydratreicher Kontroll-Didt (HFD/KD), Laufbandtraining (LBT) und
Intervallfasten (IF) auf Méuse, die durch Hoch-Fett-Diét (HFD) einen Phénotyp der Diat-induzierten Adipositas (DIO)
entwickelt haben. B) Quantifizierung von Kérpergewicht und dem Verhéltnis aus viszeralem und subkutanem Fett
zum Kérpergewicht dargestellt als MittelwerttStandardabweichung. Signifikanz der Unterschiede zwischen den
Gruppen wurde mittels einfacher ANOVA und anschlieBendem Tukey Post-hoc-Test getestet, *** p < 0,001,
****p < 0,0001. C) Relative Anzahl der Granulozyten (CAE*) und Makrophagen (F4/80%) im Verhéltnis zur Anzahl
der Hepatozyten dargestellt als MittelwerttStandardabweichung. Signifikanz der Unterschiede zwischen den
Gruppen wurde mittels einfacher ANOVA und anschlieBendem Tukey Post-hoc-Test getestet. D) mRNA
Expressionsanalyse der pro-inflammatorischen Zytokine il-1B, il-6 und tnf-a in der Leber, dargestellt als
Mittelwert+Standardabweichung. Signifikanz der Unterschiede zwischen den Gruppen wurde mittels Brown—
Forsythe und Welch-ANOVA mit anschlieBendem Tamhane-T2 Post-hoc-Test getestet **p < 0,01, *p < 0,05.
E) mRNA-Expressionsanalyse der pro-inflammatorischen Zytokine iL-18B, iL-6 und tnfa im Gehirn, dargestellt als
MittelwerttStandardabweichung. Signifikanz der Unterschiede zwischen den Gruppen wurde mittels einfacher
ANOVA und anschlieBendem Tukey Post-hoc-Test getestet **p < 0,01, *p < 0,05.

Nach EinfUhrung der Interventionen flhrte nur die Erndhrungsumstellung auf KD allein
(p < 0,0001) oder in Kombination mit LBT (p < 0,0007) oder IF und LBT (p = 0,00710) innerhalb
weniger Wochen zu einem signifikanten Gewichtsverlust im Vergleich zur Referenzgruppe, die
weiterhin  HFD ohne Interventionen (HFD/HFD) erhielt. Dieser Effekt der
Ernahrungsumstellung zeigte sich auch am Anteil von viszeralem und subkutanem Fett zum
Gesamtkoérpergewicht (p < 0,0001; KD, KD+LBT und KD+IF+LBT vs. HFD/HFD, Abbildung
5 B). Bei weiterer Analyse des Effekts der Interventionen auf die Anzahl entziindlicher Infiltrate
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in der Leber (CAE* und F4/80*, Abbildung 5 C) konnten keine signifikanten Effekte durch
Diatwechsel auf KD gezeigt werden. Im Einklang damit waren die mRNA-Expressionen der
pro-inflammatorischen Zytokine il-18 und il-6 ebenfalls nahezu unverandert (Abbildung 5 D).
Bemerkenswert ist, dass die mRNA-Expression von tnf-a in der KD-Gruppe tendenziell
(p = 0,0550 vs. HFD/HFD) sowie in der KD+LBT-Gruppe (p = 0,0028 vs. HFD/HFD) und der
KD+IF+LBT-Gruppe (p = 0,0296 vs. HFD/HFD) signifikant gesenkt wurde (Abbildung 5 D).
Aulerdem zeigte die mRNA-Expression des anti-inflammatorischen Zytokins il-70 eine
Tendenz zum Anstieg bei Erndhrungsumstellung, insbesondere bei der Kombination
KD+IF+LBT (p = 0,0866 vs. HFD/HFD). Durch anschlieende Korrelationsanalysen konnte
gezeigt werden, dass die mRNA-Expression von tnf-a direkt Parameter wie Kdrpergewicht,
Anteil von Fettgewebe und Leberfettgehalt widerspiegelt (durchschnittlich r=0,6; alle
p <0,05).

Erste bisher unveroffentlichte Ergebnisse zur Auswirkung der Interventionen auf die
inflammatorischen Prozesse im Gehirn lassen darauf schliel3en, dass ebenfalls die Expression
pro-inflammatorischer Mediatoren durch Interventionen beeinflusst werden kann (Abbildung
5 E). Hier zeigt sich ein positiver Effekt der Kombination aus IF+LBT, der selbst in Kombination
mit HFD zu einer Verringerung der zerebralen mRNA-Expression von il-13 fihrte (p = 0,0353).
Zusatzlich fuhrte HFD+IF+LBT (p = 0,0086 vs. HFD/HFD) und KD+IF+LBT (p = 0,0068 vs.
HFD/HFD) zu einer signifikant verringerten zerebralen mRNA-Expression von il-6.

Zusammenfassend konnte diese Studie einen positiven Effekt eines Diatwechsels auf die
Reduktion des Korpergewichts sowie des viszeralen und subkutanen Fettanteils zeigen.
Allerdings zeigte der Diatwechsel allein oder in Kombination mit IF oder LBT keinen Effekt auf
die entzundlichen Infiltrate in der Leber. Eine Kombination aus KD+LBT und KD+IF+LBT flhrte
dennoch zu signifikant verringerter mRNA-Expression von tnf-a in der Leber. Erste Daten,
welche die Zytokin-mRNA-Expression im Gehirn evaluieren, zeigen ein ahnliches Bild. Hier
scheint jedoch insbesondere die Kombination aus IF+LBT sowohl in der HFD- als auch in der
KD-Gruppe fir eine verringerte mRNA-Expression der pro-inflammatorischen Zytokine il-18
und il-6 verantwortlich zu sein.

6.5 Studie5

Als Modell fir Amyloid-induzierte Neuroinflammation wurde in der vorliegenden Studie [83]
das transgene AD-Modell der APPswe/PS1dE9-Maus genutzt und evaluiert, inwieweit eine
Ernahrungsintervention am Beispiel der Kalorienrestriktion (KR) zu einer Milderung des AD-
Phanotyps, insbesondere der Neuroinflammation, flhrt. Es ist allgemein anerkannt, dass KR
die Neuropathologie in AD-Modellen durch bisher unbekannte Mechanismen abschwéacht. Ein
vielversprechender Prozess, der durch KR ausgeldst wird, ist Autophagie, von der bekannt ist,
dass sie aggregierte Proteine abbaut. Darlber hinaus kann Autophagie die Glukoseaufnahme
beeinflussen und somit den zerebralen Hypometabolismus bei AD mildern. Um diese
Hypothese zu Uberprufen, wurden tg-Mause und ihre wt-Geschwistertiere entweder 16 oder
68 Wochen lang einer KR unterzogen. Wahrend eine kurzzeitige KR uber 16 Wochen keine
deutlichen Veranderungen des AD-Phanotyps bei tg-Mausen ergab, zeigte eine langfristige
KR Uber 68 Wochen positive Auswirkungen auf die Pathophysiologie. So waren der zerebrale
Glukosestoffwechsel und die neuronale Integritat nach 68 Wochen KR bei tg-Mausen deutlich
verbessert, was im Vergleich zu ad libitum (AL) gefltterten tg-Mausen durch eine erhdhte
['®F]FDG-Aufnahme im Kortex (p = 0,07617) und Hippocampus (p = 0,0035) deutlich wurde. Als
weiterer Parameter des zerebralen Metabolismus zeigte sich ein erhdhtes Verhaltnis aus N-
Acetylaspartat zu Kreatin im Gesamtgehirn (p = 0.0272) unter Verwendung von PET-
Bildgebung und Magnetresonanz-Spektroskopie (MRS). Zusatzlich konnte durch die 68-
wochige KR eine Verbesserung der kognitiven Leistungsfahigkeit gezeigt werden. Im MWM
zeigten tg-Mause, die KR erhielten, signifikant haufigere N-Quadrant- (p = 0,0018) und
Plattformkreuzungen (p =0,01767) sowie eine geringere Latenzzeit zur ersten
Plattformkreuzung (p = 0,0069) im Vergleich zu AL gefutterten tg-Mausen und unterschieden
sich somit nicht mehr von den wt-Kontrollen (mit und ohne KR) (Abbildung 6 A und B).

20



Ergebnisse

— 10+
s £=
8 i %0
2 [ « 5§
B 6- (. s 5
5 ER
3 I =X
= . ® B
. i
£ 21 %
= -4
o_
= 4= T 25+
E - = >k
_ & . T M1
& 3 g T
| g
, g 15
% L % 10~
& §
R ® s
% - 3
P?l o0 z' o
D ¢ so- 3+ b
‘%‘ -
= 60 g
Hohe Préasenz I I Niedrige Présenz § T 2 24
T °
& 40 =)
C g s '
LC3B| e wwm e e 1g da = Z 1
- w— e - B2kda < =
LC3EIl 16 kda p62 = 204 a
B-Akfin w—-——— 0 kg [-Akfin ——— ) |y K =
wt wt tg tg wt wt tg tg & 0- g nd
AL KR AL CR AL KR AL CR
0.6 * 0.5 - E 15
— iy 0
0.4+ T frad Wt AL
g [ £ I E
£ 04+ £ 0l Z 100 wt KR
s = 5
@ & 0.2+ = mm tg AL
& 0.2+ t N 50
3 = tg KR
0.1+ 8
0.0- 0.0 [}

Abbildung 6: Ubersicht iiber die Auswirkung einer 68-wéchigen Kalorienrestriktion (KR) im Modell der
APPswe/PS1dE9-Maus (tg) im Vergleich zu den Wildtyp (wt) -Geschwistertieren und ad libitum (AL) -Flitterung.
A) Représentative Heatmaps der Bewegungsmuster der Méduse im Morris Water Maze (MWM). Der N-Quadrant,
der die Plattform beinhaltete, befand sich jeweils im unteren linken Quadranten. B) Auswertung des MWM nach
Anzahl der Plattformkreuzungen [n], Latenzzeit zur ersten Plattformkreuzung [s], Zeit auf der Plattformflache [s] und
N-Quadrat-Kreuzungen [n]. Werte dargestellt als MittelwerttStandardfehler. Signifikanz der Unterschiede zwischen
den Gruppen (wt AL n=11; wt KR n=17; tg AL n=4; tg KR n =6) wurde mittels ungepaartem t-Test und
anschlieBender Bonferroni-Korrektur gepriift, *p < 0,05, **p < 0,005. C) Reprédsentative Western-Blots fiir die
densitometrische Analyse der Proteinexpression der Autophagie-assoziierten Proteine LC3BIl und p62 im Gehirn
(WtAL n=10; wt KR n=11; tg AL n=7; tg KR n = 8). Die Signale wurden auf die von B-Aktin korrigiert. Werte
dargestellt als Mittelwert+Standardfehler. Signifikanz der Unterschiede zwischen den Gruppen (wt AL n = 11; wt
KR n=10; tg AL n=4; tg KR n=6) wurde mittels einfacher ANOVA nach Réngen (Kruskal-Wallis) und
anschlieendem Dunns Post-hoc-Test gepriift, * p < 0,05. D) Quantifizierung der Anzahl (pro Gesichtsfeld) und
GréBe der Amyloid B (AB)-Plaques im Hippocampus. Werte dargestellt als Mittelwert+Standardfehler. Signifikanz
der Unterschiede zwischen den Gruppen (wt AL n=11; wtKR n=10; tg AL n=12; tg KR n = 8) wurde mittels
ungepaartem t-Test und anschlieBender Bonferroni-Korrektur geprlift, n. d.= nicht detektiert, ***p < 0,0001.
E) Quantifizierung der Anzahl der Iba1-positiven Zellen (pro Gesichtsfeld) im Hippocampus. Werte dargestellt als
MittelwerttStandardfehler. Signifikanz der Unterschiede zwischen den Gruppen (wt AL n =11, wt KRn = 10; tg AL
n = 12; tg KR n = 8) wurde mittels einfacher ANOVA und anschlieendem Sidak Post-hoc-Test gepriift, * p < 0,05
vs. AL, #p < 0,05 vs. wt.

Um eine Erklarung fur den positiven Effekt der KR auf den AD-Phanotyp zu finden, wurden
Autophagie-Mechanismen untersucht (Abbildung 6 C). Hier flhrte die 68-wdchige KR zu
einem signifikanten Anstieg der LC3BII- (p = 0,0392) und p62-Proteinexpression (p = 0,0176),
was auf eine Induktion der Autophagie hinweist. Dies zeigte sich bei den tg-Mausen mit KR
durch einen signifikanten Rickgang der AB-Plaques im Kortex (p < 0,0001) sowie einer
Reduktion der GroRe der AB-Plaques im Hippocampus (p < 0,0001, Abbildung 6 D) im
Vergleich mit den Werten der tg-Mause mit AL-Futterung. Begleitet wurde dies durch eine
Verminderung der Neuroinflammation, gemessen an der verringerten Mikrogliose, die durch
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eine signifikant verringerte Anzahl von Iba1*-Zellen im Hippocampus (p = 0,0329, Abbildung
6 E), nicht jedoch im Kortex (p = 0,5096) angezeigt wurde.

Zusammenfassend lasst sich sagen, dass eine langfristige KR eine allgemeine
neuroprotektive Wirkung bei tg-Mausen entfaltet. Dies wurde durch eine Besserung des
Glukosestoffwechsels im ZNS und eine verbesserte kognitive Leistung im MWM gezeigt.
Aulerdem zeigt diese Studie zum ersten Mal, dass eine KR-induzierte Autophagie als
Mechanismus der Hirn-Clearance in tg-Mausen mit der beobachteten Abschwachung der AB-
Pathologie und Neuroinflammation einhergeht.

6.6 Studie 6

Neben dem Befund aus Studie 5 zur Aktivierung der organstandigen Hirn-Clearance mittels
Autophagie-Induktion wurde im selben tg-Modell die Hirn-Clearance-Kapazitat, im speziellen
von den Mechanismen, welche zu einem Abtransport von AR aus dem Gehirn beitragen,
untersucht. Dazu wurde ein neuer longitudinaler In-vivo-Ansatz mittels GBCA-MRT-
Bildgebung etabliert, der sowohl die ventrikulare Hirn-Clearance-Kapazitat in T2-gewichteten
MRT-Aufnahmen (Abbildung 7 A) als auch die parenchymale/glymphatische Hirn-Clearance
Kapazitat in T1-gewichteten MRT-Aufnahmen (Abbildung 7 E) untersucht. Als Zielregion
wurde zur Evaluation der parenchymalen Hirn-Clearance der Hippocampus ausgewahlt, da
dieser in der zuvor prasentierten Studie 5 starker von der zellularen Clearance Uber
Autophagie profitierte als z. B. der Kortex [83].

Zur Auswertung der ventrikularen Clearance wurden Intensitats-Zeit-Kurven erstellt
(beispielhafte Darstellung der gemittelten Werte aller Ventrikel im Alter von sechs, neun und
zwolf Monaten in Abbildung 7 B). Da die reinen Signalintensitats-Anderungen technischen
Schwankungen unterliegen kénnten, wurden aus den vorliegenden Kurven der Anstieg der
Signalintensitat nach der GBCA-Injektion und der anschlieRende Abfall des Signals wahrend
der Auswaschphase mit einer Modellfunktion beschrieben, aus der sich Konstanten fir die
Anflutungs- (Abbildung 7 C) und die Auswaschphase unabhangig von den Intensitatswerten
ergeben (Abbildung 7 D). Lediglich in der Anflutungsphase im vierten Ventrikel konnte durch
einfache ANOVA mit wiederholten Messungen ein Alterseffekt gezeigt werden (p = 0,0420,
F1,951.20,26) = 3,670), Post-hoc-Vergleiche ergaben jedoch keine signifikanten Unterschiede
zwischen tg-Mausen und wt-Mausen der verschiedenen Altersgruppen. Weitere Analysen der
Konstanten ergaben weder im dritten, vierten noch in den beiden lateralen Ventrikeln weitere
Effekte.

Zur Auswertung der parenchymalen Hirn-Clearance-Kapazitat im Hippocampus wurde ahnlich
vorgegangen. Auch hierfir wurden zunachst Intensitats-Zeit-Kurven erstellt (Abbildung 7 F),
aus denen Konstanten fur das Ausmal der Anflutungs- (Abbildung 7 G) und der
Auswaschphase (Abbildung 7 H) des GBCA ermittelt wurden. Hier ergab sich fur die
Anflutungskonstante ein statistisch signifikanter Alterseffekt (p = 0,0156, F(1,5) = 9,370), der auf
ein vermehrtes Anfluten im Alter von zwdlf Monaten hindeutet. Dieser Alterseffekt ergab in der
Gruppe der tg-Mause einen signifikanten Unterschied zwischen neun und zwolf Monaten
(p = 0,0257) nicht jedoch bei den wt-Mausen (p = 0,4973). Fir die Abflutungskonstante konnte
kein solcher Effekt beschrieben werden, allerdings zeichnete sich ein tendentieller Effekt des
Genotyps (p = 0,0825, F(1,5 = 3,939) ab.

Zusammenfassend muss betont werden, dass die hier dargestellten Ergebnisse der Studie 6
aktuell noch weiterer Auswertung und Revision in enger Zusammenarbeit mit der
kooperierenden Arbeitsgruppe von Prof. Radbruch und Dr. Deike-Hofmann (DZNE Bonn)
unterliegen. Die vorlaufige Ergebnisinterpretation lasst vermuten, dass die hier vorgestellte
Methodik bislang nur in Bezug auf die Anflutungskonstanten (im vierten Ventrikel und
Hippocampus) einen Alterseffekt aufdecken konnte. Die Abbildung der Hirn-Clearance-
Kapazitat durch die Auswaschungskonstante konnte hingegen keine statistisch signifikanten
Unterschiede zeigen. Moglicherweise ist die erwartete Effektstarke des Alters und Genotyps
auf die Hirn-Clearance kleiner als erwartet und die gewahlte Tieranzahl auch aufgrund hoher
interindividueller Variabilitat zu niedrig, um die Unterschiede abbilden zu kénnen.
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Abbildung 7: Ubersicht der Messergebnisse der Gadoliniumkontrastmittel-basierten (GBCA) Bildgebung zur
Einschétzung der Hirn-Clearance-Kapazitdt. A) Représentative T2-gewichtete MRT-Aufnahmen unmittelbar vor
und zu ausgewéhlten Messzeitpunkten nach Verabreichung des GBCA. B) Gemittelte Intensitéts-Zeit-Kurven aller
Ventrikel von transgenen APPswe/PS1dE9 (tg) -Mdusen (rot, n=9) und den zugehdrigen Wildtyp
(wt) -Geschwistertieren (blau, n=29) im Alter von sechs, neun und zwélf Monaten, Werte dargestellt als
MittelwerttStandardabweichung (fein gepunktete Linien). C) Konstanten der Anflutungs- und D) der
Auswaschphase (einheitenlos) im dritten, vierten und in beiden lateralen Ventrikeln, dargestellt als Median mit
10.-90. Perzentile. Signifikanz der Unterschiede zwischen den Gruppen wurde mittels zweifacher ANOVA mit
wiederholten Messungen und anschlieBendem Sidak Post-hoc-Test gepriift, * Alterseffekt p < 0,05.
E) Représentative T1-gewichtete MRT-Aufnahmen unmittelbar vor und zu ausgewéhlten Messzeitpunkten nach
Verabreichung des GBCA. F) Gemittelte Intensitdts-Zeit-Kurven im Hippocampus von tg-Méusen (rot, n = 5) und
den zugehdérigen wt-Geschwistertieren (blau, n = 5) im Alter von neun und zwdlf Monaten, Werte dargestellt als
MittelwerttStandardabweichung (fein gepunktete Linien). G) Konstanten der Anflutungs- und H) der
Auswaschphase (einheitenlos) im Hippocampus dargestellt als Median mit 10.-90. Perzentile. Signifikanz der
Unterschiede zwischen den Gruppen wurde mittels zweifacher ANOVA mit wiederholten Messungen und
anschlieBendem Sidak Post-hoc-Test gepriift * Alterseffekt p < 0,05.
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7. Diskussion

In der vorliegenden Arbeit wurde in drei verschiedenen Mausmodellen das Zusammenspiel
von Ernahrung, Neuroinflammation und Amyloidpathologie untersucht. Insbesondere wurde
gezeigt, wie die Erndhrung als modulierbarer Faktor sowohl bei Adipositas als auch bei AD die
Pathophysiologie beeinflussen kann. Hier zeigte sich, dass bei einer Ernahrung mit
ubermaRiger Kalorienzufuhr ein adiposer Phanotyp entsteht, bei dem es organstandig sowohl
in der Leber als auch im ZNS zur Aktivierung eines pro-inflammatorischen Zytokinprofils
kommt. AuRerdem konnte gezeigt werden, dass Adipositas das Verhalten beeinflussen und
insbesondere angstliches Verhalten begunstigen kann. Darlber hinaus wurde die Modulation
der Ernahrung als therapeutischer Ansatz genutzt. Ein Diatwechsel sowie IF konnte (allein und
in Verbindung mit korperlicher Aktivitat bei LBT) die mRNA-Expression pro-inflamatorischer
Zytokine senken. Im Kontext der AD flhrte KR als Erndhrungsmodulation zusatzlich zu einer
Abmilderung der Neuroinflammation und AB-Pathologie auf Basis der Induktion von
Autophagie als zellularer Mechanismus der Hirn-Clearance. Die Analyse der parenchymalen
Hirn-Clearance konnte einen Interaktionseffekt aus Alter und Genotyp zeigen. Eine Stérung
der ventrikularen Hirn-Clearance konnte im genutzten AD-Modell mit der neu vorgestellten
Methodik hingegen nicht gezeigt werden.

Im Modell der DIO mittels HFD-Ftterung konnte in den beschriebenen Studien 1 und 2 in
weiblichen Mausen gezeigt werden, dass, obwohl es im Vergleich zur KD keine signifikanten
Unterschiede in entzindlichen Infiltration der Granulozyten und Makrophagen in der Leber
bzw. der Mikroglia und Astroglia im Gehirn zu geben scheint, die DIO dennoch die mRNA-
Expressionssteigerung pro-inflammatorischer Zytokine bewirken kann. Damit konnte die
Hypothese, dass Fehlerndhrung im Rahmen einer langzeitigen, fettreichen Diat zu einer
persistierenden niedrigschwelligen systemischen Inflammation fuhrt, die sich als
organstandige Entziindungsreaktion in der Leber (Studie 1) sowie Neuroinflammation (Studie
2) manifestiert, im Hinblick auf eine Expressionssteigerung pro-inflammatorischer Mediatoren
bestatigt werden.

Hier zeigte sich fur die Leber insbesondere eine erhdhte mRNA-Expression von tnf-a als
Zeichen einer niedrigschwelligen organstandigen Inflammation. Eine erh6hte gewebsstandige
mRNA-Expression von tnf-a in der Leber infolge einer HFD wurde bereits von anderen
Arbeitsgruppen beschrieben. So fanden Tanaka et al. bereits nach 16- bis 18-wéchiger HFD
eine erhoéhte hepatische Expression von tnf-a [84]. Demgegeniber konnte die Arbeitsgruppe
von van der Heijden et al. diese erhéhte hepatische Expression von tnf-a erst nach 40-
wochiger HFD-Futterung zeigen [85].

Um die generelle Auspragung einer DIO mit Fokus auf pro-inflammatorische Prozesse in der
Leber in Studie 1 zu bewerten, wurden zunachst das Korper- und Lebergewicht der Tiere
bestimmt. Als Hauptursache fur die erhéhten Korper- und Lebergewichte in der HFD-Gruppe
wurde eine diatbedingte Fettakkumulation in der Leber identifiziert. Mause der HFD-Gruppe
wiesen einen signifikant erhdhten Leberfettgehalt von mehr als 10 % auf, wahrend die beiden
Kontrollgruppen einen normalen Leberfettgehalt gesunder Mause von 5-8 % [86, 87]
aufzeigten. Im Gegensatz zu diesem Befund zeigte der durchgefiihrte Cholesterol-Assay einen
signifikant erhéhten hepatischen Cholesterolgehalt in der KD-Gruppe. Cholesterol kann ein
lipotoxisches Wirkprofil haben, welches hauptsachlich durch die Induktion von oxidativem
Stress vermittelt wird, was wiederum zur Induktion pro-inflammatorischer Signalwege fuhren
kann [88]. Dies bietet eine mdgliche Erklarung fir die makroskopisch beobachteten
pathologischen Veranderungen in den Lebern der KD-Gruppe, verglichen mit den Lebern der
SD-Gruppe. Dennoch ist hervorzuheben, dass nach Herstellerangaben der HFD die von
unserer Arbeitsgruppe genutzte KD empfohlen wird [89]. Hier wird seitens des
Futtermittelherstellers insbesondere auf die Unterschiede zwischen aufgereinigtem Futter
(HFD und KD) und ,normalem* Futter (SD) hingewiesen, bei denen es in der Art und Menge
der Ballaststoffe, der Kohlenhydratquelle und dem Vorhandensein oder Fehlen von
Phytodstrogenen zu nicht unerheblichen Unterschieden kommen kann, die als Variablen die
Ergebnisinterpretation erschweren [89]. Aus diesem Grund wurde auf die in Studie 1 zusatzlich
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genutzte SD-Gruppe fir alle weiteren prasentierten Studien zur DIO verzichtet und
ausschlief3lich KD als Kontrollgruppe beibehalten.

In Studie 2 wurde analog zu Studie 1 ein DIO-Phanotyp etabliert und durch Messungen des
Korpergewichts bestatigt. Zusatzlich konnten in vivo durch Plasmaanalyse erhdhte Triglycerid-
und Leptinwerte als Marker fir eine DIO in der HFD-Gruppe gemessen werden. In dieser
Studie lag der Fokus auf der PET-Bildgebung, um die Auswirkungen der DIO auf den
Glukosestoffwechsel (['®F]JFDG) bzw. auf Entziindungsprozesse im Gehirn (['®F]GE-180) in
vivo zu evaluieren. Dabei stellt diese Methodik ein Refinement im Sinne der 3R des
Tierschutzes dar [90, 91] und sorgt zusatzlich méglicherweise auch fir ein erhéhtes
Translationspotenzial, da sowohl ['®F]JFDG, wie in der Ubersichtsarbeit von Minoshima et al.
[92] dargestellt, als auch ['®F]GE-180 [93] bereits Anwendung in der Klinik finden.

Durch In-vivo-['®F]FDG-PET-Bildgebung konnte ein zerebraler Glukose-Hypermetabolismus
bei den weiblichen HFD-Mausen im Vergleich zur KD-Gruppe gemessen werden. Dieser
pathologische Zustand wurde bereits fur mannliche Mause beschrieben, die HFD erhielten
[94], sowie flr mannliche und weibliche Patienten mit krankhafter Adipositas [95]. Als mdgliche
Verbindung zwischen Erndhrung und AD konnte ein solcher Glukose-Hypermetabolismus
insbesondere im Hippocampus auch bereits bei leichten kognitiven Beeintrachtigungen (engl.
Mild Cognitive Impairment, MCI) als Vorstufe der AD gezeigt werden [96].

Bei der In-vivo-Untersuchung der Neuroinflammation mittels ['®F]GE-180 deuten die
Ergebnisse auf eine tendenziell erhdhte zerebrale Aufnahme von ['®F]JGE-180 in der HFD-
Gruppe im Vergleich zur KD-Gruppe hin, die jedoch keine statistische Signifikanz erreichte. Im
Allgemeinen sind grof3e Unterschiede im Korpergewicht ein Hindernis fir die korrekte Analyse
der ['®F]GE-180-Aufnahme. Da keine relevante ['®F]GE-180-Aufnahme in das Fettgewebe
festgestellt werden konnten, wurden die Messergebnisse in der Einheit %ID/ml angegeben.
Dies steht ebenfalls im Einklang zur vorhergehenden Arbeit von Barron et al. in Mausen mit
zwolfwdchiger HFD, die (iber eine gute Ubereinstimmung zwischen In-vivo-TSPO-Signalen in
%ID/ml und TSPO-Immunoreaktivitdt berichteten [97], jedoch auch zeigen konnten, dass
Adipositas allein ['®F]GE-180-Signale und TSPO-Immunoreaktivitat nicht erhéht [97]. Um die
Ergebnisse der ['®F]GE-180-PET-Bildgebung bei Mausen nach 24-wochiger HFD weiter
aufzuklaren, wurden die Gehirne post mortem mit molekularbiologischen und
immunhistochemischen Methoden weiter analysiert. Als Hauptbefund einer humoralen
Immunreaktion konnten in der HFD-Gruppe erhéhte mRNA-Expressionswerte von il-18
gemessen werden. Die mRNA-Expression von pro-inflammatorischem il-18 wird in der
Literatur als Schlisselmerkmal des metabolisch aktivierten Phanotyps von Makrophagen
beschrieben [98] und gilt als Schlisselmediator bei Neuroinflammation [99, 100]. Daher kénnte
die erhdhte mRNA-Expression von il-18 in dem vorliegenden Experiment ein Indikator fur
einen chronischen, metabolisch-aktivierten Zustand der Mikroglia sein, der sich aus
langfristiger HFD ergibt. Hinsichtlich der relativen mRNA-Expression von tspo im gesamten
Gehirn sowie TSPO-positiver Zellen in immunhistochemischen Analysen der drei
Hauptzielregionen (Kortex, Hippocampus und Hypothalamus) konnte in Einklang mit der Arbeit
von Barron et al. [97] kein signifikanter Unterschied zwischen der HFD- und der KD-Gruppe
gezeigt werden.

An dieser Stelle unterscheiden sich die hier gezeigten Ergebnisse in weiblichen Mausen mit
24-wdchiger HFD stark von den bisher zumeist an mannlichen Mausen gewonnenen und
verdffentlichten Ergebnissen. So konnte bereits gezeigt werden, dass die gleiche HFD, die
auch in der hier vorgestellten Studie verwendet wurde, bereits nach kurzfristiger HFD-
Verabreichung fur einige Tage zu einer akuten Neuroinflammation fihrt [101]. Bei den wenigen
Studien mit weiblichen Mausen wird in der Literatur ebenfalls ein pro-inflammatorischer
Phanotyp nach kurzzeitiger (12-wochiger) HFD mit ca. 60 % Fettgehalt beschrieben, dieser
liegt jedoch in einer wesentlich schwacheren Auspragung als bei mannlichen Mausen vor
[102]. Die Verwendung weiblicher Mause war jedoch im vorliegenden Versuchsansatz insofern
notwendig, da fir den genutzten Verhaltenstest mdgliche Verhaltensdnderungen durch
Probleme im Sozialverhalten mannlicher Mause ausgeschlossen werden sollten. Eine
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intensivere Betrachtung geschlechtsspezifischer Unterschiede bei Verhaltenstests findet sich
in der Diskussion zu Studie 3 in diesem Kapitel.

Auch im experimentellen Ablauf gibt es insbesondere hinsichtlich der Dauer und
Zusammensetzung der HFD erhebliche Unterschiede. Die Dauer der HFD-Gabe zur
Untersuchung der Neuroinflammation bei Mausen reicht von einigen Tagen [101, 103, 104]
bis zu mehreren Wochen [101, 105, 106] oder wenigen Monaten [97, 101, 106]. Daten zur
langzeitigen HFD-Futterung (sechs Monate und mehr), die eine validere Darstellung der
langen pathologischen Spanne bei menschlicher Adipositas und deren Komorbiditaten
ermoglichen, sind mit Ausnahme dieser Studie bisher nicht verfugbar. Hinsichtlich der
Einordnung und des Vergleichs der eigenen Ergebnisse mit anderen Publikationen ist auch zu
beachten, dass der Begriff HFD in der Literatur uneinheitlich verwendet wird. So beschreiben
einige Studien HFD mit ca. 20 % Fettgehalt [107], wahrend andere den Begriff HFD fur Futter
mit rund 50 % [63, 108] oder 60 % Fett [101, 104, 105] verwenden.

Da die Etablierung einer DIO in diesem HFD-Modell sehr langwierig ist und in der présentierten
Studie 2 kein Einfluss auf die Kognition festgestellt werden konnte, wurden die Auswirkungen
von Adipositas auf das Verhalten im genetischen Modell der ob/ob-Maus untersucht. Die
Adipositas in diesem Modell beruht auch auf einer erhéhten Kalorienzufuhr, die sich jedoch
auf einer Hyperphagie durch ein fehlendes Sattigungsgefiihl begrindet [109]. Das ob/ob-
Modell entwickelt schnell einen adipésen Phanotyp [110, 111] und zeigt charakteristische
Verhaltensanderungen [112], die unter anderem auch durch pro-inflammatorische Stimuli
ausgelost werden koénnen [113]. Die ob/ob-Mause kdnnen Adipositas-bedingte
Verhaltensanderungen modellieren und besitzen daher Relevanz fir die Verhaltensforschung,
um weitere Forschungsfragen zum Einfluss von Adipositas auf die psychischen Gesundheit
zu beantworten [114, 115].

In der vorliegenden Arbeit wurde die Hypothese Uberprift, ob Adipositas (ausgeldst durch eine
Leptin-Defizienz) generell zu Verhaltensanderungen fuhrt. Dazu wurden zwei gangige
Verhaltenstest genutzt. Der OF-Test dient dazu, die generelle Bewegungsaktivitat und das
explorative Verhalten zu untersuchen, welche z. B. durch den Stimmungszustand und im
speziellen durch Angst-assoziierte Veranderungen beeinflusst werden konnen [116]. Das EPM
wird im Spezielleren zur Abschatzung von angstlichen Verhaltensweisen genutzt, jedoch
kénnen auch weitere ethologische Parameter wie das Aufrichten, Strecken nach vorn oder
Lehnen nach unten abgelesen werden, um eine Einschatzung zum explorativen Verhalten zu
ermoglichen [117]. Im Einklang mit mehreren anderen Studien konnte ein reduziertes
Bewegungsmuster in ob/ob-Mausen gezeigt werden [118, 119]. Zusatzlich konnte in
Ubereinstimmung mit anderen Arbeiten eine Reduktion des explorativen Verhaltens
beobachtet werden, was haufig als angstliches Verhalten interpretiert wird [120, 121].

Die Ergebnisse der vorliegenden Studie weisen zudem darauf hin, dass hinsichtlich
Adipositas-bedingter angstlicher Verhaltensanderung das Geschlecht der Mause keine Rolle
zu spielen scheint. Ahnliche Ergebnisse zur geschlechtsunabhangigen Verhaltensanderung
sind bereits in der Literatur zu finden [122]. Dennoch wurde in der Verhaltensforschung mit
Nagetieren althergebracht haufig nur ein Geschlecht flr Verhaltenstests verwendet. Hier
wurde sich etwa sechsmal haufiger auf rein mannliche Versuchsgruppen bezogen, um z. B.
einen moglichen Einfluss des hormonellen Zyklus ausschlieRen zu kénnen [123]. In anderen
Versuchsanordnungen wird hingegen auf Verwendung von rein weiblichen Gruppen
zuruckgegriffen, da ménnliche Mause ein ausgepragtes Territorialverhalten zeigen [124]. In
der Labortierhaltung werden mannliche Mause in der Regel in eingeschlechtlichen Gruppen
oder einzeln untergebracht. Bei beiden Ansatzen kann es jedoch zu Problemen kommen, z. B.
zu einem Mangel an sozialen Kontakten bei Einzelhaltung oder zu aggressiven
Veranderungen des Verhaltens zwischen Mannchen bei Gruppenhaltung [125]. Wie in der
Ubersichtsarbeit von Shansky diskutiert, gilt daher ein monosexueller Versuchsansatz seit
wenigen Jahren als Uberholt [126]. Die hier gezeigte Geschlechtsunabhangigkeit im OF und
EPM kann in kinftigen Studien Beachtung finden und durch den Einschluss beider
Geschlechter die bendétigte Tieranzahl reduzieren und somit zur Reduktion im Rahmen der 3R
des Tierschutzes beitragen [127].
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Bemerkenswert ist aulterdem, dass es im experimentellen Ansatz der prasentierten Studie 3
bereits nach sehr kurzer Zeit (acht Wochen) zu hochsignifikanten Anderungen dieser
Verhaltensparameter bei ob/ob-Mausen im Vergleich zu ihren wt-Geschwistertieren kam und
daher das Alter (trotz eines statistisch signifikanten Alterseffektes) nur eine untergeordnete
Rolle im Hinblick auf die Verhaltensédnderung einzunehmen scheint. Aufgrund der hier
beschriebenen Veranderungen, die sich bereits im sehr jungen Alter von acht Wochen
geschlechtsunabhangig zeigen, ware es mdglich und denkbar, einige der anderen
prasentierten Studien auf dieses Modell zu Ubertragen. Dies ware insbesondere fir die im
nachfolgenden Absatz naher diskutierte Studie 4 interessant, da die Durchfihrung im DIO-
Modell sehr langwierig war (12 Monate) und zunachst nur Ergebnisse fir ein Geschlecht
(weibliche Mause) generiert wurden.

In Studie 4 wurde im Rahmen einer Interventionsstudie untersucht, ob sich die genutzten
Interventionen als therapeutischer Ansatz eignen, um die persistierende niedrigschwellige
Inflammation in der Peripherie und dem ZNS abzumildern. Hierbei wurden als Interventionen
ein Diatwechsel auf KD oder Nahrungsaufnahmeregulation durch IF, allein oder in
Kombination im Modell eingefiihrt. Diese sind besonders hervorzuheben, da sie auch klinische
Anwendung in der Therapie von Adipositas und davon abgeleiteten Erkrankungen wie z. B.
nicht-alkoholische Fettlebererkrankung finden [128—130]. Neben der Erndhrungsumstellung ist
korperliche Aktivitat eine weitere Erfolg versprechende Intervention zur Gewichtsreduktion
[131] und wurde deshalb auch allein oder in Kombination mit KD und IF in der vorliegenden
Studie 4 durchgefuhrt. Hier konnte jedoch unabhangig von KD oder HFD kein zusatzlicher
Nutzen durch Laufbandtraining erzielt werden. Dies wurde auch in der Arbeit von Ringseis et
al. beschrieben [132] und ist méglicherweise auf die Haufigkeit des LBT zurtickzufiihren, da
tagliches Training flr eine Reduktion des Kdrpergewichts empfohlen wird [129], dies war so
im prasentierten experimentellen Ansatz allerdings nicht durchflhrbar.

Wie bereits in Studie 1 und 2 dargelegt wurde, hatte die HFD im verwendeten Mausmodell
keinen Einfluss auf die Induktion einer zellularen Immunantwort. Somit war zu erwarten, dass
auch durch die Interventionen dieser Arbeit keinerlei Unterschiede zwischen den Gruppen
auftreten. Allerdings zeigte sich auch in diesem experimentellen Ansatz die Induktion einer
pro-inflammatorischen humoralen Immunantwort, ausgelést durch HFD. Im Rahmen der
vorliegenden Studie konnte eine direkte Korrelation zwischen erhdhter mMRNA-Expression von
tnf-a und erhéhtem Korpergewicht als wichtigstes Merkmal von Adipositas gezeigt werden.
Dabei ist TNF-a bereits seit Langerem als wichtiger und zwischen den Spezies
hochkonservierter Mediator entziindlicher Reaktionen bei Adipositas bekannt [4]. In Studien
konnte aulderdem belegt werden, dass TNF-a im ob/ob-Modell der Adipositas eine relevante
Rolle bei der Vermittlung Adipositas-induzierter inflammatorischer Prozesse einnimmt [133].
Erste praliminare Daten zum Einfluss der Interventionen auf die zerebrale mMRNA-Expression
von Zytokinen konnten zeigen, dass die Kombination aus IF+LBT sowohl in der HFD- als auch
der KD-Gruppe fir eine verringerte mRNA-Expression der pro-inflammatorischen Zytokine
il-18 und il-6 verantwortlich zu sein scheint. Die Relevanz von IL-1( als pro-inflammatorisches
Zytokin im ZNS ist bereits in der Literatur beschrieben worden [99, 100] und konnte auch in
Studie 2 gezeigt werden. IL-6 hingegen ist vor allem im Zusammenhang mit
Neurodegeneration beschrieben worden und scheint insbesondere auch bei demenziellen
Erkrankungen wie AD verandert zu sein [134]. Ob und inwieweit die gezeigten veranderten
Zytokin-Expressionsmuster mit AD-Merkmalen wie der Amyloidpathologie (z.B. AB-
Plaquegrofie) einhergehen, ware kinftig noch eine interessante Erganzung zur weiteren
Analyse und Einordnung der vorliegenden Ergebnisse in den genutzten Adipositasmodellen.

Neben den beiden beschriebenen Adipositas-Modellen fir Neuroinflammation ist ein weiteres
Modell, was diese Pathologie abbildet, das verwendete tg-Mausmodell des AD-Phanotyps.
Dieses ist zusatzlich ein Modell fir zerebrale Amyloidose und wird daher haufig in der
Erforschung der AD genutzt. Mechanistisch wird davon ausgegangen, dass AR die
Neuroinflammation ausldst [135]. Im beschriebenen experimentellen Ansatz wurde in diesem
Modell untersucht, inwieweit sich eine KR als Erndhrungsintervention auf die Progression der
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nachgebildeten AD-Pathophysiologie auswirken kann. Das Hauptresultat der beschriebenen
Studie 5 war, dass KR die kognitive Funktion durch eine messbare Steigerung der
Glukoseaufnahme verbesserte, was auf eine KR-induzierte Steigerung der neuronalen
Aktivitat hinweist. Dies ging mit einer verringerten AP-Ablagerung und einer damit
verbundenen verringerten Neuroinflammation (reprasentiert durch Mikroglia-Aktivierung)
einher. Insgesamt wird aufgrund der Ergebnisse die Vermutung angestellt, dass der
neuroprotektive Effekt der KR auf die Aktivierung von Autophagie als zellularer Hirn-
Clearance-Mechanismus zurickzufuhren sein konnte.

Bei der Auswertung der Auswirkung der KR auf den Glukosestoffwechsel mittels ['®F]FDG-
Bildgebung war im Gegensatz zu Studie 2 nicht mit einer Signalbeeinflussung durch
unterschiedliche Fett- und Kérpermasse der Mause in den jeweiligen Gruppen zu rechnen, so
dass analog zu ['®F]GE-180 die Ergebnisdarstellung als %ID gewahlt wurde. Im Kontrast zum
dargestellten pathologischen Glukosehypermetabolismus in Studie 2 ist beim Genotyp und
Alter der Mause in Studie 5 mit Veranderungen des Glukosestoffwechsels, wie er beim Altern
generell und typischerweise in fortgeschrittenen Stadien von AD vorkommt (zusammengefasst
von Raut et al. [136]), zu rechnen. Ausgehend von der Grundannahme, dass sich also in allen
Versuchsgruppen ein verminderter Glukosestoffwechsel manifestiert hat, deutet das
signifikant erhohte ['®F]FDG-Signal in der tg-Gruppe mit KR also auf eine Normalisierung des
Glukosestoffwechsels hin. Wieso dieser positive Effekt der KR in der wt-Gruppe nur tendenziell
eine Verbesserung des Glukosemetabolismus zeigte, konnte im Rahmen dieser
Versuchsreihe jedoch nicht abschlieRend geklart werden.

Die KR-vermittelte Abmilderung der AB-Neuropathologie in AD-Mausstudien wurde bereits in
der Literatur beschrieben. So berichteten z. B. Mouton et al. [137], dass KR das Volumen von
AB-Plaques bei tg-Mausen um etwa ein Drittel reduzierte. AuRerdem zeigten Patel et al. [138],
dass neben der verminderten Anzahl von AB-Plaques und AB-Plaquegréle auch die
immunreaktive Flache um die AB-Plaques im Anschluss an KR im APPswe/ina -Mausmodell der
AD deutlich reduziert war. Dies zeigte sich in ihren Ergebnissen in einer verringerten Anzahl
von Astrozyten (GFAP*-Zellen) [138]. In ahnlicher Weise zeigt die hier présentierte Studie 5,
dass die Anzahl von AB-Plaques und die AB-PlaquegréflRe sowie die Anzahl der aktivierten
Mikroglia (Iba1*-Zellen) bei tg-Mausen mit KR deutlich reduziert waren. Dies konnte jedoch
erst nach 68 Wochen KR beobachtet werden. Im Gegensatz dazu zeigte eine kurzzeitige 16-
wdchige KR keinen Einfluss auf die Ap-Pathologie, obwohl die Studie von Patel et al. [138]
bereits einen anti-amyloidogenen Effekt nach 14 Wochen KR zeigte. Im Gegensatz dazu
wurden in weiteren Publikationen im 3xTg AD-Modell von Halagappa et al. auch langere KRs
von >20 und >50 Wochen untersucht [139]. Hierbei konnte gezeigt werden, dass nur eine 14-
monatige KR die AB-Pathologie reduzierte und die kognitive Leistung, analysiert mit MWM,
verbessern konnte [139]. Dies deckt sich mit den Ergebnissen der eigenen Studie, in der nur
eine langfristige KR das Arbeitsgedachtnis von tg-Mausen normalisierte. Die Frage, ob die
bessere kognitive Leistung durch die KR-induzierte Reduktion des Untergangs von Neuronen
vermittelt wird, wurde in der Literatur bereits aufgegriffen. Dong et al. [140] berichteten, dass
durch KR eine signifikant héhere Zelldichte in der der CA3-Region des Hippocampus
gegenlber hochkalorischen Diaten gemessen werden konnte. Auch in Patienten konnte
bereits gezeigt werden, dass eine KR das AD-Risiko senkt, der zugrundeliegende protektive
Mechanismus wurde in dieser Arbeit von Luchsinger et al. jedoch nicht aufgeklart [141].
Neben der Induktion anti-amyloidogener als auch anti-inflammatorischer Effekte ist KR auch
in der Lage, Autophagie zu induzieren. Autophagie ist dabei ein bereits detailliert
beschriebener kataboler Mechanismus, um aggregierte Proteine wie z. B. AR abzubauen
[142]. Als ublicher Marker fur Autophagie wird die Translokation des Proteins LC3BII
zusammen mit Sequestosom-1 (p62) zur Autophagosomenmembran analysiert [143]. In
anderen AD-Modellen wurde Autophagie bereits als Mediator der positiven Effekte von KR
vermutet, jedoch noch nicht umfassend untersucht und mit zum Teil widersprichlichen
Ergebnissen publiziert (Zusammengefasst von Yang und Zhang [144]). Um die ambivalente
Datenlage zu erganzen, zeigte die aktuelle Studie, dass KR-gefutterte tg-Mause eine
signifikante Steigerung der Autophagie aufwiesen. Dies wurde durch erhéhte LC3BII- und p62-
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Werte belegt, was auf einen neuroprotektiven Mechanismus von KR hindeutet, der schlieRlich
auch eine Wiederherstellung der kognitiven Funktion auf wt-Niveau bewirkte.

Schliellich sollte in Studie 6 die ventrikuldare und parenchymale Hirn-Clearance-Kapazitat
untersucht werden, die malgeblich fir den Abtransport von potenziell neurotoxischen
Metaboliten wie AB dient, um sie in der Kérperperipherie weiterer Degradation zuzuflhren. Zur
Messung dieser Hirn-Clearance-Mechanismen gibt es bereits eine Vielzahl von Literatur Gber
die Anwendung von GBCA-gestutzter MRT-Bildgebung. Dazu gehoren sowohl klinische [145—
147] als auch praklinische Studien mit Ratten [148, 149]. Die wenigen Forschungsarbeiten, die
GBCA-gestltzte MRT-Bildgebung bei Mausen nutzten, verwendeten invasive intrazisterale
Injektionen [150, 151], was zu einem begrenzten translationalen Potenzial fuhrt. Zu AD-
Mausmodellen gibt es bislang keine Publikationen. Dennoch sind insbesondere genetisch
veranderte Mause in der Grundlagenforschung und der Entwicklung von Therapien fur AD,
aber auch anderer Krankheiten die am haufigsten verwendeten Modelle (zusammengefasst
von Kosel et al [152]). Deshalb wurde hier eine neue Methodik der GBCA-gestitzten MRT-
Bildgebung im selben tg-Mausmodell etabliert. Hierbei wird das GBCA minimalinvasiv Uber die
Schwanzvene verabreicht. Dies ermdglicht neben der Abbildung der Hirn-Clearance auch
Aussagen zur Anflutung Uber die Blutversorgung des ZNS.

Fir die Anflutung des GBCA konnte im Hippocampus ein Alterseffekt nachgewiesen werden,
der sich insbesondere bei tg-Mausen in einer verstarkten Anflutung zeigt. Eine Begrindung
hierfir konnte sich in zerebrovaskularen Lasionen und Stérungen der Blut-Hirn-Schranke
(BHS) finden, die bei AD auftreten [153], jedoch auch bereits fiir DIO-Modelle gezeigt werden
konnten [154].

Fir die Abflutungskonstante als Mal fir die Hirn-Clearance-Kapazitat konnte kein statistisch
signifikanter Effekt des Alters gezeigt werden, auch wenn der Genotyp einen tendenziellen
Einfluss haben konnte. Eine mdgliche Erklarung fur den in diesen preliminaren Daten nicht
messbaren Unterschied zwischen tg und wt kdnnte im Modell selbst begrindet liegen. Dieses
Modell basiert in Anlehnung an familiare AD-Formen auf einer AB-Uberproduktion [71]. Diese
Uberproduktion kénnte den pathomechanistischen Einfluss einer veranderten Hirn-Clearance
uberlagern. Eine andere Erklarung kénnte sein, dass die erwartete Effektstarke des Alters und
Genotyps auf die Hirn-Clearance kleiner war als erwartet und deshalb die gewahlte Tieranzahl
in diesem Versuch zur Methodenetablierung auch aufgrund hoher interindividueller Variabilitat
zu niedrig war, um die Unterschiede abbilden zu kédnnen. Dies wird in nachfolgend geplanten
Versuchen bei der Ermittlung der bendtigten Tieranzahl zu beachten sein. Ob und in welchem
Ausmal sich Stérungen dieser Hirn-Clearance-Kapazitat auch in den genetischen oder Diat-
induzierten Modellen der Adipositas wiederfinden, ist kiinftig ein weiteres Forschungsfeld, was
in der Arbeitsgruppe mit der neu etablierten Methode untersucht werden soll. Dadurch kénnte
kinftig eine  weitere  pathomechanistische  Verbindung  zwischen  Adipositas,
Neuroinflammation und Amyloidpathologie aufgedeckt werden.

Zusammenfassend konnte in der vorliegenden Arbeit an bereits vorhandenes Wissen
angeknupft werden und in drei verschiedenen Mausmodellen der Zusammenhang zwischen
Ernahrung, Neuroinflammation und Amyloidpathologie naher verstanden werden.

Dabei konnte gezeigt werden, dass Fehlerndhrung im Rahmen einer langzeitigen, fettreichen
Diat zu einer persistierenden niedrigschwelligen Inflammation flhrt, welche sich nicht zellular
manifestiert, jedoch als erhdhte Expression pro-inflammatorischer humoraler Mediatoren
darstellt. In der Leber konnte dies vor allem durch eine erhéhte mRNA-Expression von tnf-a
veranschaulicht werden, wahrend sich im ZNS die erhdhte mRNA-Expression von il-18 als
Hauptmediator einer pro-inflammatorischen Antwort herausgestellt hat. Dass ein krankhaftes
Ubergewicht generell einen Einfluss auf das ZNS zu haben scheint, konnte im genetischen
Modell der Adipositas anhand von Verhaltensanderungen mit einer Begunstigung von
angstlichen Verhalten und einem reduzierten explorativen Verhalten gezeigt werden. Als
therapeutischer Ansatz der Adipositas konnten Ernahrungsinterventionen (Diatwechsel)
sowohl in der Leber als auch im ZNS die pro-inflammatorische humorale Immunantwort
abmildern. Erndhrungsinterventionen im tg-Modell der AD konnten auf’erdem zu einer
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Steigerung der Hirn-Clearance Uber Autophagie-Mechanismen und damit zu einer Reduktion
der Belastung durch AB-Plaques sowie zu einer reduzierten Neuroinflammation fihren. Um
die Hirn-Clearance weiter zu untersuchen, wurde fir Mausmodelle auRerdem GBCA-gestitzte
MRT-Bildgebung etabliert. Auch wenn aufgrund der geringen GruppengrofRe vorerst keine
finalen Schlisse auf die Clearance-Kapazitat in tg- und wt-Mausen gezogen werden konnten,
eroffnet diese Methode eine neue Méglichkeit, um die Hirn-Clearance-Kapazitat longitudinal
In vivo einschatzen zu kdnnen.
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Anhang: Abkirzungsverzeichnis

9. Anhang: Abkurzungsverzeichnis

%ID/ml prozentuale injizierte Dosis pro ml

AD Alzheimersche Erkrankungen (von engl. Alzheimer’s disease)

AL ad libitum

APP Amyloid-Precursor-Protein

AB Amyloid 3

BHS Blut-Hirn-Schranke

CSF cerebrospinale Flissigkeit

DIO Diat-induzierte Adipositas (engl. diet-induced obesity)

EPM erhdhtes Plus-Labyrinth (engl. Elevated Plus Maze)

GBCA Gadoliniumkontrastmittel (engl. gadolinium-based contrast agents)
GFAP Glia-fibrillares saures Protein (von engl. glial fibrillary acidic protein)
HFD Hoch-Fett-Diat

Iba1 ionisiertes kalziumbindendes Adaptermolekiil 1

IF Intervallfasten

IL Interleukin

ISF interstitielle Flussigkeit

KD fettarme und kohlenhydratreiche Kontrolldiat

KR Kalorienrestriktion

LALLF Landesamt fir Landwirtschaft, Lebensmittelsicherheit und Fischerei
LBT Laufbandtraining

MCI leichte kognitive Beeintrachtigungen (engl. mild cognitive impairment)
MRS Magnetresonanzspektroskopie

MRT Magnetresonanztomographie

MWM Morris-Water-Maze-Test

ob/ob Leptin-defizient

OF offenes-Feld Test

PET Positronen-Emissions-Tomographie

PS Presenilin

Ri Ramifikations-Index

SD standardisiert-ausgewogene Makronahrstoffdiat

SUVgic,c korrigierter standardisierter Aufnahmewert (engl. standardized uptake value)
tg transgen

TMEM119 Transmembranprotein 119

TNF-a Tumornekrosefaktor-a

VOI Volume of Interest

wt Wildtyp

ZNS zentrales Nervensystem
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Abstract: The literature describes a close correlation between metabolic disorders and abnormal
immune responses, like low-grade inflammation (LGI), which may be one mechanistic link between
obesity and various comorbidities, including non-alcoholic fatty liver disease (NAFLD). In our study,
we investigated the influence of dietary composition on obesity-derived LGI in the liver. We used
a dietary induced obesity mouse model of C57BL/6] mice fed with high fat diet (HFD, 60% fat,
20% protein, 20% carbohydrates) and two different controls. One was rich in carbohydrates (10% fat,
20% protein, 70% carbohydrates), further referred to as the control diet (CD), and the other one is
referred to as the standard diet (SD), with a more balanced macronutrient content (9% fat, 33% protein,
58% carbohydrates). Our results showed a significant increased NAFLD activity score in HFD
compared to both controls, but livers of the CD group also differed in their macroscopic appearance
from healthy livers. Hepatic fat content showed significantly elevated cholesterol concentrations in
the CD group. Histologic analysis of the cellular immune response in the liver showed no difference
between HFD and CD and expression analysis of immunologic mediators like interleukin (IL)-15,
IL-6, I1-10 and tumor necrosis factor alpha also point towards a pro-inflammatory response to
CD, comparable to LGI in HFD. Therefore, when studying diet-induced obesity with a focus on
inflammatory processes, we encourage researchers to carefully select controls and not use a control
diet disproportionally rich in carbohydrates.

Keywords: high fat diet; control diet; non-alcoholic fatty liver disease; liver inflammation;
low-grade inflammation

1. Introduction

Abnormal and excessive accumulation of adipose tissue in the context of severe overweight and
obesity is one of the most challenging diseases of the 21st century. This is primarily due to the steadily
increasing number of obese patients who are getting younger and younger [1]. In addition to a wide
variety of cultural and social influences and a lack of exercise, a permanent oversupply of food rich in
calories, and mostly also in fat, leads to weight gain with serious health issues.

As a consequence, obesity is one of the leading causes of the metabolic syndrome, which was
described in 1989 by Kaplan [2]. The metabolic syndrome is associated with many other diseases [3,4]
including non-alcoholic fatty liver disease (NAFLD), which is seen as the hepatic manifestation of
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it [5]. One assumed reason for the prevalence of NAFLD and many other concomitant and secondary
diseases of obesity is the persistence of systemic low-grade inflammation (LGI), starting from adipose
tissue. However, there is no strict definition of LGL In general, dietary-induced LGI is a sterile
inflammation, which has also been given the name “metaflammation” (an inflammation of metabolic
tissue) [3], which is highly entwined with immunometabolism [6]. Since the LGI differs in its
triggering mechanisms from an infectious inflammation, both also likely differ in their consequences.
While infectious inflammation in its physiological function triggers an immune response of the
orgarLiSm, sterile inflammation has predOminantl}' patholagical consequences, e.g., via the alteration of
homeostatic checkpoints and the development of autoinflammatory disorders [7].

Interestingly, a close correlation between metabolic diseases and abnormal immune responses
such as LGI is observed [3,8]. White adipose tissue is capable of expressing both, metabolic and
immunological mediators [9], whose effects are not only local but can affect other organs like
the liver or have a systemic impact. This is also shown by a generalized moderate upregulation
of pro-inflammatory signaling cascades in overweight and obesity. Important mediators in this
context include interleukin (IL})-13, IL-6 and tumor necrosis factor alpha (TNFa) [10-12]. Moreover,
a downregulation of anti-inflammatory mediators such as [L-10 has been reported [12]. All of the
above mentioned mediators take part in well-orchestrated and tightly regulated signaling cascades
and derailments of them may be responsible for a LGI-mediated interaction between obesity and
NAFLD [13,14]. However, which long-term influences in the diet are present, defined as at least
6 months of corresponding diet, on obesity-derived LGI in the liver has not yet been investigated in
detail in mice.

A diet-induced obesity mouse model consisting of a 60% high fat diet (HFD) is used in this project
to observe the effects of obesity-derived LGI on the liver. As an additional approach, we wanted to
investigate the impact of dietary composition of two different low-fat controls on the liver, with a special
focus on LGL One control group received the HFD-manufacturers recommended control diet (CD),
broadly used in research [15-18]. This CD matches the HFD regarding sucrose content (as a percent of
calories) and fiber structure but has generally a high carbohydrate content and in particular a high starch
content ([19]; Product Data—DIO Series Diets, Research Diets Inc., Lane, NJ, USA). As the literature
hints towards the role of carbohydrate-rich diets as promotors of systemic LGI, e.g., by oxidative stress
induction [20,21], it would be of high interest to have a closer look if this mechanism affects the liver
as well. In contrast, the literature suggests that protein-rich diets have anti-inflammatory effects and
also reduce liver fat [22], which is an important note when considering studying dietary-induced
effects of LGI on the liver. Therefore, the other control group received the in-house standard diet (SD)
with matched calorie content to CD but lower carbohydrate content and increased protein content
compared to CD and HFD.

2. Experimental Section

2.1. Animal Models

For the experiments, female C57BL/6] mice at the age of 4 weeks were purchased from Charles River
(Sulzfeld, Germany). In compliance with our own previous and ongoing investigations, female mice
were used for comparability between different studies. Mice were kept in standard cages with 4
to 5 animals per cage, in a temperature controlled room (21 + 3 °C) with a 12/12 h day-night cycle
(lights on from 06:00 am to 06:00 pm CET) containing a twilight period of 30 minutes. The mice were
blindly divided into three groups, which were fed different diets and water supply ad libitum over a
period of 6 months. After one week of acclimatization, the food was adjusted to the corresponding diet,
with designated compositions shown in Figure 1. One group received an HFD (D12492; Research Diets
Inc., Lane, NJ, USA), hereinafter referred to as the HFD group (n = 31). The other group received
the recommended CD (D12450]; Research Diets Inc., Lane, NJ, USA), hereinafter referred to as the
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CD group (1 = 16). The third group received SD (ssniff® R/M-H, ssniff Spezialdiaten GmbH, Soest,
Germany) and is hereinafter referred to as the SD group (1 = 15).

HFD co sD
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. 4 .
Fat 80% Fatt 10% Fat 8% HFD sSD cCD
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Carbohydrates 20% Carbohydrates 70% Carbohydrates 58%

Figure 1. Composition of high fat diet (HFD), control diet (CD) and standard diet (SD) in % of total
calories and energy density in kcal/g.

All animal experimental work was carried out with permission of the local Animal Research
Committee (Landesamt fir Landwirtschaft, Lebensmittelsicherheit und Fischerei (LALLF)) of the state
Mecklenburg—WeStem Pomerania (LALLF M-V/TSD/7221.3-2-001/18, approved on 1 March 2018) and
all animals received human care according to the EU Directive 2010/63/EU.

2.2. Blood Sampling and Tissue Preparation

Mice were anaesthetized with 5 vol.% isoflurane (Baxter, UnterschleiBheim, Germany), 0.8 L/min
Oz (Air Liquide, Hamburg, Germany) and 1.25 L/min N;O (Air Liquide, Hamburg, Germany) and
blood was taken retrobulbary to exsanguinate the mice. Blood samples were kept at 4 °C until plasma
prel:ramﬁOn the same day. Therefore, sa.mples were o:—:’ntrifuged at 1200 pm and 6 °C for 10 min
(Centrifuge 5424, Eppendorf, Leipzig, Germany) and supernatant was collected and stored at =80 °C.
Then, mice were transcardially perfused with 20-25 mL 0.9% NaCl (Braun, Melsungen Germany)
with an estimated flow rate of 2.28-2.83 m1/min. For histological and immunohistochemical analysis,
the left lateral liver lobe was dissected and fixed in 4% paraformaldehyde (PFA, ChemCruz, Dallas, TX,
USA) solution for five days, embedded in parafﬁ.n (Carl Roth, Karlsruhe, Germany) and sectioned in
4 um thin tissue slices. For molecular analysis, the remaining liver was homogenized and snap frozen
in liquid nitrogen and stored at —80 °C.

2.3. Biochemistry

Directly after blood collection, blood sugar concentration in the naive blood sample was
assessed with the glucose meter Contour®XT (Baver, Leverkusen, Germany) acccurding to the
manufacturer’s instructions. In the stored plasma samples, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) activities were measured spectrophotometrically as indicators of
hepatocellular disintegration and necrosis. The extinction at 340/378 nm was measured with the
cobas®c111Analyzer (Roche Diagnostics GmbH, Penzberg, Germany). Measurement of plasma
triglycerides was performed using Triglyceride Colorimetric Assay Kit (Nr.: 10010303, Cayman
Chemical Company, Hamburg, Germany) according to the manufacturer’s instructions. Results are
provided in the Supplementary Materials (Table 51).

2.4. Histology, Immunchistochemistry and Image Analysis

Hematoxylin (Merck, Darmstadt, Germany) and eosin (Merck, Darmstadt, Germany) (H&E)
staining was performed using standard protocols. Pictures were recorded on a microscope type BX51
with a Color View Soft Imaging System and the corresponding software cellSens Standard 1.14 (all from
Olympus, Hamburg, Germany).
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From the H&E stained specimens, analyses of tissue content of microvesicular fat was performed
using the public domain image analysis software Image] (v.1.47) (protocol provided in the supplements
as Image] Code 51). Furthermore, a NAFLD Activity Score (NAS) was generated to characterize
diet-induced liver damage. Following the description by Kleiner et al. [23], the parameters steatosis
(score 0-3), hepatocellular ballooning (score 0-2) and lobular inflammation (score 0-3) were used
to calculate NAS (total score (-8). Steatosis was assessed at 50X magnification and ballooning at
100x magnification. Inflammation was assessed by counting inflammatory foci from 20 representative
low-power fields (LPF) (200x magnification) with an inflammatory focus characterized as a grouping
of at least five inflammatory cells in the tissue, which are not arranged in a row [24]. Examples for the
different assigned scores are provided as representative images in the supplements (Figure 51).

For assessment of tissue infiltration of granulocytes as another hallmark of manifestation of LGI
in the liver, sectioned paraffin-embedded liver tissue was stained for chloracetate esterase (CAE)
with Naphthol A5-D chloroacetate (Sigma- Aldrich, Darmstadt, Germany) and counterstained with
hematoxylin (Merck, Darmstadt, Germany). For quantification, the total number of hepatocytes and
CAE positive cells (CAE™) was counted in 20 consecutive high-power fields (HPF) at 400x magnification.

As a second cellular indicator for LGI in the liver, macrophages were stained
immunohistochemically. Therefore, overnight incubation (4 °C) with the first antibody (rat anti
mouse-F4/80 [MCA497] from Bio-Rad, Hercules, CA, USA) was followed by 1 h incubation at room
temperature with the secondary antibody (goat anti rat [MCA497] from Bio-Rad, Hercules, CA,
USA) stained with the chromogen Permanent Red (Ref. K0640, DAKO GmbH, Jena, Germany)
and counterstained with hematoxylin (Merck, Darmstadt, Germany). For quantification, the total
number of hepatocytes was counted in 20 consecutive HPF at 400x magnification and semiautomatic
quantification of F4/80 positive cells (F4/807) was performed via Image] (protocol provided in the
supplements as Image] Code 52).

2.5. Cholesterol Assay

For assessment of hepat'ic cholesterol content, Cholesterol Quantitation Kit (Calbiochem®, Merck,
Darmstadt, Germany) was performed according to manufacturer instructions from 30 ug snap frozen
liver tissue.

2.6. Quantitative Real-Time PCR

RNA isolation from snap frozen liver tissue was performed with RNeasy Mini Kit (Qiagen,
Venlo, The Netherlands) according to the manufacturer’s instructions. RNA integrity was verified
by agarose gel electrophoresis and RNA concentration was assessed by absorption measurement
with NanoDrop (Thermo Fisher Scientific, Waltham MA, USA). Isolated RNA was transcribed
into cDNA with SuperScript™ (Invitrogen, Thermo Fisher Scientific, Waltham MA, USA) and
deﬂxyribonucleusidl'riphosphaies (Thermo Fisher Scientific, Waltham, MA, USA) were added.
Cytokine analyses were performed via quantitative real-time PCR in a BioRad iQ5 Multicolor Real Time
PCR Detection System (Conquer Scientific, San Diego, CA, USA) with iQ™ SYBR® Green Supermix
(Bio-Rad, Hercules, CA, USA). Primer sequences are shown in Table 1. Measurement results are
corrected against the housekeeping gene 405 ribosomal protein 518 (RP518) and relative quantification
was carried out by usage of the 27MCT method.

2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1 (GraphPad Software Inc., San Diego,
CA, USA). Data were checked for normality with the Kolmogorov—Smirnov test (for scoring data) or
Shapiro-Wilk test and variances of ANOVA were verified by Bartlett's test. If SDs were not significantly
different with p > 0.05, an ordinary one-way ANOVA was performed followed by Turkey post hoc
test, otherwise Brown-Forsythe and Welch ANOVA followed by Tamhane’s T2 multiple comparisons
test was performed. If data were not normally distributed, the Kruskal-Wallis test with Dunn’s post
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hoc test for multiple comparisons was conducted. Data are presented as mean + standard deviation
and statistical significance was set at p < 0.05. The ROUT method based on the false discovery rate
(Q = 0.01) was used to identify and remove outliers if possible and necessary. For further details,
see figure legends.

Table 1. Primers used for quantitative real-time PCR.

Primer Orientation Sequence
RPS18 Forward 5-AGGATGTGAAGGATGGGAAG-3
Reverse 5-TTGGATACACCCACAGTTCG-¥
INF Forward 5-ACATTCGAGGCTCCAGTGAATTCGG-
® Reverse 5-GGCAGGTCTACTTTGGAGTCATTGC-3
I-1p Forward 5" -CCCAAGCAATACCCAAAGAA-Y
Reverse 5 -TTGTGAGGTGCTGATGTACCA-3'
-6 Forward 5-TCTGACCACAGTGAGGAATGTCCAC-3
Reverse 5'-TGGAGTCACAGAAGGAGTGGCTAAG-Y
110 Forward 5-GCCTTGCAGAAAAGAGAGCT-3
) Reverse S-AAACAAAGTCTTCACCTGGC-

3. Results

3.1. Dietary Impact on Body and Liver Weight

After feeding the mice their respective diet for 6 months, their body weight was measured and
liver tissue was collected for further analysis. Animals are shown as representative images (Figure 2a).
Analysis of body weight revealed significantly elevated values in the HFD group (Figure Zb, p < 0.0001
vs. CD and SD group). Body weight did not differ between the CD and 5D group (Figure 2b).

404

20 ’ &&

Body weight in g
L3

L s S

HFD CD sD
Figure 2. (a) Representative images of appearances from mice fed high fat diet (HFD), control diet
(CD) or standard diet (SD); (b) Body weights of mice in the different groups (HFD: n = 29; CD: n =15,
5D: 1 =15), presented as mean + standard deviation. Significance of differences between the groups
was tested by Brown-Forsythe and Welch ANOVA, **** p < 0.0001.
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Macroscopic appearances of the livers in situ are shown as representative images (Figure 3a).
While dissecting the liver, we noticed a visual deviation of both the HFD and CD group to a healthy
looking liver as displayed by the 5D group. Analysis of liver weight again revealed significantly
elevated values in the HFD group (Figure 3b) (p < 0.0001 vs. CD group and p = 0.013 vs. 5D group)
and no significant difference between the CD and 5D group.
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Figure 3. (a) Representative in situ images of mice livers from mice fed high fat diet (HFD), control
diet (CD) or standard diet (5D); (b) Liver weight of the different groups (HFD: n = 29; CD:n =15,
SD: 1 = 15) presented as mean + standard deviation. Significance of differences between the groups
was tested by one-way ANOVA on Ranks (Kruskal-Wallis); **** p < 0.0001, ** p < 0.01.

3.2. Dietary Induced Liver Steatosis

The basis for the increased liver weight is probably diet-induced liver steatosis. To analyze
this parameter, the microvesicular liver fat content was determined in H&E stained tissue,
with representative images shown in Figure 4a. Liver tissue of the HFD group showed excessive
macro- and microvesicular fat deposits. In addition, in liver tissue of the CD group, fat depots, mostly
microvesicular, were found. Image analysis led to a significantly higher fat quantity in HFD compared
to the CD and 5D group (Figure 4b, p = 0.0007 vs. CD group and p < 0.0001 vs. SD group) but not
between the SD and CD group. Tissue fat content alone therefore did not serve as an explanation for
the macroscopically observed brightening of livers of the CD group. Subsequently we found that in
the livers of the CD group, the amount of hepatic cholesterol was significantly higher than in the HFD
group (p = 0.024) but not in the 5D group (Figure 4c).

As an additional parameter to assess the impact of the different diets on the liver, we calculated the
NAS for the different groups, according to exemplary scoring in Supplement Figure 51. Fat deposits
(representative images shown in Figure 5a) in the HFD group indicated pathological changes in all liver
samples. The HFD group, with mostly a score of 2, showed a significantly higher liver steatosis than
the CD and 5D group (Figure 5b), both p < 0.0001) with a score mostly between 0 and 1. The CD group
did not differ Signi_ﬁcanﬂy from the SD group, which is in line with the above shown quant'iﬁcaﬁon of
liver fat. The SD group constantly showed a score of 0 in all samples, which corresponds to a healthy
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liver. As a second parameter for the NAS, ballooning, a form of cell injury and death through fat
accumulation, was assessed (Figure 5a). In all our samples, none of the hepatocytes showed ballooning
injury to any extent, therefore score 2 was not assigned once. As some samples showed a few ballooned
hepatocytes in the HFD group, represented by a score of 1, the scoring was significantly higher than in
the CD and SD groups (Figure 5b), p < 0.0001) as there were no ballooned cells observed in the livers of
the low-fat diets, assigned to score (. The third parameter to calculate NAS is lobular inflammation
(Figure 5a). In all samples, no massive inflammation of liver tissue, assigned to score 3, was found.
With 2-4 inflammatory foci per LPF, a stout inflammation, defined as score 2, could be seen in a few
livers of the HFD group. Interestingly, when it comes to inflammation, there was only a significant
difference between the HFD and SD group (Figure 5b), p = 0.003) but not between the HFD and
CD group. In the overall result, the examined parameters steatosis, ballooning and inflammation
contributed to the NAS result with significantly higher values in the HFD group compared to the CD
and 5D group (Figure 5b), p < 0.0001 vs. CD and SD group). This hints toward a damaging effect of the
HFD on the liver.
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Figure 4. (a) Representative LPFs of the livers from mice fed high fat diet (HFD), control diet (CD)
or standard diet (5D} (200x magnification, scale bar representing 50 pm valid for all three images);
(b) Percentage of hepatic vesicular fat content; (¢) Hepatic cholesterol concentration of the HFD, CD and
5D group. Data (HFD: n = 29; CD: n = 15, SD: n = 15) presented as mean =+ standard deviation.
Significance of differences between the groups was tested by Brown—Forsythe and Welch ANOVA in
(b) or one-way ANOVA on Ranks (Kruskal-Wallis) in (¢); **** p < 0.0001, *** p < 0.001, * p < 0.05.
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Figure 5. (a) Representative images of steatosis (50x magnification, scale bar represents 200 pm valid
for all three images), ballooning (100 magnification, scale bar representing 100 pm valid for all three
images) with black arrows indicating damaged cells, and inflammation (200x magnification, scale bar
representing 50 pm valid for all three images) with black arrows indicating inflammatory foci in livers
from mice fed high fat diet (HFD), control diet (CD) or standard diet (SD); (b) Assessments of scores
for steatosis, ballooning and inflammation as well as calculation of NAS for the groups (HFD: n = 29;
CD: n=15, 5D: n = 15). Data presented as mean + standard deviation. Significance of differences
between the groups was tested by one-way ANOVA on Ranks (Kruskal-Wallis); *** p < 0.0001,
**p <001

3.3. Dietary-Induced LGI in the Livers of the HED Group and CD Group

As already indicated by macroscopy changes in the livers of the CD group, potential pathogenic
effects of the carbohydrate rich diet emerged, and only a significant difference between the HFD and
SD group was observed when scoring lobular inflammation in the NAS assessment. Thus, we chose to
gain a more in-depth look into LGI processes in the liver. Therefore, we analyzed the cellular immune
reaction by quantification of CAE" and F4/80" cells in the liver, relativized to the total number of
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hepatocytes per HPF (Figure 6a). The data we obtained substantiate the results from inflammation
scoring in NAS, again showing a significant difference between the HFD and SD group (Figure 6b),
CAE™: p=0.0003, Figure 6c), F4/807: p = 0.0002,) but not between the HFD and CD group. Additionally,
in both analyses, there was a significant difference between both controls (Figure 6b), CAE™: p < 0.0001,
Figure 6¢), F4/80": p = 0.006). In conclusion, compared to the SD group, the CD group had significantly
increased amounts of immune cells in the liver.
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Figure 6. (a) Representative images of CAE-staining with CAE*-cells indicated by arrows and
F4/80-staining with F4/80*-cells stained in red (both at 400x magnification, scale bar representing 20 um
valid for all images) of livers from mice fed high fat diet (HFD), control diet (CD) or standard diet (SD);
(b) Relative amount of granulocytes (CAEY) (HFD: n = 28; CD: n = 15, SD: n = 15); (¢) Relative amount
of macrophages (F4/80%) (HFD: n = 29; CD: n = 15, 5D: n = 15). Data presented as mean + standard
deviation. Significance of differences between the groups was tested by one-way ANOVA on Ranks
(Kruskal-Wallis) in (b) or ordinary one-way ANOVA in (¢); **** p < 0.0001, *** p < 0.001 ** p < 0.01.

In addition to the cellular immune response, we investigated the humoral immune response in
liver LGL As one of the most important synthesis organs, the liver is able to produce many immunogenic
mediators. For quantification of the pro-inflammatory cytokines IL-15, IL-6 and TNFx as well as
the anti-inflammatory [1-10, hepatic RNA expression was evaluated by quantitative real-time PCR
(Figure 7a—d)). The IL-15 levels in the CD group were significantly lower than in the HFD (p < 0.0001)
and SD group (Figure 7a), p < 0.0001 vs. HFD group, p= 0.0021 vs. SD group). This was astonishingly
reverted for [L-6 levels where we saw a significant increase in comparison to the HFD and 5D group
(Figure 7b), p = 0.0106 CD vs. HFD group, p = 0.0124 CD vs. SD group). Only TNFx values were as
expected highest in the HFD group, which was significant compared to SD (Figure 7¢), p = 0.0052)
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but not to the CD group. In addition, a significant elevation of TNFx expression in the CD group
compared to the SD group (Figure 7c), p = 0.005) was found. For IL-10, we found significantly increased
expression when comparing the HFD and CD group with the SD group (Figure 7d), p = 0.0136 HFD vs.
SD and p = 0.0275 CD vs. SD). The results depicting overall a heterogeneous effect of LGI on cytokine
expression, but of note, the CD and SD group always differed significantly.
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Figure 7. (a) Hepatic mRNA expression in the high fat diet (HFD), control diet (CD) or standard diet (SD)
group of IL-1p (HFD: n =28, CD:n = 14, SD: 1 = 14); (b) Hepatic mRINA expression of IL-6 (HFD: n = 24,
CD:n =15, 5D: n = 14); (¢) Hepatic mRNA expression of TNFea (HFD: n = 28, CD: n =15, 5D: n = 14);
(d) Hepatic mENA expression of IL-10 (HFD: n = 25, CD: n = 15, 5D: n = 14). Data presented as
2-24C yalues determined by quantitative real-time PCR; Data presented as mean + standard deviation.
Significance of differences between the groups was tested by ordinary one-way ANOVA in (a) or
one-way ANOVA on Ranks (Kruskal-Wallis) in (b),(¢) and(d) or; ** p < 0.01, * p < 0.05.

4. Discussion

Obesity is not merely a health risk itself, but often associated with other concomitant and
secondary diseases [3,4,25]. It has become a serious disease of the 21st century due to its steadily
increasing prevalence [1], and therefore is of great interest to study underlying disease mechanisms.
One mechanism believed to contribute to disease progression is dietary-induced LGI starting from
adipose tissue and later also becoming systemic and manifesting in other organs like the liver [26].
This is explainable by the close phylogenetic relationship between the liver and adipose tissue as well
as the immune and hematopoietic system, which have evolved from formerly common structures [3].
In humans, as well as in many other mammals, hepatocytes and adipocytes are in close proximity
to immune cells and have unhindered access to blood vessels [27-29]. Assuming that within the

52



Anhang: Verdffentlichte Originalarbeiten

Biomedicines 2020, 8, 587 11 of 15

framework of the common evolutionary lineage, common signaling molecules and pathways have
also been conserved.

To draw more detailed conclusions of dietary effects on liver LGI, a diet-induced obesity mouse
model was used in this study. We chose a HFD model to map the development of obesity and especially
inflammation. Due to a diet rich in calories and fat, C57BL/6] mice on HFD show a diet-induced obesity
phenotype mirroring the situation in obese humans in western industrial countries [30]. The induction
of obesity by such a model is usually less artificial and therefore findings are better translatable to
humans. This is especially the case because corresponding genotypes of genetically obese mice models
like Lep®® /Lep®® mice or mice with tubby gene mutations [31,32] are rarely found in humans.

In our work, we aimed to investigate the dietary impact on effects of obesity-derived LGl in the
liver. With our experimental approach, we were able to show an adverse effect of HFD on the liver,
represented mainly through an elevated NAS. Surprisingly, when looking especially on LGI processes,
the carbohydrate-rich control diet also exacerbated the pro-inflammatory response in the liver.

In terms of assessing dietary effects on mice, body and liver weights of the animals were determined.
As expected, mice of the HFD group had significantly increased body and liver weights, whereas the
values of the CD and 5D group were at the lower limit of the age- and sex-specific normal range [33].
The reason for the increased body and liver weights is diet-induced fat accumulation, examined by
analysis of liver fat content as well as determination of hepatic cholesterol. Mice of the HFD group
showed significantly increased liver fat content of more than 10%, whereas both the controls were in
the same range of liver fat content as healthy mice, which is about 5-8% [24,34].

Contrary to this finding, the hepatic cholesterol assay revealed a significantly increased cholesterol
content in the CD group. Cholesterol has lipotoxic effects, mainly mediated by the induction of oxidative
stress, which are able to activate pro-inflammatory signaling pathways and thus lead to NAFLD
progression, even in lean individuals [35]. This provides a possible explanation for macroscopically
observed pathological changes in the livers of the CD group. Therefore, in our experiments, the liver of
the CD group with normal liver fat-content but high cholesterol showed a liver LGI equal to mice fed
with HFD, which is comparable to previous results of HFD vs. carbohydrate-rich diet [36]. We suggest
that starch is the main mediator of the elevated cholesterol content and the pro-inflammatory effects seen
in the CD group, which is in line with results of Duwaerts et al. [37], describing a pathogenic effect of
diets rich in starch on the liver, independent of calories and nutrient proportions [37]. From a nutritional
point of view, CD as well as HFD are rich in lards, contributing to a pro-inflammatory profile [38]
m both groups. Additionally, a h.igh carbohydrate amount in the CD also contributes to that [20,21],
whilst an elevated protein content, such as in the 5D group, exerts more anti-inflammatory effects [22].

To explore the dietary effect on the mice livers in depth, they were histologically processed and
analyzed according to aspects that are relevant in NAFLD diagnostics [23,24]. The NAS, created within
the scope of evaluation, showed a more than fourfold increase in the HFD group compared to the CD
and SD group, mainly due to steatosis. In the HFD group, this indicates the beginning and progression
of NAFLD, described in the literature as an organic manifestation of the metabolic syndrome [5].
This damaging effect on the livers also became apparent by significantly increasing ALT and AST
plasma values in the HFD group (Supplementary Materials Table 51). A persistent LGI may be a
mechanistic link between obesity and the various comorbidities, such as NAFLD. There is strong
evidence from the literature that obesity exerts an influence on the immune system and manifests
itself as a condition of chronic LGI [11,39]. LGI is triggered or promoted by intrinsic stress factors,
tissue dysfunction and changes in homeostatic checkpoints, which commonly occur in obesity [7].
The expression and characterization of a liver manifestation of LGI, triggered by HFD-induced obesity,
were therefore another focus of the experiments.

Further characterization of obesity-associated LGl in the liver focused on the local cellular immune
response. Cell damage induced in the context of NAFLD can lead to reduced liver function [40] with
extensive consequences on the hepatic synthesis performance. In addition to inflammatory foci in the
liver, assessed by NAFLD scoring, the number of granulocytes and the number of macrophages was
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determined. Due to the heterogeneity of the macrophage population in the liver, we only counted
F4/80+ cells, mainly consisting of tissue resident Kupffer cells and macrophages recruited from the
bloodstream [41]. In the calculated ratios of both granulocytes and macrophages to the number
of hepatocytes, significantly increased values were observed in the HFD group as well as in the
CD group. Not only mature macrophages were attracted from the bloodstream, but also myeloid
progenitor cells through a closely regulated interaction of genes for chemokines, chemokine receptors,
adhesion molecules, myeloid markers and inflammatory cytokines [42]. Therefore, as a further step to
characterize diet induced liver LGI, hepatic expression of different cytokines was determined.

In addition to hepatocytes themselves, it is commonly known that immune cells in the liver
also play a major role in the expression inflammatory mediators [43]. In our work, determined
hepatic expression levels of cytokines do not provide a homogeneous pattern. According to TNFa
elevations in obesity shown by other working groups [10,39,44], we were able to show an elevation of
hepatic TNFe expression in the HFD group too, but also in the CD group compared to the SD group.
Whilst the expression of pro-inflammatory TNFa was in line with the shown cellular immune response,
the results of the other three analyzed cytokines differed and were partially contradictory. In contrast
to increased IL-6 levels in obesity described in the literature [45], the HFD group only showed a slight
increase in hepatic expression compared to the SD group. The hepatic IL-6 expression in the CD group
was even higher than in the HFD group, again underpi_rmi_ng the pro—inﬂanunatory potenl'lal of the
carbohydrate-rich CD. A significantly lower IL-1j and elevated I1-10 level in the CD group may be
explainable by an overshooting anti-inflammatory counter-regulation, as IL-10 especially is able to
alter the expression of other cytokines [46].

In conclusion, our results show obesity derived liver damage associated with an organic
manifestation of a LGl in the livers of the HFD group. Even if not leading to a significant increase of
NAS in the CD group over the experimental time, an increased inflammatory potential was shown in
the group fed with a diet rich in carbohydrates. Therefore, when studying diet-induced obesity with a
focus on inflammatory processes like LGIL we would not suggest using a control diet disproportionately
rich in carbohydrates.

Supplementary Materials: The following are available online at hitp://www.mdpi.com/2227-9059/8/12/587/s1,
Table 51: Blood Parameters blood glucose concentration, triglyceride concentration, AST and ALT concentration
in the high fat diet (HFD), control diet (CD) and standard diet (5D} group presented as mean + standard deviation,
Image] code 51: Code for semiautomatic quantification of liver fat, Image] code 52: Code for quantification of
F4/80+-cells, Figure 51: Representative images for scoring of steatosis (Score (-3, 50 x magnification, scale bar
represents 200 um valid for all four), ballooning (Score 0-1, 100x magnification, scale bar represents 100 um valid
for both) with black arrows indicating damaged cells, and inflammation (Score (-2, 200x magnification, scale bar
represents 50 pm valid for all three) with black arrows indicating inflammatory foci
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Abstract: Obesity is characterized by immoderate fat accumulation leading to an elevated risk of neu-
rodegenerative disorders, along with a host of metabolic disturbances. Chronic neuroinflammation
is a main factor linking obesity and the propensity for neurodegenerative disorders. To determine
the cerebrometabolic effects of diet-induced obesity (DIC) in female mice fed a long-term (24 weeks)
high-fat diet (HFD, 60% fat) compared to a group on a control diet (CD, 20% fat), we used in vivo
PET imaging with the radiotracer ['8F]FDG as a marker for brain glucose metabolism. In addition,
we determined the effects of DIO on cerebral neurcinflammation using translocator protein 18 kDa
(TSPO)-sensitive PET imaging with [18F]GE—18[]. Finally, we performed complementary post mortem
histological and biochemical analyses of TSPO and further microglial (Ibal, TMEM119) and astroglial
(GFAP) markers as well as cerebral expression analyses of cytokines (e.g., Interleukin (IL)-1p). We
showed the development of a peripheral DIO phenotype, characterized by increased body weight,
visceral fat, free triglycerides and leptin in plasma, as well as increased fasted blood glucose levels.
Furthermore, we found obesity-associated hypermetabolic changes in brain glucose metabolism in
the HFD group. Our main findings with respect to neuroinflammation were that neither [mF]GE-lﬂﬂ
PET nor histological analyses of brain samples seem fit to detect the predicted cerebral inflammation
response, despite clear evidence of perturbed brain metabolism along with elevated IL-1p expression.
These results could be interpreted as a metabolically activated state in brain-resident immune cells
due to a long-term HFD.

Keywords: neuroinflammation; diet-induced obesity; high-fat diet; ['*FJFDG PET/CT; ['*F]GE-180
PET/CT; TSPO
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1. Introduction

Obesity is mainly characterized by the excessive accumulation of adipose tissue [1]. Its
prevalence is steadily increasing and reaching pandemic levels, severely burdening patients
and health care systems [1,2]. The main contributor inducing a detrimental increase in body
weight is a permanent oversupply of food rich in calories and mostly also in fat, forming
an imbalance between energy uptake and expenditure [1]. Obesity is associated with a
state of chronic systemic low-grade inflammation (LGI) [3,4] affecting adipose tissue, the
liver [5,6] and even the central nervous system (CNS) [7]. In this context, a decrease in
cognitive abilities has been observed in patients with long-term obesity [5,9]. Additionally,
obese patients have an increased risk of developing dementia [10-12].

The main converging mechanism of brain alterations in obesity and neurodegenerative
diseases is neuroinflammation [13,14]. In obesity, neurcinflammation is predominantly
found in the hypothalamus, leading to dysregulations in the hypothalamus—pituitary axis,
thus promoting further disruptions in body mass and food intake regulation [15]. In
addition, the literature also suggests neuroinflammatory processes in many other regions
of the CNS, for example in the cortex, hippocampus and cerebellum, to be associated with
neuronal loss and cognitive changes [16].

Obesity-induced neuroinflammation is thought to result from a persisting peripheral
LGI characterized by changes in mediators with pro-inflammatory potential, for example
leptin, saturated fatty acids and cytokines. These can affect brain myeloid cells with
microglia as the most prominent CNS-resident immune cells [17] as well as astroglia
by different pathways [16,18]. Various degrees of microglial and astroglial activation
are also commonly observed in different neurodegenerative disorders [19,20]. The pro-
inflammatory activation of microglia typically leads to a shift from a homeostatic phenotype
to a pro-inflammatory state, characterized by increased expression of pro-inflammatory
cytokines, such as interleukin (IL)-1p and tumor necrosis factor o (TNFax), as well as
pro-inflammatory chemokines and reactive oxygen species [21]. Furthermore, the pro-
inflammatory activation of microglia leads to characteristic morphological changes in
which the microglia retract their fine processes, and both the cell bodies and processes
become hypertrophic [22].

Besides post mortem histological analyses, neuroinflaimmation can be assessed in vivo
using positron emission tomography (PET). The translocator protein 18 kDa (TSPO), for-
merly known as the peripheral benzodiazepine receptor, is a prominent biomarker for PET
imaging studies [23,24]. For example, (45)-N,N-Diethyl-9-[2-["*F[fluoroethyl]-5-methoxy-
2,34 9-tetrahydro-1H-carbazole-4-carboxamide (flutriciclamide, ['¥F]GE-180 [25]) is a radio-
tracer with high TSPO affinity [26-28]. TSPO is mainly expressed in glial cells in the brain
as a transmembrane protein in the outer mitochondrial membrane. While its biological
functions remain largely unclear [29], several studies have shown an upregulation of TSPO
expression in activated microglia, and TSPO radiotracers have been used successfully for
PET imaging of neuroinflammation in various animal models as reviewed by van Camp
et al. [30], including in obese mice [31].

Despite the extensive focus of research on the interconnection between obesity and
neurodegeneration that is potentially mediated via neuroinflammatory processes, this is
still an open field for research. In particular, publications on the effect of long-term high-
caloric malnutrition on neurcinflammation are scarce. Therefore, we used a diet-induced
obesity (DIO) mouse model to study the effects of a long-term high-fat diet (HFD) on brain
glucose consumption and cerebral neurocinflaimmation as well as peripheral and cerebral
markers of obesity and inflammation. We used a combination of in vivo PET analyses with
2-["®F]fluoro-2-deoxy-D-glucose (["*FIFDG) and [**F]GE-180 and ex vivo histological and
biochemical evaluations of brain tissue. Our study aimed to test whether the application
of ['®F]GE-180 PET could detect potential chronic neuroinflammation induced by long-
term HFD in the presented DIO model in vivo. Secondly, we evaluated if post mortem
histological and biochemical analyses resemble cellular or humoral immune reactions
induced by long-term HFD in line with the in vivo imaging results.
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2. Materials and Methods
2.1. Animal Model

For the experiments, female C57BL/6] mice were purchased from Charles River
(Sulzfeld, Germanyy) at the age of 4 weeks. Mice were kept in standard cages with 4 animals
per cage in a temperature-controlled room (21 + 3 °C) with a 12/12 h day/night cycle
containing a twilight period of 30 min. After one week of acclimatization, the diet was
changed to the corresponding diet. One group received a HFD (D12492; Research Diets,
New Brunswick, NJ, USA), hereinafter referred to as the HFD group (16 mice) and the
other group received the manufacturers’ recommended control diet (CD, D12450]; Research
Diets, New Brunswick, NJ, USA), hereinafter referred to as the CD group (16 mice) over a
long-term period of 24 weeks. During the experiments, mice had ad libitum access to water.

All animal experimental work was carried out with permission of the local Ani-
mal Research Committee (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei (LALLF)) of the state Mecklenburg-Western Pomerania (LALLF M-V /TSD/7221.3-
2-001/18) and all animals received human care according to the EU Directive 2010/63/EU.

2.2. PET/CT Imaging and Image Analysis

Imaging was performed after 24 weeks (=long-term) of the respective diet. For imag-
ing procedures, radiotracers were injected into the tail vein in anesthetized mice (1.5-2.5%
isoflurane Baxter, Unterschleiffheim, Germany) with oxygen supplement (Air Liquide,
Hamburg, Germany). Research conditions during PET imaging were kept identical among
animals to ensure accuracy and reliability. These included anesthesia time (<90 min), anes-
thesia depth (constant breathing frequency, absence of movement) and body temperature
(38 °C).

PET imaging using ['"®*F]FDG was performed according to a previously published pro-
tocol [32,33]. Briefly, mice were not fasted prior PET imaging. They received
15.38 £ 0.62 MBq of ["*F]FDG intravenously (i.v.). 30 min after injection of ['"*F]FDG,
static PET imaging was performed for 30 min in the head-prone position using a small-
animal PET /CT scanner (Inveon PET/CT Siemens, Knoxville, TN, USA). PET data were
normalized, corrected (for attenuation, decay, scatter, randoms and deadtime) and re-
constructed using 2D-ordered subset expectation maximization algorithm (2D-0SEM,
4 iterations, 16 subsets).

To investigate neuroinflammation, the radiotracer ['"*F]JGE-180 was used. Briefly, mice
received 15.80 + 1.45 MBq [**F]GE-180 i.v. PET imaging was performed for a total of
60 min and started simultaneously with the i.v. injection of ['"FJGE-180. All 60 min of data
were averaged for analysis, and the same corrections and reconstruction algorithm as for
['"®F]FDG imaging were applied.

PET image analysis was performed with PMOD v.4.0 (PMOD Technologies, Zurich,
Switzerland). Detailed procedure of PET data analysis is described by Rithlmann et al. [33].
In short, PET images were co-registered to Mirrione MRI atlas [34] using CT images and
anatomical T1-weighted MRI images. The volume of interest (VOI) template of Mirrione
was used to extract values in kBg/mL for the following brain regions: cortex, hippocam-
pus and hypothalamus. Additionally, all VOIs of the template were united to obtain
a whole-brain VOL. Initially, the % injected dose per mL (%ID/mL) was calculated for
standardization.

To address the large difference in weight between CD and HFD mice (see Section 3,
Figure 1A), we evaluated the metabolic activity of each radiotracer in the visceral fat tissue
and the whole brain (see Figures 1G and 2A). For this, a VOI was placed manually in the
visceral fat tissue. For [\SF]FDG, the visceral fat was metabolically active to some degree
(Figure 1G); therefore, we did not want to overestimate the effect of weight. Thus, we
calculated the standardized uptake value using metabolic weight (SUV.) according to
Kleiber et al. [35]. For this, the final blood glucose measurement 24 h post PET imaging
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was used. Additionally, SUV_ was corrected using blood glucose concentration (SUVy o).
The following equation was used to calculate SUVy,, . for ['""F]JFDG:

radioactivity concentration %BE
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Figure 1. Diet-induced obese phenotype in mice. (A} Weekly weight progression (in g} of mice
with control diet (CD) and high-fat diet (HFD). Both groups started with n = 16 mice and ended
with CD (n = 15) and HFD (n = 14) mice. Last data point was measured after a fasting period of
6-12 h. Time point of multimodal imaging is indicated by the grey arrow. Data presented as group
mean =+ standard deviation. Statistical analysis by mixed-effects model analysis followed by post
hoc tests with Sidak’s correction for multiple comparisons, **** p < 0.0001. (B) Comparison of visceral
fat deposition (in g) after 24 weeks in HFD and CD group. Statistical analysis by unpaired t-test,
e < 0.0001. (C) Comparison of fasted plasma triglyceride concentration (in mg/dL) after 24 weeks
in HFD and CD group. Statistical analysis by unpaired t-test, * p < 0.05. (D) Progression of monthly
measured blood glucose concentration (in mmol/L) of mice with HFD and CD. Both groups started
with n = 16 mice and ended with CD {n = 15) and HFD {n = 14) mice. Last data point measured after a
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fasting period of 6-12 h. Time point of multimodal imaging is indicated by the grey arrow. Data
presented as group mean + standard deviation. Statistical analysis by mixed-effects model followed
by post hoc tests with Sidak’s correction for multiple comparisons, ** p < (.01, (E) Comparison of
fasted plasma insulin concentration (in mg/mL) after 24 weeks in the HFD and CD group. Statistical
analysis by Mann-Whitney test, p = 0.5409. (F) Comparison of fasted plasma leptin concentration
(in pg/mL) after 24 weeks in HFD and CD group. Statistical analysis by Mann-Whitney test,
4 p < 0.0001. (G) Comparison of tracer uptake (%ID/mL) into brain and fat tissue in volumes of
interest in mice receiving CD (n = 14) or HFD (n = 12). Statistical analysis by two-way ANOVA
followed by post hoc tests with Sidak’s correction for multiple comparisons, #### p < (.0001 brain
vs. fat, * p < 0.01, *** p < 0.0001 CD vs. HFD). (H) Standardized uptake values corrected for blood
glucose concentration and metabolic weight {SL.'VSM.E) in g/mL obtained from [mF]FDG PET imaging.
Depicted are cortex, hippocampus and hypothalamus as brain regions of interest of CD (n = 14) or
HFD (n = 12). Statistical analysis by repeated measures ANOVA followed by post hoc tests with
Sidak's correction for multiple comparisons, ** p < 0.01, ** p < 0.001.
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Figure 2. ['8F]GE-180 PET imaging. (A) Comparison of mean uptake (%ID/mL) into brain and fat
tissues in volumes of interest in mice receiving control diet (CD, yellow, n = 12) or high-fat diet
(HFD, blue, n = 12). Statistical analysis by two-way ANOVA followed by post hoc tests with Sidak’s
correction for multiple comparisons, #### p < 0.0001 brain vs. fat. (B) %ID/mL obtained from
[8F)GE-180 PET imaging in cortex, hippocampus and hypothalamus in CD (n = 12) or HFD (n = 12}.
Statistical analysis by repeated measures ANOVA followed by post hoc tests with Sidak’s correction

for multiple comparisons.

As for ['SF]GE-180, the visceral fat did not show relevant [*F]JGE-180 uptake
(Figure 2A), no correction for body weight was applied and %ID/mL was used for further
analysis.

2.3. Behavioural Test: Morris Water Maze

After 24 weeks of the respective diet, the Morris water maze (MWM) test was per-
formed according to our own previously published work [32,36] as a measure for the mice’s
spatial reference memory. After four days of acclimatization, on the fifth day (test day),
time spent in the north (N) zone, frequency of platform crossing, latency to first platform
crossing and velocity were monitored in real time over 180 s. For this, a video camera
(15E objective, Computar, CBC Europe, Diisseldorf, Germany with camera CCA1300-60gm,
Basler, Ahrensburg, Germany) was used and subsequent digital analysis was applied using
Ethovision XT IL5 (Noldus Information Technology, Wageningen, The Netherlands).
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2.4. Weight Control, Blood Sampling, Euthanasia and Tissue Preparation

Body weight was measured weekly (Kern PCB, Liibeck, Germany) and monthly
retrobulbary blood sampling for glucose measurement was performed under anesthesia
(5 vol.% isoflurane (Baxter, Unterschleifheim, Germany), 0.8 L/min O and 1.25 L/min
N5 O (both from Air Liquide, Hamburg, Germany})).

After PET imaging, all animals were allowed to fully recover from anesthesia in their
home cages for at least 24 h. During the last six to twelve hours, mice were fasted for
insulin, glucose, leptin and triglyceride measurements in plasma, followed by final body
weight measurement, blood sampling and tissue collection. For this procedure, mice were
deeply anesthetized and blood was taken via retrobulbary needles to exsanguinate the mice.
Blood samples were kept in EDTA tubes (Microvette™ 500, Sarsted, Niimbrecht, Germany)
at 4 °C until plasma preparation the same day.

Then, mice were transcardially perfused with 20-25 mL 0.9% NaCl (Braun, Melsungen,
Germany) with an estimated flow rate of 2.28-2.83 mL/min. After perfusion, visceral fat
and brains were dissected, weighted and naively snap-frozen for molecular analyses or
paraffin-fixed for histological analyses.

2.5. Blood and Plasma Analyses

Directly after blood collection, blood glucose concentration in naive blood samples
was assessed with a glucose meter (C{mtﬂur@)ﬂ, Bayer, Leverkusen, Germany). For plasma
preparation, blood samples were centrifuged at 1200 rpm and 6 °C for 10 min (Centrifuge
5424, Eppendorf, Leipzig, Germany). Afterwards, the supernatant was collected and
stored at —80 °C. From stored plasma samples, measurement of plasma triglvcerides was
performed using Triglyceride Colorimetric Assay Kit (Nr. 10010303, Cayman Chemical
Company, Hamburg, Germany). Additionally, the stored plasma samples were used to
perform insulin (Ultra Sensitive Mouse Insulin ELISA, Crystal Chem, Zaandam, The Nether-
lands) and leptin ELISAs (Mouse /Rat Leptin Quantikine ELISA, R&D Systems, Abingdon,
UK) according to the manufacturer’s instructions.

2.6. Histology and Immunohistochemistry

Paraffin-embedded specimens (HFD: n = 5, CD: n = 5) were sagittally cut in 4 um thin
sections. To assess TSPO, microgliosis and astrogliosis immunohistochemical reactions
were performed with primary antibodies directed against TSPO (polyclonal rabbit anti-
TSPO, ab1(9497, Abcam, Rozenburg, The Netherlands), ionized calcium binding adapter
molecule 1 (Ibal; polyclonal rabbit anti-Tbal, 019-19741, FUJIFILM Wako Pure Chemi-
cal Corporation, Neuss, Germany), transmembrane protein 119 (TMEM119; monoclonal
rabbit anti-TMEM119, Abcam, Cambridge, UK) or glial fibrillary acidic protein (GFAP;
monoclonal rabbit anti-GFAF, Abcam, Cambridge, UK). After deparaffination and antigen
retrieval in the microwave with citrate buffer (Ibal, GFAP) or Tris-EDTA buffer (TMEM119,
TSPO), blocking of endogenous peroxidases was performed with 3 % Hz03 solution. Then,
slides were exposed to primary antibodies with overnight incubation at 4 °C. After incuba-
tion with secondary antibodies for 1 h at room temperature (TSPO, Ibal, GFAP: biotinylated
anti-rabbit; Vector Laboratories, Biozol Di-agnostica Vertrieb GmbH, Eching, Germany;
TMEM119: biotinylated anti-rabbit, EnVision, Agilent Technologies, Santa Clara, CA, USA),
the avidin/biotin-based amplification kit (TSPO, Ibal, GFAP: Vectastain Elite, Biozol Diag-
nostica Vertrieb GmbH, Eching, Germany; TMEM119: EnVision Kit, Agilent Technologies,
Santa Clara, CA, USA) was applied for one hour at room temperature. Visualization was
performed with 3,3"-diaminobenzidine tetrahydro-chloride as chromogen for TSPO, Ibal
and GFAP, whereas TMEM119 antibody reactions were visualized with EnVision Kit. In the
end, slides were counterstained with hematoxylin, dehydrated, mounted in DePeX (Serva
Electrophoresis GmbH, Heidelberg, Germany) and coverslipped.

Recordings of immunohistochemical reactions as well as the corresponding nega-
tive controls (Supplementary Materials Figure S1) were performed with Leica DM6 B
microscope equipped with a DMC82(0 camera (Leica Microsystems CMS GmbH, Wetzlar,
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Germany). Quantitative analysis of stained cells was conducted using Image] (v 1.53q,
Wayne Rasband, National Institutes of Health, Bethesda, MD, USA) with cell counter
plugin. In addition to the cell numbers per mm?, the ramification index according to Zhan
et al. [22] was calculated for Ibal-stained tissue as ratio of maximum projection area and
maximum cell area, both measured manually.

2.7. Quantitative Real-Time PCR

RNA was isolated with RNeasy Mini (Qiagen, Hilden, Germany) Kit from 100 mg
naively snap-frozen brain tissue stored at —80 °C. In addition to the manufacturer’s instruc-
tions, samples were incubated at room temperature for 5 min with 1 mL Qiazol (Qiagen,
Hilden, Germany) and for 3 min with 200 uL chloroform (Sigma Aldrich, Taufkirchen,
Germany) before 10 min centrifugation at 12,000 g at 4 °C (Centrifuge 5804, Eppendorf,
Leipzig, Germany).

After isolation, RNA integrity was verified by agarose gel electrophoresis. RNA
concentration was assessed by absorption measurement with NanoDrop (Thermo Fisher
Scientific, Waltham, MA, USA). A total of 1 ug of the isolated RNA was transcribed into
cDNA with added SuperScript™ (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) and deoxyribonucleoside triphosphates (Thermo Fisher Scientific, Waltham, MA,
USA). For further analysis, cDNA was diluted in a ratio of 1:2.

Analyses of il-18, il-6 and tnfa as well as gfap were performed via quantitative real-
time PCR in a BioRad iQ5 Multicolor Real-Time PCR Detection System (Conquer Scientific,
San Diego, CA, USA) with iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA).
Measurement results were corrected against the housekeeping gene 405 ribosomal protein
S18 (rps18), and relative quantification was carried out by usage of the 2-34CT method.
Primer sequences are shown in Table 1.

Table 1. Primers used for quantitative real-time PCR.

Primer Orientation Sequence
S Forward 5-AGGATGTGAAGGATGGGAAG-3'
P Reverse 5-TTGGATACACCCACAGTTCG-3
i-1p Forward 5'-CCCAAGCAATACCCAAAGAA-3
Reverse 5-TTGTGAGGTGCTGATGTACCA-¥
i Forward 5-GTTCTCTGGGAAATCGTGGA-3'
Reverse 5-GGAAATTGGGGTAGGAAGGA-3'
tnfa Forward 5 -ACATTCGAGGCTCCAGTGAATTCGG-3'
e Reverse ¥-GGCAGGTCTACTTTGGAGTCATTGC-3
Forward 5'-AGAAAACCGCATCACCATTC-3'
gfap Reverse 5"-TCACATCACCACGTCCTTGT-3'

Furthermore, quantitative real-time PCR of tspo and ibal expression was performed
using TagMan™ Universal Master Mix II with UNG (Thermo Fisher Scientific GmbH,
Dreieich, Germany) with compatible probes for tspo (Assay ID: Mm00437828_m1), ibal
(Assay ID: Mm00479862_g1) and gapdh as housekeeping gene (Assay ID: Mm99999915_g1),
according to manufacturer’s instructions (all from Thermo Fisher Scientific GmbH, Dreieich,
Germany).

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1 (GraphPad Software
Inc., San Diego, CA, USA). According to Power Guerra et al., prior tests for normal distri-
bution were performed using Shapiro-Wilk test [37]. If necessary, outliers identified with
the built-in ROUT method of GraphPad Prism with a maximum desired false discovery
rate of 1% (Q = 1%) were removed from the data set. In this case, corrected animal numbers
are indicated in the corresponding figure legends. For comparisons between CD and HFD
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groups, i-test (normally distributed data) or Mann—Whitney test (not normally distributed
data) was performed. For evaluation of longitudinal or paired measurements, data were
analyzed using either a repeated measure ANOVA or a linear stacked mixed-effects model
(which in contrast to ANOVA is able to handle missing values) with diet and experimental
time as fixed effects and individual mice as random effect. According to the GraphPad
Prism preinstalled packages, the mixed-effects model uses a compound symmetry covari-
ance matrix and is fit using restricted maximum likelihood (REML). Post hoc tests were
performed to correct for multiple comparisons using Sidak’s method. In general, data are
presented as mean =+ standard deviation. Differences were deemed statistically significant
at p < 0L05. For further details, please see figure legends.

3. Results
3.1. Long-Term High-Fat Diet Induces an Obese Phenotype with Brain Glucose Hypermetabolisim

To confirm the effects of the HFD and to verify the DIO in the mice, the progression in
the mice’s body weight was monitored continuously during the experimental time. The
linear mixed-effects model analysis revealed a statistically significant effect of experimental
time {F[z_g{;. 66.98) = 3130, p< I]Dﬂﬂl), diet {FU-UU. 30.00) = 1%4, p< []I]I)(]l) and their interaction
(Fyz5.00, 726.00) = 120.1, p < 0.0001) with statistically significant differences after 24 weeks of the
respective diets (Figure 1A, CD: 22.5 + 1.7 g vs. HFD: 43.9 + 5.0 g, p < 0.0001). Additionally,
after 24 weeks post mortem, quantifications of the dissected fat revealed a statistically
significant higher mass of visceral fat (Figure 1B, CD: 0.6 £ 0.2 gvs. HFD: 1.6 + 02 g,
p < 0.0001) and plasma triglyceride concentrations (Figure 1C, CD: 51.2 4+ 12.1 mg/dL vs.
HFD: 62.9 + 9.2 mg/dL, p = 0.013) in the HFD group compared to the CD group, confirming
a DIO phenotype in this group.

Moreover, DIO led to observable derailments in metabolic pathways in the HFD group
(Figure 1D-F). The linear mixed-effects model analysis revealed a statistically significant
effect of diet (F1 pg, 30,00 = 20.84, p < 0.0001) but not of experimental time or an interaction
effect of both in the non-fasted blood glucose levels of the mice, with a higher average
concentration in the HFD group throughout the whole experimental time compared to the
CD group (Figure 1D, CD: 9.7 £ 0.8 mmol/L vs. HFD: 11.1 & 0.3 mmol/L, p = 0.0026).
Additionally, statistically significant elevated fasting blood glucose levels (Figure 1D, CD:
12.1 + 2.3 mmol /L vs. HFD: 15.0 £ 1.2 mmol /L, p = 0.0049) but not plasma insulin levels
(Figure 1E) were measured in the HFD group compared to the CD group after 24 weeks
of the diets. Furthermore, the post mortem plasma analyses revealed that the HFD group
had statistically significantly elevated plasma concentrations of leptin (Figure 1F, CD:
5714 + 5596 pg/mL vs. HFD: 65,247 + 27,496 pg/mL, p < 0.0001).

To determine the effects of the DIO phenotype on CNS metabolism in vivo, we per-
formed an ["*F]JFDG-PET imaging analysis. The analysis of tracer uptake (%ID/mL) in
brain tissue and visceral fat for ['"F]JFDG revealed a statistically significant effect of tis-
sue (Fp, 24y = 403.1, p < 0.0001) and diet (F1, 24y = 29.46, p < 0.0001) but no interaction
effect, and post hoc tests showed a statistically significant difference between the CD
and HFD in the whole-brain (p < 0.0001) and fat VOIs (p = 0.0119). Because of the mea-
sured differences between the CD and HFD in fat tissue (see methods, Figure 1G), we
present SUVs corrected for the metabolic weight according to Kleiber [35] and corrected
for blood glucose concentration SUVy). . when comparing glucose metabolism in the brain
VOIs (Figure 1H). In doing so, after 24 weeks, we found a statistically significant effect
in SUVy . between the two diets (F( 34 = 14.5, p = (.0009) and significant differences in
the cortex (CD: 42.0 £ 7.1 g/mL vs. HFD: 59.3 £+ 18.4 g/mL, p = 0.0042), hippocampus
(CD: 483 £ 8.1 g/mL vs. HFD: 69.1 + 18.1 g/mL, p = 0.0004) and hypothalamus (CD:
50.1 £9.1 g/mL vs. HFD: 70.5 & 15.6 g/mL, p = 0.00086).
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3.2. Long-Term High-Fat Diet Causes Only a Change in Pro-Inflammatory Cytokine Profile

To observe the effects of the DIO phenotype on inflammation in the CNS in vivo, we
performed ['*F]GE-180 PET imaging. Comparing the activity in whole brain versus fat,
the diet did not show a statistically significant effect (Fy;,21) = 0.1887, p = 0.6685) in the
mixed-effects model. However, statistically significant effects of tissue (F; ;) = 1199.0,
p < 0.0001) and tissue with diet interaction (F(y 57, = 10.240, p = (.0043) were found, but the
post hoc test did not show a statistically significant difference between the CD and HFD
in the whole brain (p = 0.2351) or fat (p = 0.0572). Therefore, we refrained from further
normalization steps and presented the results as %ID/mL. We analyzed the VOlIs for the
cortex, hippocampus and hypothalamus. Although the values of %ID tended to be higher
in the HFD group (3.3 £ 0.3 %ID/mL) compared to the CD (3.1 &+ 0.6 %ID/mL) group, the
repeated measures ANOVA revealed a tissue-dependent (F( 519, 25 61y = 80.38, p < 0.0001)
effect but no effect of the corresponding diet between the CD and the HFD (F; 2, = 1.691,
p = 0.2075).

To further evaluate a pro-inflammatory cellular immune response in the brain, we
used post mortem analyses of histological samples with immunohistochemical reactions to
three commonly used markers for microglia: TSPO (Figure 3A-H), Ibal (Figure 4A-H) and
TMEM119 (Figure 5A-H). Furthermore, for tspo (Figure 3I) and ibal (Figure 4I), an mRNA
expression analysis was performed to complement these immunochistochemical reactions.
In all three reactions of the cortex, hippocampus and hypothalamus, the total number of
microglia was counted as TSPO*cells/mm? (Figure 3]), Ibal*cells/mm? (Figure 4]) and
TMEM*cells/mm? (Figure 5I), respectively. In the Ibal-reacted tissue, the morphological
activation of microglia was further assessed as the ramification index, which is the ratio
between the maximum projection area and the maximum cell area (Figure 4K). Neither of
the described analyses showed any statistically significant difference between the HFD and
CD groups in the TSPO, Ibal or TMEM119 reactions.

In addition to the three microglia-related immunohistochemical reactions, we also
performed a gfap mRNA expression analysis and GFAP immunohistochemical reactions to
analyze the astroglial cell numbers in the brain tissue (Figure 6). No statistically significantly
increased gfap expression (Figure 6I) or cell numbers of GFAP*cells/mm? (Figure 6]}
in either of the presented brain regions, namely the cortex (Figure 6B,F), hippocampus
(Figure 6C,G), and hypothalamus (Figure 61,H), were observed comparing the CD and
HFD groups.

Besides cellular immune responses, we also analyzed cytokine expression as an in-
dicator for the DIO-derived humoral reaction of neurcinflammation in long-term HFD
mice. The PCR analysis of brain tissue revealed statistically significantly elevated levels of
pro-inflammatory -1 (Figure 7A, CD: 0.7 £ 0.5 vs. HFD: 1.3 + 0.7, p = 0.0224) as well as a
tendency of increased il-6 (Figure 7B, CD: 7.3 £ 5.3 ws. HFD: 11.0 & 7.0, p = 0.0763) but no
statistically significant difference in tnfa expression (Figure 7C).
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Figure 3. Immunochistochemical TSPO reactions in sagittal brain sections of mice after long-term
{24 weeks) control diet (CD, n = 5) or high-fat diet (HFD, n = 5) within designated regions of interest
(Figure B-D,F-H} defined by black rectangles in overview images (Figure A,E). (A) Overview of a
representative sagittal TSPO-reacted brain slice of the CD group with indicated regions for detailed
images; scale bar: 1 mm. (B} Detailed image of TSPO-reacted cortex of the CD group; scale bar: 50 pm.
(C) Detailed image of the TSPO-reacted hippocampus of the CD group; scale bar: 200 um. (D) Detailed
image of the TSPO-reacted hypothalamus of the CD group; scale bar: 50 um. (E) Overview of a
representative sagittal TSPO-reacted brain slice of the HFD group with indicated regions for detailed
images; scale bar: 1 mm. (F) Detailed image of the TSPO-reacted cortex of the HFD group; scale
bar: 50 um. (G) Detailed image of the TSPO-reacted hippocampus of the HFD group; scale bar:
200 um. (H) Detailed image of the TSPO-stained hypothalamus of the HFD group; scale bar: 50 um.
(1) 27 84CT yalues representing relative mRNA expression of tspo in the brains of CD (n = 15) vs.
HFD (n = 14) group. Data presented as group mean =+ standard deviation. Statistical analysis by
Mann-Whitney test, p = 0.267. (J) Mean cell numbers of TSPO* cells/mm? in the cortex, hippocampus
and hypothalamus of CD vs. HFD groups. Data presented as group mean + standard deviation.
Statistical analysis by repeated measures ANOVA with post hoc tests without corrections for multiple
comparisons; cortex: p = 0.1905, hippocampus: p = (.9546, hypothalamus: p = 0.2638.
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Figure 4. Immunohistochemical Ibal reactions in sagittal brain sections of mice after long-term
(24 weeks) control diet (CD, n = 5) or high-fat diet (HFD, n = 5) within designated regions of interest
(Figure B-D,F-H) defined by black rectangles in overview images (Figure A E). (A) Overview of
a representative sagittal Ibal-reacted brain slice of CD group with indicated regions for detailed
images; scale bar: 1 mm. (B) Detailed image of the Ibal-reacted cortex of the CD group; scale
bar: 50 um. (C) Detailed image of the Ibal-reacted hippocampus of the CD group; scale bar:
200 pm. (D) Detailed image of the Ibal-reacted hypothalamus of the CD group; scale bar: 50 pm.
(E) Overview of a representative sagittal Ibal-reacted brain slice of the HFD group with indicated
regions for detailed images; scale bar: 1 mm. (F) Detailed image of the Ibal-reacted cortex of the HFD
group; scale bar: 50 um. (G) Detailed image of the Ibal-reacted hippocampus of the HFD group;
scale bar: 200 pm. (H) Detailed image of the Ibal-reacted hypothalamus of the HFD group; scale
bar: 50 um. (I} 2~ AACT yalues representing relative mRNA expression of ibal in the brains of CD
(n=15) vs. HFD (n = 14) groups. Data presented as group mean =+ standard deviation. Statistical
analysis by unpaired f-test, p = 0.9162. (J) Cerebral cell numbers of Tbal* cells/mm? in the cortex,
hippocampus and hypothalamus of CD vs. HFD groups. Data presented as group mean =+ standard
deviation. Statistical analysis by repeated measures ANOVA, with post hoc tests, without corrections
for multiple comparisons; cortex: p = (.5699, hippocampus: p = 0.9981, hypothalamus: p = 0.9210.
(K) Cerebral mean ramification index of Ibal* cells in the cortex, hippocampus and hypothalamus
of CD vs. HFD groups. Data presented as group mean =+ standard deviation. Statistical analysis by
repeated measures ANOVA with post hoc tests, without corrections for multiple comparisons; cortex:
p =0.0611, hippocampus: p = 0.9575, hypothalamus: p = 0.2951.
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Figure 5. Immunchistochemical TMEM119 reactions in sagittal brain sections of mice after long-term
(24 weeks) control diet (CD, n = 5) or high-fat diet (HFD, n = 5) within designated regions of interest
(Figure B-D,F-H) defined by black rectangles in overview images (Figure A E). (A) Overview of
a representative sagittal TMEM119-reacted brain slice of the CD group with indicated regions for
detailed images; scale bar: 1 mm. (B} Detailed image of the TMEM119-reacted cortex of the CD group;
scale bar: 50 um. (C) Detailed image of the TMEM119-reacted hippocampus of the CD group; scale
bar: 200 um. (D) Detailed image of the TMEM119-reacted hypothalamus of the CD group; scale bar:
50 um. (E) Overview of a representative sagittal TMEM119-reacted brain slice of the HFD group
with indicated regions for detailed images; scale bar: 1 mm. (F) Detailed image of the TMEM119-
reacted cortex of the HFD group; scale bar: 50 um. (G) Detailed image of the TMEM119-reacted
hippocampus of the HFD group; scale bar: 200 um. (H) Detailed image of the TMEM119-reacted
hypothalamus of the HFD group; scale bar: 50 um. (I) Cerebral mean cell numbers of TMEM119*
cells/mm? in the cortex, hippocampus and hypothalamus of CD vs. HFD groups. Data presented
as group mean + standard deviation. Statistical analysis by repeated measures ANOVA with post
hoc tests, without corrections for multiple comparisons; cortex: p = 0.0511, hippocampus: p = (L0878,
hypothalamus: p = 0.1223.
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Figure 6. Immunohistochemical GFAT reactions in sagittal brain sections of mice after long-term
(24 weeks) control diet (CD, n = 5) or high-fat diet (HFD, n = 5) within designated regions of interest
(Figure B-D,F-H) defined by black rectangles in overview images (Figure A E). (A) Overview of a
representative sagittal GFAP-reacted brain slice of the CD group with indicated regions for detailed
images; scale bar: 1 mm. (B) Detailed image of the GFAP-reacted cortex of the CD group; scale
bar: 50 um. (C) Detailed image of the GFAP-reacted hippocampus of the CD group; scale bar:
200 um. (D) Detailed image of the GFAP-reacted hypothalamus of the CD group; scale bar: 50 um.
(E) Overview of a representative sagittal GFAP-reacted brain slice of the HFD group with indicated
regions for detailed images; scale bar: 1 mm. (F) Detailed image of the GFAP-reacted cortex of the
HFD group; scale bar: 50 pm. (G) Detailed image of the GFAP-reacted hippocampus of the HFD
group; scale bar: 200 um. (H) Detailed image of the GFAP-reacted hypothalamus of the HFD group;
scale bar: 50 um. (I) 27247 values representing relative mRNA expression of gfap in the brains of
CD (n = 15) vs. HFD {n = 14} groups. Data presented as group mean = standard deviation. Statistical
analysis by Mann-Whitney test, p = 0.4472. (J) Mean cell numbers of GFAP* cells/mm? in the cortex,
hippocampus and hypothalamus of CD vs. HFD groups. Data presented as group mean + standard
deviation. Statistical analysis by repeated measures ANOVA with post hoc tests, without corrections
for multiple comparisons; cortex: p = (1.3384, hippocampus: p = (.5936, hypothalamus: p = 0.1874.
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Figure7. 2~
brains of mice receiving control diet (CD) or high-fat diet (HFD) for 24 weeks. (A) Relative expression
of il-16. Statistical analysis by unpaired t-test, * p < 0.05. (B) Relative expression of il-6. Statistical
analysis by Mann-Whitney test, p = 0.0763. (C) Relative expression of tnfa. Statistical analysis by
unpaired t-test, p = 0.8261.

values representing relative mRNA expression of pro-inflammatory cytokines in

3.3. Spatial Memory Function Is Unaffected by Long-Term High-Fat Diet-Derived Changes in
the Brain

After 24 weeks of the respective diet, the MWM test was performed as a measure
for spatial reference memory. There was no difference in the time the mice spent in
the target N zone of the maze (Figure 8A), number of platform crossings (Figure 58B) or
latency to the first crossing of the platform area (Figure 8C). Only a difference in the mean
velocity was observable between the two groups (Figure 8D, CD: 17.4 + 1.5 em/s vs. HFD:
155 £ 1.8 em/s, p = 0.0042).
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Figure 8. Results obtained with the Morris Water Maze test in the group receiving control diet (CD)
and the group receiving the high-fat diet (HFD). (A) Time (in seconds (s)) spent in the N Zone,
defined as quadrant containing the platform. (B) Frequency (counts) of platform crosses during
120 s. (C) Latency (s) to first platform crossing. (D) Velocity (cm /s) of the mice. Values are given as
mean + SD. Significance of differences between the groups was tested by unpaired Student’s t-test
(A,D) or Mann-Whitney test (B,C), ** p < 0.005. (E) Representative heat map of the performance of
mice of CDand HFD groups.
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4. Discussion

In the present study, we used in vivo PET imaging with the radiotracers ['"*F]FDG
and [""F]JGE-180, a TSPO ligand, to determine the effects of DIO in a long-term female
HFD model on glucose metabolism and inflammatory processes in the brain, respectively.
Complementarily, we performed histological and biochemical post mortem analyses of
TSPO and further microglial (Ibal, TMEM119) as well as astroglial (GFAP) markers. Our
main finding was a statistically significant elevation in pro-inflammatory il-1f mRNA
expression without statistically significant changes in ['%F]JGE-180 uptake and histological
correlates of induced glial proliferation and activation.

In the present study, we used female mice receiving a 60% HFD for 24 weeks (long-
term). This DIO model was chosen to reflect the development of overweight and obesity
due to the high-caloric diets common in Western industrialized countries. Although a
high caloric proportion of Western diets also consists of sucrose, which has been shown to
induce neurcinflammatory processes even in non-obese rodents [35], a high caloric intake
due to an elevated fat content and its described potential to induce neurcinflammatory
processes is the focus of current research approaches [39,40]. Such DIO models are generally
more representative of human obesity than genetic models of obesity [41,42]. However, it
should be noted that currently there are several different experimental protocols published
describing the establishment of DIO using a HFD. For example, some studies describe
a HFD with ~20% fat content [43], while others use the term HFD for chow containing
~50% [44,45] or ~60% fat [46-48]. Furthermore, the administration of HFDs to study
neuroinflammation in mice has ranged from a few days [47-49] to several weeks [46,47,50]
or a few months [31,47,50]. This underlines the need for a clear definition and a higher
standardization of the different compositions and lengths of HFD administration for better
comparability and reproducibility of results, even if the present study cannot achieve this
either. Moreover, there is a known sexual dimorphism in the development of concomitant
morbidities [51] with differences in neuroinflammatory processes between female and male
DIO mice [52,53]. As there is already abundant literature regarding the effects of DIO and
the interplay between metabolic syndrome and neuronal function in male animals [54], we
used female C57BL /6] mice to further investigate the effect of DIO on females. Despite the
possible sexual dimorphism, in line with the above-mentioned studies in male mice, we
were able to show a generalized HFD-derived obese phenotype after 24 weeks of a HFD
in our female model. This obese phenotype was mainly characterized by increased body
weight, visceral fat, free triglycerides and leptin in plasma, as well as increased fasted blood
glucose levels. Furthermore, our in vivo approach using ['®F]FDG PET imaging showed
cerebral glucose hypermetabolism in the female HFD mice compared to the CD mice. This
pathological condition has already been described in male mice receiving HFD [55] and
morbidly obese male and female patients [56].

In humans, obesity often has a slow onset, and the exact orchestration of the transition
from an obesity-induced state of peripheral LGI to neuroinflammation is a process that
is little understood and takes a long time, sometimes even decades [57]. Regarding the
investigation into neurcinflammation, the literature provides plenty of insights on male
mice receiving the same HFD that was used in this work with different experimental
times of a few days up to a few weeks [47]. Findings from the current literature describe
acute neuroinflammation after short-term HFD administration for a few days, which
transiently subsides with prolonged HFD exposure; however, with chronic HFD exposure
over 20 weeks (=long-term HFDs), renewed neurcinflammation becomes apparent [47].
In female mice, the available literature also describes a pro-inflammatory phenotype after
12 weeks of a HFD with ~60% fat content, albeit in a less severe manifestation compared
to that of male mice [52]. In line with this, the working group of Lainez et al. suggests a
protective role of ovarian hormones in this DIO model [52]. Though we cannot provide data
on the estrus cycle of our mouse model, inconsistent estrogen levels might have impacted
the current PET study.
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Data on long-term HFDs (6 months and more), which would be a more valid rep-
resentation of the long pathologic span in human obesity, and comorbidities in female
mice are not yet available. This emphasizes the relevance of the present study. To observe
neurpinflammation in our long-term HFD approach, we performed in vivo PET imag-
ing with ["*F]GE-180, a well-established marker for microglial activation in preclinical
studies [26-28]. In our model, the results suggest a tendency for the elevated uptake of
['®F]GE-180 in the HFD group compared to the CD group; however, these did not reach
statistical significance. To further elucidate the ["*F]GE-180 PET imaging results of the mice
after 24 weeks, their brains were analyzed post mortem using molecular biology as well as
histological methods. Here, we measured relative fspo mRNA expression in the whole brain
as well as TSPO-positive cells in our three main target regions: the cortex, hippocampus
and hypothalamus. None of these analyses showed any difference between the HFD and
CD groups.

In general, large differences in bodyweight are an obstacle to properly analyzing
[**F]GE-180 uptake. As we saw no relevant ["F]GE-180 uptake into fat tissue, we reported
our results as %ID/mL. This is in line with another working group that reported good
agreement between in vivo TSPO signals and immunoreactivity and suggested the use of
%ID/ g for quantifying TSPO in living brains [31]. Interestingly, Barron et al. found similar
results to our study when using %ID/g and immunoreactivity for TSPO [31]. Barron et al.
used a 12-week HFD (60% fat) model and were able to show that obesity alone did not
increase TSPO inflammatory signals [31]. A possible explanation for the PET findings could
be the use of the semi-quantitative measure %ID/mL for the quantification of ["*F]GE-
180. Kinetic modelling using dynamic PET data and metabolite-corrected plasma input
functions are the gold standards for the quantification of radiotracers [58,59]. Nevertheless,
in rodents, blood sampling can impact the physiological homeostasis [58]. The evaluation
of time—activity curves in different brain regions, similar to previous work by Barron
et al. [31] or Zatcepin et al. [60], can be more sensitive compared to the averaged data
we used. We are aware that our averaged PET data contain perfusion and distribution
phases that are not contributing to a TSPO-specific signal. However, we were not able
to perform an additional dynamic reconstruction of the raw PET listmode data due to
missing normalization and quantification files. Nevertheless, we obtained similar results
compared to the dynamically and statically analyzed data from Barron et al. [31]. For
future studies, dynamic PET data should be evaluated to increase the sensitivity of the
outcome measure. A further approach for the analysis of TSPO tracer binding is the use
of the cerebellum as a pseudo-reference region which has been successfully applied in
humans [61]. For our model, we also applied this approach (Supplementary Material
Figure 52); however, we obtained nearly the same insights that were already presented
in the Section 3. A biological reason for the slightly elevated ['®F]JGE-180 uptake in the
HFD group without histological signs of neuroinflammation could be a blood-brain barrier
(BBB) injury induced by the HFD [62] leading to increased BBB permeability and thus to
the increased uptake of ['"F|GE-180, similar to results obtained in human multiple sclerosis
patients [63,64].

To further evaluate HFD-induced neuroinflammation on a cellular level, we focused
on TMEM119, a specific microglial marker [65] lacking sexual dimorphism [66], and GFAP,
a marker for astroglia and reactive astrogliosis [67] that is generally more expressed in
males than females [68]. Immunohistochemical reactions did not show an increase in the
respective cell numbers in our HFD mice. Additionally, we observed Ibal, a marker for
brain myeloid cells, with microglia as the most prominent cells [69,70]. We measured the
relative ibal mRNA expression in the whole brain as well as Ibal-positive cells in our
three main designated brain regions: the cortex, hippocampus and hypothalamus. In
line with the other histological quantifications, we also found no significant differences
between the CD and HFD groups. Additionally, we measured the mean ramification index
of Ibal-positive microglial cells as an indicator for their activation [22] which also showed
no difference between the HFD and CD groups. Nevertheless, the results in our female
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model are in line with the current results in other female mice, showing no increase in
microglial measures after the HFD [53].

In the context of neurcinflammation, we were not able to show a cognitive decline
after 24 weeks of the HFD. This is contrary to findings of de Paula et al. [62] who showed
cognitive changes in male mice after a few days of a HFD. However, recent findings from a
rat model using a HFD point to a sex effect on spatial memory in the MWM test, for which
only male and not female rats showed a HFD-derived cognitive decline [71]. Furthermore,
it is possible that our long-term HFD of 24 weeks lead to a transient state of the mitigation
of neuroinflammation in female mice, which has already been described for male mice by
Thaler et al. [47]. This mitigation may be mediated by a transition of brain-resident immune
cells from a pro-inflammatory (in macrophages, typically characterized as M1-like) state,
lately reviewed by Yunna et al. [72], to a metabolically activated phenotype, as already
described for peripheral macrophages [73,74]. This metabolically activated phenotype
overexpresses pro-inflammatory cytokines via the signaling pathways typically observed
in M1-like macrophages, but they cannot be identified using classical cell surface markers
of activation [74]. As this is in line with the presented histological analyses, we further
measured cerebral cytokine expression profiles. In the CNS, we observed no increase in
tnfec or il-6 expression, as these cytokines seem to have a prominent role in the peripheral
mediation of HFD-derived inflammation [37,75,76]. Interestingly, our analyses revealed a
statistically significant increased expression of pro-inflammatory il-1, which is described
as a key feature of the metabolically activated phenotype of macrophages [77] and is
reported as a key mediator in neuroinflammation [78,79]. Therefore, IL-1 could be an
indicator for a chronic metabolically activated state of neuroinflammation derived from the
long-term HFD in the present experiment.

5. Conclusions

From these results, we conclude that in our female DIO mouse model of a long-
term (24-week) HFD, cytokine signaling via IL-1p is the predominant mediator of chronic
neuroinflammation as there was no observable cellular inflammation using ['*F]JGE-180 PET
imaging or immunohistochemical reactions. Further experiments are needed to evaluate the
exact orchestration of the phenotype changes in the brain-resident immune cells exposed
to chronic long-term HFD-induced changes and possible adaption processes.

Supplementary Materials: The following supporting information can be downloaded at: hilps:
/ fwww.mdpi.com/article,/10.3390/biom1305076% /51, Figure 51: Corresponding negative controls
of the immunohistochemical reactions of (A) TSPO, (B} Ibal, (C) TMEM119 and (D) GFAF. Scale
bar representing 1000 um; Figure 52: [mF]GE—IBO PET imaging. (A) Comparison of mean uptake
{%ID/mL) cerebellum of control diet (CD, yellow, n = 12) or high-fat diet (HFD}, blue, n = 12).
Statistical analysis was performed by unpaired student-f test. (B) Ratios of cortex, hippocampus and
hypothalamus to cerebellum as pseudo-reference region in CD (n = 12) or HFD (n = 12). Statistical
analysis was performed by repeated measures ANOVA followed by post hoc tests with Sidak’s
correction for multiple comparisons.
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Introduction: Cbese rodents e.g., the leptin-deficient (ob/ob) mouse exhibit
remarkable behavioral changes and are therefore ideal models for evaluating
mental disorders resulting from obesity. In doing so, female as well as male ob/ob
mice at B, 24, and 40 weeks of age underwent two common behavioral tests,
namely the Open Field test and Elevated Plus Maze, to investigate behavioral
alteration in a sex- and age dependent manner. The accuracy of these tests is
often dependent on the observer that can subjectively influence the data.

Methods: To avoid this bias, mice were tracked with a video system. Video files
were further analyzed by the compared use of two software, namely EthoVision
(EV) and DeeplabCut {DLC). In DLC a Deep Learning application forms the basis
for using artificial intelligence in behavioral research in the future, also with regard
to the reduction of animal numbers.

Results: After no sex and partly also no age-related differences were found,
comparison revealed that both software lead to almost identical results and
are therefore similar in their basic outcomes, especially in the determination of
velocity and total distance movement. Moreover, we observed additional benefits
of DLC compared to EV as it enabled the interpretation of more complex behavior,
such as rearing and leaning, in an automated manner.

Discussion: Based on the comparable results from both software, our study
can serve as a starting point for investigating behavioral alterations in preclinical
studies of obesity by using DLC to optimize and probably to predict behavioral
observations in the future.

HEYWORDS

behavioral analysis. obesity, EthoVision, DeepLabCut, deep learning
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Introduction

Abnormal and excessive accumulation of fat tissue associated
with severe overweight and obesity is one of the most challenging
diseases of the 21st century (World Health Organization [WHO],
2021). Obesity is a public health concern affecting both genders at
all ages around the world and is an enormous burden on the global
health system due to an increasingly high prevalence. Obesity-
associated comorbidities are mostly diabetes type 2 (Drucker,
2021), cardiovascular diseases (Powell-Wiley et al, 2021), and
vascular diseases that can affect function and quality of life and thus
can cause mental disease (Sarma et al,, 2021). The most common
current psychiatric disorders in obese patients are depression and
anxiety (Moradi et al,, 2021). It is still largely unclear to what extent
obesity affects mental health. Obese rodents remarkably exhibit
behavioral alterations such as anxiety and are therefore effective
models in behavioral research (Guma et al, 2022) to further
address research questions on mental health. A transgene model for
obesity research is the leptin deficient mouse (ob/ob) (Zhao et al,
2020). Animal behavior can be assessed by using different types of
behavioral tests, such as the Open Field (OF) test and the Elevated
Plus Maze (EPM). Both tests are among the most commonly
used methods in behavioral laboratories to investigate changes in
anxious-related behavior in rodents (Rodgers and Shepherd, 1993).
For instance, reduced exploration (rearing/head dipping) indicates
anxiety, and reduced locomotion has been linked to adaptive stress-
related behaviors (Walf and Frye, 2007). To record such behavior,
previously, this would be done live by a trained observer, scoring
(i.e., classifying) the behavior of the animal live while the test was
being conducted. Nowadays, the standard approach is to record
the complete test session with high-speed cameras, which are
positioned above the testing arenas as to capture all behavior of
the animal. Subsequently, the behavior is being scored post hoc
by analyzing the videos (CVPR 2019 Open Access Repository,
2019). Traditional approaches to analyze video data and score
the animals behavior usually involved several researchers watching
videos of behavioral test sessions and noting the times and locations
of specific events of interest. Although previously seen as fold-
standard, these investigations have been very time-consuming,
needed professional knowledge of ethologists, and were prone to be
influenced by potential observer bias {Datta et al,, 2019). In order
to produce behavioral data that is comparable across laboratories,
it is important to develop standardized methods that are robust,
reproducible and minimize the influence of biases. Therefore, semi-
automated video analysis methods have been developed decades
ago. However, only the latest developments in artificial intelligence
(AI) and ever faster computing power enable it to evaluate videos
automatically and reduce the bias by human observers even further
(Valletta et al., 2017).

Advances in automatic video analysis make it possible to
analyze animal behavior independently of an observer (Sturman
etal,, 2020). Commercial products, such as EthoVision (EV, Noldus,
Wageningen, Netherlands), are available for semi-automated
tracking of behavior in videos. However, these systems have some
limitation, for example they depend on the ability to detect the
subject based on differences of background color and cannot
account for dynamic aspects of behavior. EV enables animal
tracking in a wide range of animal testing batteries and is
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independent of visible or artificially applied markers, as it calculates
the central point of the torso on the basis of the contour of the
moving mouse (Sturman et al., 2020). To analyze the movement,
this point is recalculated frame by frame. EV is widely used in
behavioral analysis because it offers an easy-to-use interface and
can be installed on common computers in almost any laboratory.
Accordingly, Stringer et al. (2019) investigated spontaneous coding
of visual signals and studied motion-related information in mouse
visual cortex using such an approach. Moreover, Musall et al.
(2019) analyzed cortical imaging data using multiple discrete
measures of performance (e.g., stimulus type and reaction time)
and video-based measures of movement from mice performing a
decision-making task. While these approaches have led to novel
insights into neural determinants of behavior, they are limited to
categorize movements, measure transitions between different types
of movements, or quantify the dynamics of movement sequences
{Musall et al., 2019). Recent developments in the field of computer
vision and machine learning (ML) offer a solution to measure these
behavioral dynamics. As a result, first descriptions of unsupervised
behavioral analyses revealed astonishing temporal and structural
complexity of rodent behavior. However, these advanced analyses
are not applicable for many behavioral research laboratories, as
they usually lack necessary hardware and needed know-how. To
overcome this issue, a growing number of research groups develop
methods that enable an analysis of motion and associated-behavior
more efficiently, and above all, automatically (Knutsen et al., 2005;
Voigts et al,, 2008; Perkon et al,, 2011; Clack et al., 2012; Ohayon
etal., 2013; Giovannucci et al., 2018; Dominiak et al., 2019; Vanzella
et al, 2019; Betting et al, 2020; Petersen et al.,, 2020). Recently,
Deep Learning (DL) applications have been used in behavior
imaging data analysis. Most commonly used for this purpose are
so-called convolutional neural networks (CNN), a class of deep
neural networks. They consist of nodes (“neurons”), including
with learnable weights and biases that have been trained from the
input data (“edges”). In particular, the development of DeepLabCut
{DLC), which is a markerless pose-estimation toolkit based on DL
(Mathis et al., 2018), facilitates the generation of networks with very
small training sets. Using DLC, it is now possible to score behavior
completely independent of an observer and allows the tracking
of animal movements of nearly any part of the body. In turn, it
offers the possibility of uncovering new behavioral patterns with
the help of unsupervised learning approaches. This could lead to
the identification of causal mechanisms of various diseases that are
reflected in behavioral changes.

Herein, this study was conducted to compare two common
pose estimation methods, namely EV and DLC, to characterize
obese-related behavioral changes in ob/ob mice. In addition, this
preclinical research should help to clarify the extent to which
behavioral changes can be covered just as well or even better with
DLC in order to predict behavior with Al in the future.

Materials and methods

Animals

For the study, 45 (15 male and 30 female) leptin deficient mice
{ob/ob) and 46 (13 male and 33 female) wild type (wt, C57BLG)
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were used. The animals were littermates at the age of &, 24, and
40 weeks. They were housed in standard cages with up to 5 animals
per cage, in a temperature-controlled room (21 £+ 3°C) with a
12/12 h day-night cycle (lights from 06:00 am. to 06:00 p.m.)
containing a twilight period of 30 min. The exact number of the
corresponding age groups is given in Table 1. Both wt and ob/ob
mice were generated from our own breeding and were fed the
same standard diet (ssniff R/M-H, ssnifi” Spezialdidten GmbH,
Soest, Germany). All animal experimental work was carried
out with permission of the local Animal Research Committee
[Landesamt fir Landwirtschaft, Lebensmittelsicherheit, und
Fischerei (LALLF)] of the state Mecklenburg-Western Pomerania
(LALLF M-V/TSD/7221.3-2-001/18, approved on 1 March
2018) and all animals received human care according to the EU
Directive 2010/63/EU. The experimental design is illustrated in
Figure 1.

Behavioral procedures

Behavioral analyses were performed on wt and ob/ob mice
with no prior handling other than routine husbandry. Experiments
were conducted between 07:00 a.m. and 03:00 p.m. under normal
lighting conditions. The same operator (NPG for female mice; DB
for male mice) assessed the mice aged 8, 24, and 40 weeks. All
age groups and both sexes were used for the behavioral tests. Mice
were brought into the testing room in their home cages 120 min
prior to testing to allow adaptation. Each animal received a single
trial, 5 min for both OF and EPM. Between both tests, breaks with
a length of at least 1 day in the testing room were carried out.
The behavior was recorded using a video camera system (Camera
CCA1300-60 mg, Basler, and lens 15E, Computar, Japan) located
100 cm above the box and maze, and the EthoVision (EV) XT
11.5 software (Nodulus Information Technology). For more details
please see Power Guerra et al. (2021).

Open field (OF)

Curiosity, exploratory, and locomotor activity of wt and ob/ob
mice were assessed in a well illuminated, 50 cm x 50 cm squared
plastic box, which was virtually divided into 16 zones by a 4 x 4
grid formation. Each zone was 12.5 cm = 12.5 cm. The walls were
40 cm high. For each trial the mice were placed into the center of
the arena and were allowed to explore the field for 5 min. Next, each

TABLE1 Amount of animals.

Age of animals Female (n) Male (n)
wt ob/ob wi ob/ob
8 weeks 10 10 3 5
24 weeks 10 10 5 5
40 weeks 13 10 5 5
33 30 13 15

The groups were arranged based on age. sex, and genotype. wt. wild type: obloh,
leptin deficient mice. The bold numbers indicate the respective sums of animals for the
individual colomn.
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mouse was removed and placed back into the home cage. The total
distance (cm), velocity (cm/s), visits in center (n) and periphery
(n) were analyzed.

Elevated plus maze (EPM)

The EPM is a behavioral test to investigate unconditioned
anxiety-related behavior that involves a conflict between the desire
to explore a novel environment and anxiogenic elements, such as
elevation and a brightly illuminated arena. The EPM was made
from gray poly vinyl chloride, according to the description of
Komada et al. (2008). The 60 cm high elevated platform consists
of two open arms measuring 37 cm = 6 cm (length x width) and
perpendicular to the open arms were two closed arms of the same
dimension, but with additional walls of 12.4 cm high. The cross at
the center of the four arms consisted of a 6 cm x 6 cm square. The
open arms contained a slight ledge (4 mm) to prevent mice from
falling off the arms.

Each mouse was placed into the center square facing the open
arm most distant to the experimenter and was allowed to freely
move and explore the EPM for 5 min. Next, each mouse was
removed and placed back into the home cage. Total distance
{cm), velocity (cm/s), visits in open arm (n) and closed arms
(m) were measured.

Video analysis with the EthoVision XT
11.5 software

In addition to analysis of videos, EV (EthoVision XT 11.5) was
used to record all OF and EPM videos. The in-build *Automatic
animal detection settings” of EV were used for all video analysis.
Slight tuning of these settings was performed using the fine-tuning
slider in the automated animal detection settings to ensure the
animals could be tracked throughout the entire arena. We ensured
there was a smooth tracking curve and that the center point of the
animal remained stable before analysis took place. The automated
tracker option of EV classified arm entries based on the nominal
center of a mouse crossing into an arm. The rearing counts were
collected manually by video analysis.

Video analysis with DeeplLabCut

In addition to EV analysis, also DLC was used to evaluate the
behavior of the animals in the OF and EPM. For this purpose,
the same videos from the EV analysis were used. Data generated
by DLC was processed using customized R Scripts that are
available online.* The data acquisition workflow can be seen in
the Supplementary Figure | [for more detailed information see
Sturman et al. (2020)]. In brief, DLC was used to track 13 body
points of interest (Supplementary Figure 2), and the corner points
of the OF/EPM arena, since these are also recommended default
parameters for subsequent analysis tools, e.g., SimBa (Nilson et al.,
2020). To train the networks for both tests, 20 frames from multiple,

1 https://github.com/ETHZ- INS/DLCAnalyzer
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randomly selected videos were selected and run for ~500.000
iterations. Subsequently, the coordinates obtained were analyzed
with an adapted R GitHub script,” which was initially provided
by ETH Zarich. Values of tracked points with low accuracy
(<0.95) were removed. The velocity and distance of each point was
determined by estimating the animal’s position over 5 min.

Server specifications

The DLC computations have been utilized by a CentOS
Linux compute node equipped with & x Nvidia Quadro
RTX 2080 Ti, 2 x Intel Xeon Gold 6142 (16 Cores, 32
Threads), and 768 GB RAM.

Weight control and euthanasia

Body weight was measured {Kern PCB, Ltibeck, Germany)
prior to euthanasia. Under anesthesia (5 vol. % isoflurane;
Baxter, Unterschleiffheim, Germany) the mice were euthanized,
laparotomized, and visceral and subcutaneous flanked fat deposits
were harvested and weighed (Power Guerra et al., 2021).

Statistics

Statistical analysis was performed using GraphPad Prism §.0.1
(GraphPad Software Inc., San Diego, CA, USA) or Excel. The
ROUT method based on false discovery rate (Q = 0.01) was used
to identify and re-move outliers if possible and necessary. Data
were also excluded when mice did not perform behavioral tests.
Data were tested for normal distribution and all comparisons
between normally distributed datasets containing two independent
groups were performed using unpaired Student’s f-test, whereas all
comparisons with more than two groups were performed using
two- or three-way ANOVAs in order to identify group effects.
Significant main effects were then followed up with post-hoc tests.
Further information is given in respective Figure legends. The
results are presented as box plots indicating the median, the 25th
and 75th percentile in the form of a box with the confidence interval
of 95%. To represent correlation between DLC and EV software
(Figure 5 and Supplementary Figure 8) Spearman Correlation
was performed by using confidence interval of 90% and measuring
linear dependence of two parameters. Additionally, a Bland-
Altman Plot analysis was performed to evaluate the agreement
between the used methods (EV and DLC).

Results

Leptin deficiency affects massive body
weight gain

Body weight (Figure 2A), visceral fat (Figure 2B), and
subcutaneous fat (Figure 2C) were significantly increased in ob/ob

2 https://github.com/DaBued3/Deep- Behaviour- Master- Thesis
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mice compared to the control wt littermates by data showing
a strong effect of genotype [A: p = 0.0001, Fyy 75y = 508.6; B:
p o= 0.0001, Fii74y = 1042; C: p < 0.0001, Fiy 63y = 1487].
In addition, the data also show a age effect [A: p < 0.0001,
Fia 75y = 69.92; B: p = 0.0041, Fia74) = 5940; C: p 0.0001,
F(2,63) = 14.06], but no sex effect (Figure 2).

=<
-

Sex does not and age only partly impact
behavioral alteration

Firstly, we examined the association of sex and age on
behavioral alteration, analyzed in the OF (total distance movement,
velocity, and counts in center and periphery) and EPM (total
distance movement, velocity, and counts in open and closed arms).
Statistical analysis including all correlating parameters of female
and male ob/ob and wt mice at an age of 8, 24, and 40 weeks
revealed that mainly the genotype was responsible for behavioral
alteration in ob/ob mice, when compared to their wt littermates.
Although statistical analysis revealed still partly an age effect, the
obese genotype already showed significant changes at & weeks
of age in comparison to wt mice, therefore age seems to play
a minor role in obesity-related behavior alteration in the ob/ob
mice. Concerning general locomotor activity, both female and male
ob/ob as well as wt mice at age of 8, 24, and 40 weeks displayed no
difference, neither in traveled distance nor in mean velocity in the
OF, as can be seen in Supplementary Figure 3 (three-way ANOVA
analysis revealed significant genotype and age, but no sex effect).
Likewise, both sexes at all age groups spent approximately the same
time in the center or peripheral zone in the OF (Supplementary
Figure 4, three-way ANOVA analysis revealed significant genotype
and partly age, but no sex effect). Correspondingly, both sexes
at all age groups displayed the same behavior analyzed in the
EPM (Supplementary Figures 5, 6, three-way ANOVA analysis
revealed significant genotype and partly age and sex effect). Hence,
for further post hoc analysis, both sex and age datasets were
merged. In doing so, collected data in the OF test of total distance
movement and wvelocity were significantly decreased for ob/ob
mice when compared to wt mice (Figures 3A, B, p < 0.0001).
Similarly, times spent in the center, as well as in peripheral zone,
were significantly reduced for ob/ob vs. wt mice (Figures 3C,
D, p = 0.0001). Correspondingly, in EPM significant differences
in traveled distance and velocity (Figures 4A, B, p < 0.0001)
were displayed between both mice strains. In addition, ob/ob mice
visited significantly less open arms and closed arms in comparison
to wt mice (Figures 4C, D, p < 0.0001).

DeeplabCut achieves comparable
results to EthoVision

Precise animal tracking

In order to establish an alternative to the commercial tracking
software EV, EV was compared with the more flexible and open
source available software DLC. The developers of DLC have already
demonstrated the robustness and precision of the tracking (Mathis
et al, 2018). For this reason, we used DLC tracking in arenas
compatible with commercial systems (such as EV) that we regularly

frontiersin.org

82



Anhang: Veroffentlichte Originalarbeiten

Bihler et al.

10.338%/fnins_2023.1052079

< wild type

' :
EPM Jcenie | EthoVision
\ - DeepLabCut
T - GraphPad Prism

End

d ob/ob
Breeding . foctfmatlsaﬂon
7 qay0 day 1
8-40 weeks Y ed
FIGURE 1

day 2 day 3

Criated with BloRender com

Experimental design. Graphical illustration of the experimental procedure; Male (5 blue) and female (2 red) leptin deficient {ob/ob) and wild type fwt)
at the age of B, 24, and 40 weeks were firstly habituated to the testing room on day 1 for 24 h; behavioral tests were conducted on day 2 [Elevated
Plus Maze (EPM]] and 3 [Open Field (OF)]. After behavioral tests were conductad the animals were killed to obtain physiological data. All behavioral
data were analyzed with both EthoVision (EV) and DeeplLabCut (DLC). and statistically evaluated with GraphPFad Prism and Excel. The graphic was
created with BioRender.com.
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FIGURE 2

Statistical investigation of different body parameters to characterize obesity. (A} Body weight (g). (B) visceral. and (C) subcutaneous fat weight ig) of
female (red) and male (blue) mice at age of 8, 24, and 40 weeks were analyzed at the end of the experiment. The group size was as follows:

miwt] = 45 (A}, 41 (B), 33 (C), niob/ob) - 42 (A,C). 45 (B). Significances of differences between the groups were tested by three-way ANOVA. The
analysis revealed a genoftype and age, but no sex effect for all three examined parameters. Statistical significance was set at ****p < 0.0001 for
genotype effect and *¥p < 0.01 or ¥¥#%p = 0.0001 for age effect. objob, leptin deficient mice; wt, wild type; w, weeks (these abbreviations will be

consistently used in all following plots, unkess stated otherwisa).

use in our laboratory. To test for equivalent usability, data from the
most commonly used tests in behavioral research, the OF and EPM,
were used, and the results of the two different tools -EV and DLC-
were cross-referenced.

Open field and elevated plus maze

To compare DLC-tracking performance with EV, data from
OF and EPM behavioral tests that were collected with EV were
included, and reused to create video files for training DLC
models. Locomotor parameters of the OF and EPM analysis, such
as total distance, mean velocity, and number of visits (counts)
in predefined zones were comparable between DLC and EV
(Figures 5A-D for OF; Supplementary Figure 8 for EPM). Both
tools showed significant differences between ob/ob and wt mice
(distance and velocity, p < 0.0001; counts in center and periphery,
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p = 0.0001) for OF and (distance and velocity, p < 0.0001;
counts in open arm and closed arm, p < 0.0001) for EPM.
Spearman correlation analysis of OF and EPM data-set further
revealed that both software tools showed a high comparability,
which was almost significant (Supplementary Figures 7, 9).
Moreover, the descriptive analysis of Bland-Altman showed
that both methods revealed a good agreement (Supplementary
Flgures 7, 9).

Al-supported video analysis with DLC

enables advanced parameter assessment

Through the Al-supported video analysis by DLC, different
behaviors could also be scored. These included rearing, leaning,
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Open Field [(OF) test analysis. (A) Moved distance [cm), (B) mean velocity {cmy/s), (C) number of visits (counts) in center (n), (D) number of visits
(counts) in periphery (n). Analyses were done with the EthoVision software. The group size was as follows: niwt) = 36 (A—D), n{ocb/ob] = 40 (A,B,D)
and 39 (C). Significance of differences between the groups were tested by unpaired Student's t-

test. Statistical significance was set at ***p < 0.0001.
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visits [counts) in closed am (n). Analyses were done with the EthoVision software. The group size was as follows: njwt) = 45 (A—C) and 44 (D),
nicbfob) = 45. Significance of differences between the groups were tested by unpaired Student’s t-test. Statistical significance was set at

and head dipping, which were observed in both behavioral tests.
A selection of EPM and OF recordings are accessible at the
following link: OF and EPM (see text footnote 2). The above-
mentioned parameters had to be recorded manually by direct
observation, since the automated evaluation of the videos in EV
software did not always detect rearing accurately. However, rearing
and further leaning and head dipping could additional obtained
automatically by DLC. In doing so, obfob vs. wt mice exhibited
significantly less rearing-behavior (Figure 64, p < 0.001 and
Figure 6B, p < 0.01) whereby the manual and the automatical
analyses showed equal results. Using pose estimation with DLC, we
found in addition that ob/ob mice showed significantly less leaning
(Figure 6C, p < 0.01) and dipping (Figure 6D, p < 0.0001) behavior
when compared to wt mice.

Furthermore, DLC was used to create zone-visit-plots for
individual animals. The plots show how much time one example
wt (A) and objob (B) mouse spend in areas of interest during the
OF test (Figures 7A, B). In addition, Figure 7 shows representative
heat maps of a wt (C) and an ob/ob (D) mouse. The wt mouse
showed a normal movement pattern, while the ob/ob mouse hardly
moved in the periphery after being placed more often in the
corners, which is highlighted yellow.
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Discussion

In the present study, we provided the cognizance that
obesity-induced leptin deficiency was already present in early age
and was the main cause in mediating anxiety-related behavior
whereby the behavioral analyses with EV and DLC show
comparable results.

Behavioral alterations in ob/ob mice are
independent of sex and age

Adiposity-and the far worse stage obesity (defined as a
BMI of over 30)-is not only a health risk itself, but is
often associated with other concomitant and secondary diseases,
including mood disorders and emotional diseases (Hamer and
Stamatakis, 2012; McCrea et al., 2012). Aguilar-Valles et al. (2015)
showed a possible correlation of obesity and neurodegeneration.
Furthermore, it is suggested that obesity is associated with
cognitive impairment and behavioral alterations (Buie et al., 2019).
Therefore, behavioral experiments with animals are important
approaches to obtain conclusions about the effect of obesity
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significance was set at **+*p = 0.000L EV, EthoVision; DLC, DeaplabCut.

Comparative analysis with EV and DLC for OF test. OF analysis of wt and ob/ob mice. (A) Moved distance (cm). (B) mean velocity {cm/s), {C) number
of visits (counts) in center [n), (D) number of visits {counts) in periphery [n). Significance of differences between the groups were tested by unpaired
Student's t-test. Group size was as follows: niwt = 36(EV) or 35{DLC), niob/ob) = 40 [EV (A.B.D)] and 39 (C) or 38 [DLC (AB,D)] and 34 (C). Statistica
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Wt and ob/ob mice were comparatively analyzed. (A) Rearing counts (n) manually scored by an observer
via video analysis and (B) obtained automatically with DeeplabCut (DLC). Furthermore, (C) leaning (n), 2nd (D) head dipping counts (n) were
cbserved with DLC. Group size was as follows: niwt) = 11 (A—C), 46 (D) and, niob/ob) - 12 (A), 10 (B). 8 (C). and 42 (D). Significance of differences
between the groups were tested by unpaired Student's t-test Statistical significance was setat **p < 0.01, ***p = 0.001, and *=*p

< 0.0001

on emotional states like anxious-related behavior or depression
(McCrea et al., 2012).

The transgenic mouse model of leptin deficiency induced
obesity (ob/ob mice) leads to a continuous sensation of hunger
(Suliman et al, 2019), which causes the animals to continually
search for food. Due to the increased food intake, excessive fat
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accumulation occurs at a young age (Hayakawa et al,, 2018). In
order to assess leptin deficiency-induced obesity, weight data of
ob/ob and wt animals were analyzed first. As expected, ob/ob mice
showed significantly increased body weights compared to wt mice.
The values for both ob/ob mice and wt mice were within the
age-, sex-, and genotype-specific, normal range (for more detailed
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DeeplabCut (DLC) tracking results analyzed with customized R-script based on DLC-Analyzer. Example of a zone-visit-plot of a wild type [(A) wt]
and an ob/ob (B) mouse in OF The individual zones show how much time the body part of interest (Supplementary Figure 2 for labeling of animals
in DLC) was tracked in the predefined zones. Heat-maps of the OF test of wild type [wt (C)], and transgene leptin deficient [ocb/ob (D)) mice. t, top

left; tr. top right; bl, bottom left, br, bottom right.

information see Jackson Laboratory). In the context of total body
weight gain, a considerably higher proportion of subcutaneous
fat was observed in the ob/ob mice, in addition to the increased
visceral fat weight at dissection. Beside genetic-induced obesity,
it is common to induce obesity also through different diets (Lutz
and Woods, 2012). These include the high fat diet (HFD), western
diet (WD), and cafeteria diet (CFD), which are also discussed
to be responsible for the sharp increase in the obesity pandemic
in humans (Sampey et al, 2011). These diets have a common
feature: they lead to excess energy intake due to an unbalanced
composition of fat and sugar, which in combination with reduced
exercise facilitates obesity (Bracke et al, 2019a,b; Picone et al,
2020). However, applying these diets in wild type rodent models is
time-consuming and takes several weeks and even months to take
effect of an obese phenotype. To overcome this issue, we used the
ob/ob mice knowing to reveal a significant weight gain already at
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voung age as verifying in the present study. Therefore, this mouse
model is ideal for studying obesity at a younger age. Due to this,
it became apparent in the study that the time points of 24 and
40 weeks were not strictly necessary, since a pronounced adiposity
was already present in 8-week-old mice, which ultimately reduces
the stress of adiposity with increasing age.

Our study contributes to the overall assumption that obesity,
in addition to the common comorbidities, causes behavioral
alterations (Finger et al, 2011; Reverte et al, 2012; Alonso-
Caraballo et al, 2019). Several related studies also show that
in both the genetically induced obesity models and in diet-
induced obesity models, particularly locomotion is altered (Collins
et al, 2015; Zieba et al, 2019). This was demonstrated by
Lopez-Taboada et al. (2020) showing obesity-induced by a WD is
associated with reduced locomotion. The same conclusion was
reached by Yokoyama et al. (2020), who studied the effect of a
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HFD, and by Teixeira et al. (2020}, who linked the CFD diet
to behavioral alteration. A similar situation can be observed in
humans (Bracke et al,, 2019a). However, it is not yet clear whether
an increased weight per se leads to a reduction in locomotion,
or whether there are other contributing factors on a neuronal or
emotional level (Shafizadeh et al., 2021). Nevertheless, the present
findings confirm that obesity is indeed associated with a behavioral
alteration. Interestingly, our study showed that sex and partly
age had no impact {(even though statistical analysis revealed an
age effect) on the behavior seen in ob/ob mice. Additionally, the
finding that sex had no influence on the behavioral change means
that both male and female mice can be included in the present
and future studies. This reduces the number of animals needed
to generate statistically sound results, as both sexes can be used
equally. Moreover, it allows for more efficient use of breeding times,
as less time is needed to generate a sufficient number of genetically
identical mice (promoting the 3R-Principle of Reduction, Russell
and Burch, 1959). Furthermore, independence of age means that
experiments do not have to be carried out for an excessively long
time, since at least in the ob/ob model a significant change in
behavior is already visible at a very voung age [promoting the
3R-Principle of Refinement, Russell and Burch (1959)].

Behavior analyses with EV and DLC have
comparable results

The challenge that manual video analysis are prone to bias
by the observer led to the development of easy-to-use, widely
accessible semi-automated computer applications that can be
deployed in almost any ethology laboratory, facilitating robustness
and reproducibility of research findings. Previous studies have
already investigated the benefits of Al-based evaluation methods
compared to standard methods (Sturman et al,, 2020). However,
there has not yet been a study that wsed AI methods in
a mouse model of leptin deficiency. Our work builds upon
findings of other research groups to uncover the pathological
accumulation of adipose tissue, the resulting and associated
behavioral change in the mouse model using AT and could open
up new approaches to study pathological conditions induced
by malnutrition.

The collected data of the behavioral tests OF and EPM were
evaluated both with conventional software, namely EV, which is
used as a standard in many behavioral laboratories, and with a
fairly new Al-based software, namely DLC (Mathis et al, 2020).
To evaluate the new, open-source software DLC, the same animal
recordings that were analyzed with EV were compared with the
findings of DLC. Both methods yielded the same results, ie.,
leptin deficiency but not sex or age caused behavioral alterations.
From this perspective, DLC might contribute to fewer animals
being used in the future, as these methods can predict behavior
based on more complex parameters [promoting the 3R-Principle
of Reduction, Russell and Burch (1959)]. These side observations
show in addition to the fact that the DLC model is very robust
with respect to different age groups, sex, and even mouse strains
that DLC assures the implementation of the 3R principle (Russell
and Burch, 1959). Alongside the advantages of modern methods
already mentioned, which allow behavioral analysis to be replicable
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and almost with human accuracy, the open source software DLC
has further advantages over EV (Mathis et al, 2018; Sturman
et al, 2020). For instance, DLC is based on the open-source
programming language Python, which makes the code more
accessible, easier to understand and to adapt it to individual
needs. This enables a collection and individualized analysis of
more parameters in comparison to EV (where the code is not
as accessible). In addition to the common parameters, such as
speed, distance, rearing, and leaning, the DLC was also able to
record head dipping (Sturman et al, 2020). Decreasing head
dipping frequency is associated with increased anxiety, which
makes it another important parameter for assessing the anxiety
of animals. Previously, this parameter had to be laboriously
recorded by hand. In summary, automatic video evaluation with
DLC has made this data processing step much faster, however,
this kind of behavioral assessment also requires necessary storage
capacities and computing power that are not available to every
ethological laboratory.

Future perspective of DLC

One of the greatest advantages of DLC is the broad and
fast-growing DLC-community from all possible areas of science
that make questions, data, and results publicly accessible (Mathis
et al, 2018; Lauer et al, 2021). This facilitates data sharing, as
well as the potential reuse of data other laboratories to train
and improve ones own networks. DLC also allows multi-animal
analyses to be performed in order to study the social behavior
of animals (Lauer et al, 2021). This was hardly possible before,
or would have required cost intense software updates for exciting
commercial hardware. Further side-applications are emerging from
collaborations, which use the DLC coordinates data for further
analyses. For example, SimBA, a computer framework that enables
users to use these pose-estimation approaches in combination
with behavioral annotation and generation of supervised machine-
learning behavioral predictive classifiers (Nilson et al, 2020).
Accordingly, the pipeline was developed for the analysis of complex
social behaviors, but also includes the flexibility for users to
generate predictive classifiers across other behavioral modalities
with minimal effort and no specialized computational background.
Besides this huge advantage, it is already possible to explore new
animal behavior patterns using unsupervised trained networks.
One of the most widely used software programs for this purpose
is B-SOID (Hsu and Yitri, 2021). B-SOiD is an open-source tool
to discover and extract behaviors and sub-actions from pose
estimation data (Hsu and Yttri, 2021).

Summary and conclusion

In this investigation, we compared the accuracy of two pose
estimation applications, namely EV and DLC in testing obesity-
induced behavioral alterations in the ob/ob mice. The compared
methods (both are based on the same algorithms) yielded almost
identical results, whereby the more current Al-based application
DLC allows more flexibility and enables the investigation of
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additional parameters (e.g., head dipping and leaning). These
findings provide new possibilities to analyze rodent behavior in a
more consistent and repeatable way, which can be applied in almost
every behavioral laboratory with no need of extensive professional
computational knowledge. According to these findings, it is
conceivable that data from this study will serve as a basis in further
analyses to gain more insights into complex behavioral changes
and to predict obesity-related behavioral alterations. In addition,
the observation the independence of sex and age could also reduce
the number of experimental animals needed to a certain degree,
and possibly also replace some of them entirely, promoting the
3R-Principle. Taken together, this novel Al approach and the fact
that this mouse model of leptin deficiency has been shown to be
present obesity-associated behavioral change already in young age
might significantly reduce the number of animals for preclinical
research in the future.
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Objective: Obesity, often associated with non-alcoholic fatty liver disease
(NAFLD), is characterized by an imbalance between energy expenditure and
food intake, which is also reflected by desensitization of fibroblast growth
factor 21 (FGF21). FGF21 is strongly influenced, among others, by TNFa, which
is known to be upregulated in obesity-induced inflammation. Successful
long-term treatments of NAFLD might be dietary meodification, exercise,
or fasting.

Materials and methods: Whether succeeded NAFLD recovery is linked with
improved FGF21 sensitivity and finally reverted FGF21 resistance was the focus
of the present study. For this purpose, mice received a high-fat diet (HFD)
for 6 months to establish obesity. Afterward, the mice were subjected to
three different weight loss interventions, namely, dietary change to low-fat
diet (LFD). treadmill training, and/or time-restricted feeding for additional
& months, whereas one group remained on HFD.

Results: In addition to the expected decrease in NAFLD activity with dietary
change, this was also observed in the HFD group with additional time-
restricted feeding. There was also an associated decrease in hepatic TNFa
and FGF21 expression and an increase in B-klotho expression, demonstrated
mainly by using principal component analysis. Pearson correlation analysis
shows that independent of any intervention, TNFa expression decreased
with improved NAFLD recovery. This was accompanied with higher FGF21
sensitivity. as expressed by an increase in p-klotho and FGFR1c expression and
concomitantly decreased FGF21 levels.
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Conclusion: In summary, we conclude that successful NAFLD therapy is
associated with a reversion of the TNFa-triggered FGF21-resistant state or

desensitization.

KEYWORDS

non-alcoholic fatty liver disease, high-fat diet, dietary change, treadmill exercise,
time-restricted feeding, FGFZ1, TMFe, f-klotho

Introduction

Owerall, 25% of people worldwide suffer from overweight
or obesity, which has reached pandemic proportions. As early
as 1989, Kaplan described the “deadly quartet” of abdominal
obesity, hypertension, hyperglycemia, and hypertriglyceridemia
(1), which is referred to as metabolic syndrome (2, 3). The
metabolic syndrome is associated with non-alcoholic fatty liver
disease (NAFLD), which is considered as hepatic manifestation
of this disease (4-6). One potential reason for the prevalence of
NAFLD and many other comorbidities and sequelae of abesity is
the persistence of a systemic low-grade inflammation (LGI) (7,
£). In this context, white adipose tissue is capable of expressing
both metabolic and immunological mediators (%), which act
locally but may also have systemic effects affecting other organs,
such as the liver. This is reflected by hepatic and also systemic
upregulation of pro-inflammatory cytokines, such as interleukin
(IL)-1/, IL-6, and tumor necrosis factor alpha (TNFa) (10
12). All these mediators are well coordinated and reciprocally
regulated in signaling cascades. An imbalance of these mediators
is likely responsible for an LGI-mediated interaction between
obesity and NAFLD (13, 14).

In order to better understand the causality of obesity
related inflammatory processes, it is necessary to consider
individual hormones, such as leptin, ghrelin, or orexin. They
are involved in the regulation of food intake. A dysregulation
of these hormones, also triggered by obesity-induced LGL can
further aggravate obesity. In addition, fibroblast growth factor
21 (FGF21), a hormone in addition to fatty acid oxidation,
lipolysis, and increased energy dissipation, is also involved in the
regulation of food uptake. FGF21 acts via its receptor complex
of FGE21 receptor (FGFR)1c and p-klotho in an endocrine or
paracrine manner (15-17).

Remarkably, on the one hand, FGF21 expression is increased
in the liver during fasting states and caloric restriction (1%,
19)% on the other hand, exceptionally high circulating plasma
FGF21 concentrations occur in obese humans and mice (20,
21). Termed the “FGF21 paradox™ by Fisher et al. (21),
this phenomenon describes, similar to leptin resistance (22),
an FGF21-resistant state (21), although more recently, the
term FGF21 desensitization has been used in this context
(23). Thereby, increased FGF21 concentrations in obesity
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were associated with a concomitant reduction in the FGF21
receptor complex (21). A link between FGF21 and inflammation
was demonstrated by Diaz-Delfin and coworkers in mouse
adipocytes, where the application of TNFa inhibited p-klotho
expression (24). Furthermore, a long-term study on the adipose
tissue of obese mice demonstrated that expression of FGFRI1c
and f-klotho was markedly decreased and associated with
a limited effect of exogenously applied FGF21, implying a
decrease in FGF21 sensitivity.

To overcome the vicious cycle of obesity and hence
obesity-induced LGI, intervention approaches, such as physical
activity, dietary changes, or fasting are appropriate and
commonly used methods (25-27). Therefore, the purpose
of this study was to investigate to which extent obesity
associated NAFLD and accompanying inflammatory processes
are reversible by treadmill training, dietary change, and/or
time-restricted feeding, and whether this is associated with
enhanced hepatic FGF21 sensitivity. Using principal component
and correlation analyses, we tested the hypothesis that recovery
from NAFLD is associated with a reversion of FGF21 resistance
or desensitization.

Materials and methods
Animals

At the beginning, 90 4-week-old female mice (CS7BL/6])
were purchased from Charles River (Sulzfeld, Germany). In
compliance with our previous and ongoing investigations,
female mice were used for comparability between different
studies (25). All animal experimental work was carried out
with permission of the local Animal Research Committee
|Landesamt fiir Landwirtschaft, Lebensmittelsicherheit
und Fischerei (LALLF) of the state Mecklenburg-Western
Pomerania (LALLF M-V/TSD/7221.3-2-001/18, approved on
March 1, 2018)] and by following the ARRIVE guidelines.
All animals received human care according to the EU
Directive 2010/63/EU. The mice were divided in a blinded
manner into groups of five mice and were kept in standard
cages. The room temperature was controlled (21 + 3°C),
and a 12-/12-h day/night cycle (lights on from 6:00 a.m.
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90) were fed for & months with high-fat diet (HFD) to
S0).

Groups 2-6 underwent an intervention. Second group: HFD plus treadmill exercise (TM: HFD/HFD + TM, n = 15); third group: HFD plus

treadmill exercise and time-restricted feeding (TRF; HFD/HFD + TM + TRE. n
HFDYLFD, v = 15); fifth group: dietary change plus treadmill exercise (HFDSLFD + TM, n

15); fourth group: dietary change to a low-fat diet (LFD;
15}, and sixth group: dietary change, treadmill training,

and time-restricted feeding (HFDY/LFD + TM + TRE n = 135). When dietary change was completed, treadmill training started. After 3 months of
endurance exercise, time-restricted feeding was introduced. At the end, the mice were killed, and blood and liver tissue were collected.

(B} Treadmill protocol consists of seven stages with three endurance sections. Prior to endurance training, an incremental workload test was
performed to adjust the maximum velocity of the run. (C) Mice in the TRF group were restricted foed from 7 am. to 11 pom. (16 h). Food supply

was provided in the nocturnal active phase for B h.

to 6:00 p.m.) was applied. All mice were handled equally
for the first 6 months while establishing the model of diet-
induced obesity. Therefore, all 90 mice received a high-fat
diet (HFD; D12492; Research Diets, New Brunswick, NJ,
United States) for & months ad libitum. According to
randomization, the cages were divided into six groups.
In the following 6 months, interventions were carried
out as previously published by our group (28). The first
group (n = 15} remained on an HFD, referred to as
"HFD/HFD". In the second group, named "HFD/HFD + TM",
treadmill (TM) exercise (TM 303401; TSE Systems Inc,
Chesterfield, MO, United States) (n = 15) was added.
The third group (n = 15) was trained on treadmills,
and additionally, time-restricted food (TRF) intake was
introduced after 3 months of intervention, designated as
group "HFD/HFD + TM + TRF". The HFD was changed
to a low-fat diet (LFD; D12450]; Research Diets, New
Brunswick, NJ, United States) for (n = 15), building
the fourth group “HFD/LFD™. The fifth group (n = 15),
called "HFDJLFD + TM”, also changed diet to an LFD in
addition to treadmill exercise for time of interventions.
The last group (n = 15) underwent all given interventions,
named “HFD/LFD + TM + TRF". Figure 1A illustrates the
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experimental design. Body weight was measured weekly and
just before killing of the mice.

Interventions

Dietary change to low-fat diet

For the first intervention, 45 mice received an LFD,
containing 10% fat, 20% protein, and 70% carbohydrates,
matching the HFD in structure of lard and protein composition.
Contrary to this, the HFD consists of 60% fat, 20% protein, and
20" carbohydrates.

Treadmill exercise

In addition to dietary change, TM exercise was established
for n = 60 mice as the second intervention parameter. The exact
TM protocol was previously described by our group (28). In
brief, TM exercise was performed twice a week, running through
a program, as shown in Figure 1B.

Time-restricted food
To treat obesity and metabolic disorders, time limited
restriction of food is described as a beneficial method (29, 30},
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which was the third intervention parameter, namely, TRF. After
the third phase of TM exercise (Figure 1C), TRF was introduced
to # = 30 mice using the same protocol, as previously described
by our group (2&). For the last 3 months, TRF was maintained.
Food regulation was performed by using an autofeeder (EHEIM,
Deizisau, Germany) with an enlarged opening. The food drop
was controlled at 11 p.m. via a webcam with infrared light. The
mice were transferred back to fresh cages at 7 a.m. with water
supply and no enrichments.

In vitro experiment

The human hepatoma cell line Hep(:2 was used for in vitro
experiments and was cultured as reported by Guy et al. (31).
The cells were seeded in six-well plates. After reaching 95%
confluence, cells were incubated with 20 pg/ml human TNFa
(hTNFa; Sigma Aldrich, Taufkirchen, Germany) or Aqua Dest
(B. Braun Melsungen AG, Melsungen, Germany) for 24 h.
Afterward, the cells were harvested for analysis of f-klotho
protein expression.

Sampling and assays

Under anesthesia (5 wvol% Baxter,
Unterschleiffheim, Germany), the mice were exsanguinated
via retrobulbar puncture. Blood was collected and prepared
according to Power et al (31). Thereafter, a laparotomy
was performed. The visceral and subcutaneous flanked
fat deposits and liver tissue were harvested and weighted.
Subsequently, the left lateral liver lobe was fixed in 4%
paraformaldehyde (PFA, sc281692 Santa Cruz Biotechnology
Inc., Dallas, TX, United States) for 5 days and embedded in
paraffin (Carl Roth, Karlsruhe, Germany). The left medial
lobe was embedded in Tissue-Tek™ (Sakura Finetek Germany
GmbH, Umkirch, Germany), snap-frozen in liquid nitrogen
with the remaining tissue, and stored at —20°C. For the

isoflurane;

assessment of liver damage, plasma alanine aminotransferase
(ALT), aminotransferase (AST),
activities were spectrophotometrically determined (Cobas
cl1l; Roche Diagnostics, Mannheim, Germany) using
commercially available reaction kits (Roche Diagnostics,
Mannheim, Germany). Measurements of the LDL/VLDL
fraction, triglycerides, leptin, insulin, and FGF21 in plasma were
performed using the LDL/VLDL cholesterol, leptin, insulin, and
FGF21 assay kits according to the manufacturers’ instructions
(LDL/VLDL: Abcam, Cambridge, United Kingdom; leptin,
insulin, FGF21: R&D System, Minneapolis, MN, United States;
Ann  Arbor,

aspartate and albumin

triglycerides: Cayman Chemical Company,
MI, United States).
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Histology, immunohistochemistry, and
image analysis

Hematoxylin and eosin (H&E) staining (Merck, Darmstadt,
Germany) was performed uvsing standard protocols on
4 wm thin tissue sections. Images were recorded on a Carl
Zeiss Axioskop 40 microscope (Carl Zeiss AG, Oberkochen,
Germany) with a Zeiss AxioCamMRc5 camera (Carl Zeiss AG,
Oberkochen, Germany) and corresponding Zeiss ZEN2 lite
software (Carl Zeiss AG, Oberkochen, Germany).

From the H&E-stained specimen, the NAFLD Activity Score
{MAS) was assessed in a blinded manner to characterize diet
induced liver damage. Following the description by Kleiner
et al. (32) and our previous work (32), the parameters steatosis
(scores 0-3), hepatocellular ballooning (scores 0-2), and lobular
inflammation (scores 0-3) were used to calculate the NAS (total
scores (-8). Steatosis was assessed at 50x magnification and
ballooning at 100> magnification. Inflammation was assessed
by counting inflammatory foci from 10 representative low
power fields (LPF) (200x magnification), characterized as a
grouping of at least five inflammatory cells in the tissue that
are not arranged in a row (34). For OQil Red O staining of
lipids, the frozen liver tissue was cut in 8 pm thick sections,
air-dried, and fixed in paraformaldehyde. The staining was
performed using Oil Red O (Sigma-Aldrich Corp., 5t Louis,
MO, United States) and counterstained with hematoxylin.
In total, 10 images at 400x magnification were taken per
sample. Quantitative analysis of the red-stained area was
conducted using Image] (v 1.52, Wayne Rasband, National
Institutes of Health, United States) (protocol provided in the
supplements as Image] Code 51) analyzing the percentage of red
pixels per image.

To substantiate inflammatory processes in the liver,
naphthol-AS-C-chloracetate esterase (CAE) staining (Sigma
Aldrich Corp., 5t. Louis, MO, United States) was used for
characterizing granulocytes. After fixing in paraformaldehyde
and embedding, sections were stained with CAE and
counterstained with hematoxylin. The ratio of CAE-positive
cells (CAE+) and the total number of hepatocytes in 10
consecutive high power fields (HPF) at 400x magnification
were used to quantify granulocytes in a blinded manner.
Macrophages were immunohistochemically stained for the
indication of cellular hepatic LGL Therefore, owvernight
incubation (4°C) with a rat anti-mouse-F4/80 (MCA497;
Bio-Rad, Hercules, CA, United States) was followed by
1 h incubation at room temperature with the second
antibody (goat anti-rat; abcam 97054; Abcam, Cambridge,
United Kingdom). Afterward, the cells were stained with
the chromogen Permanent Red (Ref K0640, DAKO GmbH,
Jena, Germany) and counterstained with hematoxylin. For
quantification, the total number of F4/80-positive cells (F4/80+)
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and the total number of hepatocytes were also counted in a
blinded manner in 10 consecutive HPF at 400x magnification.

Western blot analysis

The harvested liver tissue and HepG2 cells incubated
with TNFa were further processed for protein isolation. For
this purpose, the liver tissue and cells were homogenized
in lysis buffer (10 mM Trs pH 7.5, 10 mM NaCl, 0.1 mM
EDTA, 0.5% Triton-X100, 0L.02% NaN3, 0.2 mM
PMSE, protease inhibitor cocktail), incubated for 30 min
on ice, and centrifuged for 10 min at 4°C and 10,000 x g
Protein contents were assayed by using the bicinchoninic

and

acid method (Pierce Biotechnology Inc., Thermo Fisher
Scientific, Waltham, MA, United States), with 2.5% BSA
(Pierce Biotechnology Inc, Thermo Fisher Scientific,
Waltham, MA, United States) as the standard. On an
8% SDS gel (FGFR1c and pFGFRIc) and a 10% Mini
PROTEAN® TGX Stain-FreeTM (Bio-Rad Laboratories,
Munich, Germany) gel (p-klotho), 20 (liver tissue) or 10
(HepG2 cells) pg protein was separated. Mini-PROTEAN
TGX gel was captured using the ChemiDoc XBS System
(Bio-Rad Laboratories, Munich, Germany) before being
transferred to a polyvinyldifluoride membrane (Immaobilon
P; Millipore, Eschborn, Germany). After blockade with
2.5% BSA (Santa Cruz Biotechnology, Santa Cruz, CA,
United States), membranes were incubated owvernight at 4°C
with a rabbit polyclonal anti-f-klotho (1:1.000, LSBioScience,
Seattle, WA, United States), a rabbit polyclonal anti-pFGFR1c
(Tyr653/654; 1:1.000, Cell Signaling Technology, Cambridge,
United Kingdom), or a rabbit monoclonal anti-FGF21
|EPR8314(2), only HepG2 cells, 1:1.000, abcam, Cambridge,
United Kingdom| antibody, respectively. Afterward, a
secondary peroxidase-linked anti-rabbit antibody (f-klotho
and pFGFRI1c, 1:10.000; Cell Signaling Technology, Cambridge,
United Kingdom) or only HepG2 cells (FGF21, 1:3.000)
was applied. Protein expression was visualized by means of
luminol-enhanced chemiluminescence (ECL plus; Amersham
Pharmacia Biotech, Freiburg, Germany) and digitalized
using the ChemiDoc™ XRS System (Bio-Rad Laboratories,
Feldkirchen, Germany). Signals were densitometrically
assessed (Quantity One; Bio-Rad Laboratories, Munich,
Germany) and normalized either to the GAPDH signals
(B-klotho and FGF21, Hep(G2 cells, and mouse monoclonal
anti-p-GAPDH  antibody; 1:20.000; Millipore, Eschborn,
Germany, followed by secondary anti-mouse antibody,
1:40.000, Sigma Aldrich Corp., 5t Louis, MO, United States)
or to whole protein (f-klotho, liver tissue). To analyze the
phosphorylation status of FGFR1c, signals of pFGFR1c
were normalized to rabbit polyclonal anti-FGFRIc (clone
D8E4, 1:1.000, Cell Signaling
United Kingdom).

Technology, Cambridge,
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Quantitative real-time polymerase
chain reaction

Ribonucleic acid (RNA) isolation and transcription into
cDNA were performed as already published (28). mRNA
expression analyses were performed via quantitative real-time
polymerase chain reaction (PCR) in a BioRad iQ5 Multicolor
Real Time PCR Detection System (Conquer Scientific, San
Diego, CA, United States) with an iQ™ SYBR® Green
Supermix (Bio-Rad Laboratories, Munich, Germany). Primer
sequences are shown in Table 1. Measurement results are
corrected against the housekeeping gene 405 ribosomal protein
S18 (RPS18), and relative quantification was carried out via
the 2~ AACT method.

Statistics

Statistical analysis was performed using GraphPad Prism
8.0.1 (GraphPad Software Inc., San Diego, CA, United States)
as previously described by our group (28). Data from
animals that died during the experimental period or showed
abnormalities during organ removal were excluded from all
analysis. For expressional analyses of liver FGF21, IL-1B, IL-
6, IL-10, and TNFa, each n = 7 samples and for HDL,
LDL, and cholesterol assays, each n = 5 samples were
measured. The ROUT method based on the false discovery
rate () = 0.01) was applied to remove outliers. All results
are presented as mean =+ standard dewviation (SDY), and
statistical significance was set at p < 0.05. For further details,
see figure legends.

To represent correlation between all observational
parameters, Pearson correlation was performed by measuring
linear dependence of two parameters. Clustering between the
six groups is represented as a dot plot of principal component
analysis (PCA). For the parameters TNFa, FGF21, and p-klotho
expressions in the liver, all data from n = 84 mice are included.
Correlation between all 26 parameters (for AST, ALT, insulin,
and leptin, see Supplementary Figure 1) is shown in a heatmap,
indicating a strong positive correlation by red color (1.00-0.70),
a strong negative correlation by blue color (—0.70 to —1.00),

TABLE1 Primers used for quantitative real-time polymerase
«chain reaction (PCR).

Transcript Forward primer (5'-3') Reverse primer (5"-3')

T GCTGTCTTCCTGOTGRGG CCTGGTTTGGGGAGTCCTTC

tnfe ACATTOGAGGCTOCAGT GGECAGOTCTACTTTGGAGT
GAATTOGG CATTGE

il Ip COCAAGOAATACOCAAAGAA  TTGTGAGGTGCTGATGTACCA

e TCTGACCACAGTGAGEGA TOGAGTCACAGAAGGAGT
ATGTCCAC GGOTAAG

il 1o GOCTTGCAGAAAAGAGAGCT  AAAGAAAGTCTTCACCTGGE

rpsl8 AGGATGTGAAGGATGGGAAG  TTGGATACACCCACAGTTOR
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RIGURE 2
Body and fat composition. (A) Monthly weight progression with n = 90 mice at the beginning and n - 84 mice at the final ime point. (B) Final
body weights [g] before euthanasia (HFD/HFD: n = 13, HFD/HFD + TM: n = 13, HFD/HFD 4+ TM + TRF: i = 15, HFD/LFD: n = 14, HFDYLFD 4 TM:
n = 15 HFD/LFD + TM 4 TRF. n = 13; total n = B3). (C) Ratio of visceral body fat deposits to body weight. (D) Ratio of subcutaneous Ranked fat
deposits to body weight (C.D HFDJHFD: n = 135, HFD/HFD + TM: n = 13, HFD/HFD 4 TM + TRF: i = 15, HFD/LFD: i = 14, HFD/LFD + TM: 0 = 15,
HFD/LFD + TM + TRF: n = 14; total n = 84). All HFD/LFD groups showed a significant fat loss with p = 0.0001 when compared to all three
HFD/HFD groups, respectively [A—D from Power Guerra et al. (28)]. (E} Plasma triglyceride [mg/dL] (HFD/HFD: 7 = 13, HFDJHFD + TM: 1 = 13,
HFD/HFD + TM 4 TRF: n = 15, HFDYLFD: n = 14, HFD/LFD + TM: i = 15, HFD/LFD + TM + TRF: 7 = 14; total n = 84). (F) Plasma leptin [pg/mL]
(HFDYHFD: i = 13, HFDYHFD + TM: n = 135, HFD/HFD + TM + TRF: n = 14, HFD/LFD: n = 14, HFD/LFD + TM: n = 15 HFO/LFD 4+ TM 4+ TRF: n = 15;
total n = B2) and (G) plasma cholesterol [ma/dL] (HFDYHFD: n = 5 HFD/HFD 4+ TM: 0 = 5, HFDAHFD 4 TM + TRE: m = 5, HFD/LFD: m = 5,
(Continued)
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FIGURE 2

HFD/LFD 4 TM: n = 5 HFDJLFD + TM 4 TRF: n = 5; total n = 30). Blue dots and box plots indicate HFD groups, and yellow dots and box plots
indicate dietary change to LFD. Table displays the individual groups, respectively. Table is read from top to bottom; “+° denotes implermentation
of a gven diet or intervention and “—7 its absence. Significance of differences between groups was tested with either the Kruskal -Wallis test,
followed by Dunn's post hoc test for multiple comparisons (B), the Brown - Forsythe test, and Welch's ANOVA with the Tamhane T2 post hoc
test for multiple comparisons [C: F value (F] = 5182, degree of freedom (DF) = 5; D: F = 6619; DF = 5. F: F = 2268, DF - 5/, or by ordinary
one-way ANOVA with Tukey's post hoc test for multiple comparisons (E). Data are presented as mean £ 50, and statistical significance was set

at p < 0.05% HFD, high-Ffat diet; LFD, low-fat diet; TM, treadmill; TRF, time-restricted feeding.

and a moderate correlation by light colors (=0.40 or <-0.40)
(35). The analysis was carried out in R (version 4.0.2, R studio,
Boston, United States) via the prcomp method. Missing values
were imputed ahead of analysis using the mean of the respective
experimental group.

Results

Diet-induced obesity is attenuated by
intervention strategies

Continuous administration of the HFD caused a large
increase in body weight within the first & months (Figure 24).
After the introduction of the intervention approaches, such as
LFD, TM training, and TRE, only the dietary change to LFD
resulted in weight loss within a few weeks (Figure 2A, yellow
vs. blue). Also, final body weight, and visceral and subcutaneous
fat-to-body weight ratios were about 50% lower than those in
all HFDYHFD groups (blue) (Figures 2B-D, yellow vs. blue).
‘While in the HFD/LFD groups triglyceride concentrations were
only decreased in tendency (Figure 2E), the concentrations
of leptin and cholesterol were significantly reduced (yellow;
Figures 2EG).

High-fat diet-induced non-alcoholic
fatty liver disease is treatable by
intervention strategies leading to
reduced pro-inflammatory tumor
necrosis factor alpha expression

Accordingly, liver fat content, evaluated by Oil Red
O staining, was found to be significantly diminished after
dietary change (Figures 3A,B), which was also reflected by
a significantly lower steatosis score (Figures 3C,D). Notably,
livers of the HFD mice receiving TM and TRF displayed almost
the same histological changes as observed in all LFD groups. In
particular, (il Red O staining showed a significant reduction
in liver lipid in the HFD/HFD + TM + TRF group compared
to the HFD/HFD group (Figure 3B). Although the parameters
of hepatocellular ballooning and lobular inflammation were
largely unchanged upon interventions, the NAFLD score was

Frontiers in Mutrition

significantly decreased in all groups with dietary change, and in
particular upon TM and TRF in the HFD group (Figure 3E).
Despite the strong decrease in the lipid content after dietary
change, there was no reduction in the number of resident
macrophages and granulocytes in the liver, as indicated by no
significant differences in the number of F4/80 (Figures 4A,B)
and CAE (Figures 4C, ))-positive cells between the individual
experimental groups. Consistent with this, mRNA expressions
of the pro-inflammatory cytokines IL-1f and [L-6 were also
nearly unchanged (Figures 5A,8), but the anti-inflammatory
cytokine [L-10 showed tendencies to be increased mainly upon
dietary change (Figure 5C). Noteworthy, the mRNA expression
of TNFa was significantly decreased in all LFD ws. HFD
groups (Figure 5D).

Reduced tumor necrosis factor alpha
expression is accompanied by
restoration of an fibroblast growth
factor 21 sensitive state

Parallel to the reduction of TNFa, a significant decrease in
the FGF21 concentration in plasma (Figure 5F) was observed.
This was in line with the significant reduction of hepatic
FGF21 mRNA expression (Figure 5E), whereby HFD mice
receiving additional TM and TRF showed similar wvalues,
indicating that not only dietary change but also physical
activity and intermittent fasting may trigger FGF21 levels. Of
particular interest was the significant increase in hepatic p-
klotho expression in all dietary change groups (Figure 5G),
which was also associated with increased phosphorylation of
FGFRIc, although this was only seen in the LFD groups with
additional TM and TRF (Figure 5H). These results now suggest
that especially with the dietary change, FGF21 sensitivity could
be restored, that is, reduced FGF21 expression and increased
expression of its receptors. The statistical results were confirmed
by PCA (Figure 6). PCA showed for hepatic TNFa (A), FGF21
(B), and [-klotho (C) that the LFD groups clustered mainly
on one side and the HFD groups on the other. In addition to
this, the trained HFD group with additional intermittent fasting
clustered more with the LFD groups. A further consideration
of the correlation analysis (Figure 6D) showed that TNFa
correlated with parameters, such as body weight, percentage of
adipose tissue, and liver fat content (on average with r = (L&;
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FIGURE 3

Representative images of Oil Red O (A) {4003 magnification, scale bar represents 200 pm) and HE-stained liver specimen. (C) (50

magnification, scale bar represents 200 wm) and quantitative analysis of the Oil Red O-stained area in percentage (B) (HFD/HFD: n - 11,

HFD/HFD + TM: 1 = 11, HFDVHFD + TM & TRF: n = 12, HFD/LFD: n = 13, HFID/LFD 4 TM: n = 15 HFD/LFD 4+ TM + TRF: n = 10; total n = 72) and

steatosis score (D) (HFD/HFD: n = 12, HFD/HFD + TM: n = 9, HFDYVHFD + TM + TRF: n = 11, HFDJ/LFD: = 13, HFDJ/LFD + TM: n = 15,

HFD/LFD + TM 4 TRF: n = 11; total n = 71). Assessments of scores for steatosis, ballooning, and inflammation, as well as calculation of MAS for
{Continued)
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FIGURE 3

the groups, are represented in panel E Blue dots and box plots indicate HFD groups, and yellow dots and box plots indicate dietary change to
LFD. Table displays the individual groups, respectively. Table is read from top to bottom; "+° denotes implementation of a given diet or
intervention and "—" its absence. Significance of differences between groups was tested with either the Kruskal - Wallis test, followed by Dunn's
post hoc test for multiple comparisons (B), the Brown - Forsythe test, and Welch’'s ANOVA with the Tamhane T2 post hoc test for multiple
comparisons [D: F value (F) - 8.297, degree of freedom (DF) = 5, or by ordinary one-way ANOVA with Tukey's post hoc test for multiple
comparisons (E: F = 9765, DF = 5)|. Data are presented as mean + 50, and statistical significance was set at p < 0.05 HFD, high-fat diet; LFD,
low-fat diet; TM, treadmill; TRF, time -restricted feeding.
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FIGURE 4

Representative images (both at 400x magnification, scale bar representing 20 wm) of F4/80 (A) as well as CAE-stained livers (C) and
quantitative analysis of FA/B04 (B: HFD/HFD: i = 12, HFDVHFD + TM: 7 = 10, HFDYHFD + TM + TRFE i = 12, HFDYLFD: a = 13, HFD/LFD + TM:

n = 15 or HFDVLFD + TM + TRF: i = 11; total n = 73) as well as CAE+ (D: HFDYHFD: i = 12, HFD/HFD + TM: n = 9, HFD/HFD + TM 4 TRF: n = 12,
HFD/LFD: rr = 13, HFDJLFD 4 TM: i = 13, HFDYLFD + TM + TRE: 7 = 11; total n = 70). Blue dots and box plots indicate HFD groups, and yellow
dots and box plots indicate dietary change to LFD. Table displays the individual groups, respectively. Table is read from lop to boltom; *4+°
denotes implermentation of a given diet or mtervention and ™" its absence. Significance of differences between groups was tested with either
the Kruskal -Wallis test, followed by Dunn's post hoc test for multiple comparisons (B) or the Brown—Forsythe test, and Welch's ANOVA with the
Tamhane T2 post hoc test for multiple comparisons (D) [F value (F) = 1.313, degree of freedom (OF) = 5]. Data are presented as mean + 50, and
statistical significance was set at p = 0005, HFD, high-fat diet; LFD, low-fat diet; TM, treadmill; TRF, time-restricted feeding.

all p = 0.05). Of particular interest is that the NAFLD score
positively correlated with hepatic TNFa (r = 0.38; p = 0.05), and
particularly with systemic FGF21 (r = 0.41; p < 0.05).
Furthermore, the degree of dependency between TNFu
and FGF21 sensitivity was investigated by correlation analysis
(Figure 6D). We found that hepatic f-klotho correlated
negatively with hepatic TNFu (r = —0.38; p < 0.05) and
with hepatic FGF21 (r = —0.32% p = 0.05), while hepatic
FGF21 correlated strongly positively with TNFa (r = 0.8%;
p = 0.05). This finding was partly supported by the in vitro
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analysis in HepG2 cells, showing that TNFa is indeed able to
significantly reduce fj-klotho expression (Figure 7A), whereas
the phosphorylation of FGFRIc and protein expression of
EGF21 was almost unchanged (Figures 75,C).

Discussion and conclusion

The main finding of the study was that reversion of NAFLD
is achieved not only by dietary change but also by continued
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FGURE 5

Hepatic mRMNA expression of IL-1f (A) (HFD/HFD: i = 6, HFD/HFD 4 TM: n = 7, HFD/HFD + TM + TRF: n = 7, HFD/LFD: n = 7, HFDVLFD + TM:

n = 7, HFD/LFD + TM + TRF: i = 7; total n = 41), IL-& (B) (HFOYHFD: n = 6, HFD/HFD + TM: n = 7, HFD/HFD 4 TM + TRF: n = 7, HFD/LFD: n = 6,
HFD/LFD + TM: 1 = 7, HFD/LFD 4+ TM 4+ TRF: 1 = 7; total n = 40), IL-10 (C) (HFD/HFD: n = 7 HFDVHFD + TM: n = 7. HFD/HFD + TM + TRE:n = 6,
HFD/LFD: n = 7, HFD/LFD + TM: n = 7, HFDJLFD 4+ TM 4 TRF: n = 7; total n = 41), TNFa (D) (HFD/HFD: n = 6, HFDJHFD + TM: n = 7,

HFD/HFD + TM 4 TRF: m = 7, HFDYLFD: i = 7, HFDJ/LFD + TM: n = 7. HFDJVLFD + TM 4 TRF: n = 7; total n = 41), plasma concentration (E)
(HFDHFD: i = 13, HFDSHFD # TM: i = 13, HFDFHFD + TM + TRF: n = 15, HFDYLFD: o = 12, HFDYLFD + TM: 1 = 14, HFDJLFD + TM 4 TRF: n = 11;
total n = 78), and hepatic mRMNA expression (F) (HFD/HFD: n = 6, HFD/HFD + TM: i = &, HFD/HFD + TM + TRE i = 7, HFDYLFD: n = 7,

HFDfLFD + TM: 0 = 7, HFDWLFD 4+ TM + TRF: n = 7; total n = 40) of FGF2L. Data presented as 2 AACH alues determined by gquantitative real-time
PCR. Quantitative analysis of hepatic protein expression of i-klotho (G) (HFDYVHFD: n = 12, HFD/HFD 4 TM: o = 9, HFD/HFD + TM 4 TRF: n = 10,
HFDfLFD: n = 12, HFD/LFD + TM: i = 15, HFD/LFD + TM + TRF. n = 11; total n = 69) and phosphorylated form of the FGF receptor (H)
{HFD/HFD: n = 12, HFD/HFD 4 TM: n = 10, HFD/HFD + TM + TRF: n = 10, HFDYLFD: n = 9, HFD/LFD 4 TM: n = 10, HFD/LFD 4 TM + TRF: n = 8;
total n = 59) both with representative Western blots. Signals were nommalized either to total protein (f-klotho) or to the non-phosphorylated
FGF receptor. Blue dots and box plots indicate HFD groups, and yellow dots and box plots indicate dietary change to LFD. Table displays the
individual groups, respectively. Table is read from top to bottom, and "+° denotes implementation of a given diet or intervention and "7 its
absence. Significance of differences between groups was tested with either the Krushkal-Wallis test, followed by Dunn’s post hoc test for
miultiple comparisons (B), Brown—Forsythe, and Welch's AMOVA with the Tambane T2 post koo test for multiple comparisons [A: F value

{F] = 1165, degree of freedom (DF) = 5, D: F = 5742, DF = 5. E: F= 1165 DF = 5 F: F = 9902, DF = 5G: F = 10.33, DF = 5 H: F = 9.214; DF - 5],
or by ordinary one-way ANOVA with Tukey's post hoc test for multiple comparisons (C). Data are presented as mean £ 5D, and statistical
significance was set at p < 0.05. HFD, high-fat diet; LFD, low- fat diet; TM, treadmill; TRE, time-restricted feeding.
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Dot plot of principal component analysis (PCA) for TMFa (A), FGF21 in the liver (B), and ji-klotho in the liver (C) and correlation (Pearson,
twio-sided test, statistical significance was set at p < 0.05) represented as a multidimensional heatmap (D). All parameters from previously

15, HFD/LFD it
total n = 84). In panels A=C, filled circles, triangles, and squares represent groups with HFD, and non-filled indicate dietary change to LFD. In
panel D, red color indicates positive correlation, blue color indicates negative correlation, while white indicates no correlation. HFD, high-fat
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HFD combined with exercise and intermittent fasting. In
addition, by observing decreased TNFu and FGF21 expression
with concomitant increased fi-klotho expression and a strong
negative correlation between TNFa and fi-klotho expression, we
conclude that NAFLD recovery is associated with reversal of a
TNFa-triggered FGF21-resistant state or desensitization.

For the treatment of NAFLD, next to bariatric surgery and
pharmacological approaches, a less invasive method, namely,
dietary change, is also feasible in some obese cases (36, 37).
Thus, reduced calorie intake by lowering the fat content is
recommended for sustainable weight loss (36) and thus for

Frontiers in Mutrition

NAFLD recovery. As proof of principal, this was confirmed in
the present study as indicated by the lowered liver fat content
and steatosis score. Supporting this, our correlation analyses
showed that a decrease in body weight and subcutaneous,
as well as visceral fat, is associated with a reduced NAFLD
score. In addition to dietary modification, physical activity
is another modality for weight reduction in NAFLD therapy
(3#). However, in the present study, independent of LFD or
HFD, no additional benefit was reached with treadmill exercise,
as also shown by Ringseis et al. (39). This may be due to
the frequency of training as daily training is recommended
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FGURE7

for a reduction in body weight and thus for NAFLD therapy
(37). Furthermore, the currently widespread intermittent fasting
may have beneficial effects on NAFLD, especially since is
knowing that this contributes to weight loss in obesity (40).
Contrary to expectation, only the HFD mice receiving a time
restricted feeding additional to exercise revealed a reduced
NAFLD score. As exercise alone did not benefit in NAFLD
recovery, we conclude that in particular intermittent fasting
in continued HFD is responsible for the observed effect
Similarly, cholesterol concentration was reduced only in the
HFD group that received intermittent fasting in addition to
exercise, which contradicts the study by Swift et al. (41),
who showed that exercise alone reduced blood lipid levels.
treadmill
training and intermittent feeding—influence each other in
the context of a continued HFD and possibly overshadow
any protective effect of training by intermittent fasting or
vice versa can only be speculated. Nevertheless, the beneficial
effect of time-restricted feeding is in line with the study
of Chaix et al. (40) showing that body weight and body
fat composition were markedly reduced in the HFD mice,
which may be cansative for recovery of NAFLD, as shown in

However, the extent to which the two interventions

the present study.

Obesity per se is often associated with
inflammatory mediators, such as TNFa (5). In turn, the
reversion of NAFLD correlated positively with the reduction of
TNFa expression, which persisted not only in dietary change

increasing

but also in the HFD} group receiving treadmill training and
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Representative Western blot and quantitative analysis of protein expression of f-klotho (A) and of FGF21, (B) and phosphorylation of FGFR1c (C)
in HepGZ cells upon incubation of THF for 24 he Signals were normalized to GAPDH or FGFR1c, respectively. Data are presented as mean £ 50;
n = 9 independent experiments; unpaired Student’s B-test, *p < 0.05 vs. control (Co).

time-restricted feeding. TNFa has the ability to decrease
the expression of f-klotho but not the phosphorylation of
FGFRIc, as shown by Diaz-Delfin et al. (24) in adipocytes. This
finding was underlined by the current study in hepatocytes,
further highlighting the stronger role of f-klotho in FGF21
signaling. This statement is further supported when considering
the groups with NAFLD recovery, where there was a stronger
negative correlation of TNFa with fi-klotho than with pFGFR1c,
confirming the assumption that TNFox may alter FGF21
responsiveness, mainly via p-klotho. Although no increase in
FGF21 expression could be detected after TNFa application
in vitro, hepatic FGF21 expression, especially the circulating
FGF21 plasma concentration, was decreased in mice that
received dietary change in general. Interestingly, the exercising
HFD group receiving additional time-restricted feeding also
showed reduced FGF21 levels, suggesting that not only dietary
change alone but also intermittent fasting may recover from
obesity-induced FGF21 desensitization (20). This is also
confirmed by the distribution of TNFa, FGF21, and p-klotho
data points in the PCA plots, as indicated by clustering not only
within the LFD groups but also within the treadmill training
HFD group, which additionally underwent intermittent fasting.
Accordingly, intermittent fasting has also been described to
protect against consequences of obesity (27, 40), including
the FGF21-resistant state (21). Since FGF21 has a circadian
rhythm that is disrupted by a high-fat diet, intermittent fasting
is thought to rebalance the oscillation of FGF21 by coupling
food intake in a time-of-day-dependent manner (42, 43) and
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thus counteracts obesity. Moreover, Geng et al. (26) showed
that physical activity can decrease FGF21 expression and
restore FGF21 sensitivity in obese mice and rebalance the
metabolic interaction between the adipose tissue, liver,
and skeletal muscle. However, this was not observed in
the current study because exercise alone in the LFD as
well as in the HFD group did not provide any additional
benefit—neither in ameliorating NAFLD nor in reversing
FGF21 sensitivity. Nevertheless, correlation analysis revealed,
independent of any interventions, that with enhanced
NAFLD recovery, TNFu expression was decreased, leading
to increased FGF21 sensitivity expressed as an increase
in f-klotho and FGFRlc expression with concomitantly
reduced FGF21 levels. Thus, we conclude that hepatic
FGF21 resistance or desensitization is most likely TNFa-
dependent. Moreover, it was also observed that mainly
circulating FGF21 correlates with the NAFLD score, suggesting
a potential dependency between treated NAFLD and FGF21.
This finding could provide a basis for considering non-
invasive determination of plasma FGF21l as a possible
marker to monitor NAFLD activity. This approach might
have a high translational potential in treatment of NAFLD
in obese patients.
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Abstract: Caloric restriction (CR) slows the aging process, extends lifespan, and exerts neuroprotec-
tive effects. It is widely accepted that CR attenuates f-amyloid (Ap) neuropathology in models of
Alzheimer’s disease (AD) by so-far unknown mechanisms. One promising process induced by CR is
autophagy, which is known to degrade aggregated proteins such as amyloids. In addition, autophagy
positively regulates glucose uptake and may improve cerebral hypometabolism—a hallmark of
AD—and, consequently, neural activity. To evaluate this hypothesis, APPswe/P51delta? (tg) mice
and their littermates (wild-type, wt) underwent CR for either 16 or 68 weeks. Whereas short-term CR
for 16 weeks revealed no noteworthy changes of AD phenotype in tg mice, long-term CR for 68 weeks
showed beneficial effects. Thus, cerebral glucose metabolism and neuronal integrity were markedly
increased upon 68 weeks CR in tg mice, indicated by an elevated hippocampal fluorodeoxyglucose
['8F] (['®F]FDG) uptake and increased N-acetylaspartate-to-creatine ratio using positron emission
tomography /computer tomography (PET/CT) imaging and magnet resonance spectroscopy (MRS).
Improved neuronal activity and integrity resulted in a better cognitive performance within the Morris
Water Maze. Moreover, CR for 68 weeks caused a significant increase of LC3BII and p62 protein
expression, showing enhanced autophagy. Additionally, a significant decrease of Ap plaques in
tg mice in the hippocampus was observed, accompanied by reduced microgliosis as indicated by
significantly decreased numbers of ibal-positive cells. In summary, long-term CR revealed an overall
neuroprotective effect in tg mice. Further, this study shows, for the first time, that CR-induced
autophagy in tg mice accompanies the observed attenuation of Ap pathology.

Keywords: APPswe/ PSldelta9; caloric restriction; ['*F]FDG-PET/CT; amyloid B; ibal; autophagy

1. Introduction

One hallmark of Alzheimer’s disease (AD) is the accumulation of amyloid-f (Ap),
leading to formation of Ap-plaques [1]. Transgenic animal models of Af pathology
provide mechanistic insight into aspects of AD pathology related to Ap accumulation and
represent an important tool for translational AD research. Accordingly, APPswe/PS1delta9
mice, a well-established AD mouse model, display a variety of clinically relevant AD-like
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symptoms, including increased parenchymal AR load, neuroinflammation, deficits in the
cholinergic system, and cognitive impairment at an age of 4 months when developing first
AP depositions [2]. Overall, neural activity in AD is linked with altered cerebral glucose
metabolism. Accordingly, several clinical studies [3,4] have reported that hypometabolism
is a well-described pathological hallmark of AD.

It is widely accepted that caloric intake may influence the relative risk for AD [5,6].
Most remarkably, while high caloric intake may promote AD neuropathology, experimental
evidence strongly supports the hypothesis that caloric restriction (CR) prevents it. In this
context, CR has attenuated AP deposition in several AD mouse models [7-10], whereby the
duration of CR with 4 weeks [8] or 36 weeks [10] strongly differed. Moreover, Patel et al.
and colleagues [8] showed reduced Ap-associated astrocyte activation upon CR. Besides
diminishing Ap pathology, CR led to the reduction of neuronal loss in hippocampus [11]
and to the improvement of cognitive deficits [12].

One process induced by CR is autophagy, a catabolic mechanism that degrades and
recycles organelles and misfolded proteins such as AB. Therefore, autophagy is important
in Ap clearance from tissues [13]. Interestingly, AD-associated phenomena like neuroin-
flammation and glial activation can impair autophagy functionality, further amplifying
neurodegeneration [14]. In this context, it has been reported that CR may induce glial
autophagy, which is known to have a neuroprotective effect in AD [15]. In detail, au-
tophagy is characterized by translocation of autophagy-gene-related (Atg) protein LC3BII
together with sequestosom-1 (pb2) to the autophagosome membrane, both commonly used
as markers of autophagosome formation [16].

To date, no study has assessed whether CR-induced improvement in cognition is
accompanied by autophagy. Moreover, the success of CR seems to be dependent on
the duration of CR [17]. For example, our working group was able to show that only a
lifelong CR for 74 weeks improved cognition performance in C57BL6 mice [18]. However,
studies with AD mice have revealed an enhancement of cognition after 14 weeks CR [7,8].
To address this subject, we subjected APPswe/PSldelta® mice to short-term (16 weeks)
or long-term (68 weeks) CR and studied to what extent reduced amyloid pathology and
improved cognition was accompanied with increased autophagy.

2. Materials and Methods
2.1. Animals

The study was performed in female APPswe/PSldelta9 (tg) mice co-expressing hu-
man amyloid-p precursor protein (APP) K594N and M595L mutation, as well as the human
presenilin (PPS) 1, L166I° mutation under the control of the mouse prion protein promo-
tor [19,20]. The APPswe/PS1delta9 mice were hemizygotes on B6xC3H and C57BL6 mouse
backgrounds, and all mice were bred in-house. Female littermates of B6xC3H, as well
as C57BL6 mice, were pooled and served as control group (wild-type; wt). Mice at the
age of 4 weeks were fed either ad libitum (AL) or a caloric-restricted diet (CR, 60% of ad
libitum chow) for 16 weeks (16 weeks or short-term, n = 5-10 for each group) or 68 weeks
(68 weeks or long-term, n = 5-10 for each group). All mice were housed in standard cages
in a temperature-controlled room (22 °C £ 2 °C) on a 12 h light/dark cycle (light on at
06:00 a.m.), with free access to water under specified pathogen-free conditions. At the
beginning and end of the experiment, body weight was examined. Blood glucose was
measured directly before sacrifice. The experimental protocol was approved by the local
Animal Research Committee (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei (LALLF) of the state Mecklenburg-Western Pomerania (LALLF M-V /T5D/7221.3-
1.1-002/14)). All animals received care according to the German legislation on protection
of animals and the Guide for the Care and Use of Laboratory Animals (European Direc-
tive 2010/63/EU).

2.2. Magnetic Resonance Imaging (MRI) and Spectroscopy (MRS)
In vivo imaging (representative Figure 1a), as well as single-voxel spectroscopy, was per-
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formed according to the methodology described by Rithlmann et al. [21]. Spectra (exemplary
in Figure 1b) were analyzed with jJMRUI spectroscopy software (version 5.2) [22,23] and
the jMRUI2ZXML package [24]. N-acetylaspartate/creatine ratios (NAA/Cr) were calcu-
lated. Therefore, the Hankel-Lanczos Singular Value Decomposition (HLSVD) method with
5 components was applied [25].

1.5 " ot AL
|—| = witCR
= [— R
% 104 T 9
= = g CR
5]
g 0.5
0.0
68 weeks
b)) —= Creatiin AR
| |
Chalin
é ! | | n ! -l_!.".'u ks
o -
5] .
pe um

Figure 1. Representative magnetic resonance image including measured voxel (a). Example of
magnetic resonance spectroscopy (MRS) with the prominent metabolites N-acetylaspartate (NAA
resonates at 2.0 ppm) and creatine (Cr resonates at 3.0 ppm) from a transgenic APPswe,/PS1delta? (tg)
mouse (b). Quantification of N-acetylaspartate /creatine (NAA /Cr) ratios in the brains of wild-type
(wt) and tg mice fed either ad libitum (AL} or a caloric-restricted diet (CR, 60% of ad libitum) for
68 weeks (c). Values are given as mean + SEM. Significance of differences between the groups
was tested by one-way ANOVA on Ranks (Kruskal-Wallis) with Dunn's post hoc test for multiple
comparisons: # p < 0.05 vs. wt.

2.3. Positron Emission Tomography/Computer Tomography (PET/CT) Imaging and PET/CT-
Data Analysis

PET/CT imaging and data analysis were performed according to previous works of
our group [21,26,27] using PMOD software (version 3.7; PMOD Technologies LLC, Ziirich,
Switzerland). The processed PET images were subsequently co-registered with the mouse
brain volume-of-interest (VOI) template (Mouse Mirrione atlas), and the PMOD software
and tracer uptake values were extracted for each delineated VOI. Due to the fact that mice
differed in body weight, the injected dose percentage per gram (ID%/g) was chosen as
unit of measurement and acquired for each VOL

2.4. Morris Waler Maze Test

The Morris Water Maze (MWM) was performed as measure for spatial reference
memory according to previously published work [18]. The amount of platform crosses,
latency to first platform crossing, time spent on platform, and north (N}-quadrant crosses
were monitored in real time by a video camera (15E objective, Computar, CBC Europe,
Diisseldorf, Germany with Camera CCA1300-60gm, Basler AG, Ahrensburg, Germany),
with subsequent digital analysis (Ethovision XT IL5, Noldus Information Technology,
Wageningen, The Netherlands).

2.5. Sampling

At the end of the experiment, all mice were anesthetized with a mixture of ketamine
(98 mg /kg bodyweight, medistar, Ascheberg, Germany) and xylazine (6.5 mg/kg body-
weight, Bayer, Leverkusen, Germany), exsanguinated by puncture of the vena cava inferior
for immediate separation of plasma, and harvested of brain tissue.
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2.6. Immunohistochemistry

Brain tissue was fixed in 4% phosphate-buffered formalin, embedded in paraffin and
sliced in 4 pm-thin sections. The sections were put on X-tra Adhesive Precleaned Micro
Slides (Leica, Wetzlar, Germany) and exposed to mouse monoclonal anti-Af antibody
(clone 6E10; 1:1000, BioLegend, San Diego, CA, USA, as described by the authors of [28])
and goat polyclonal anti-ibal antibody (1:1000, Abcam, Berlin, Germany). DAB chromogen
Universal LSAB® kits (System-HRP; DakoCytomation, Dako, Jena, Germany) were used
for development according to the manufacturer’s instructions. The sections were coun-
terstained with hemalaun (Merck, Darmstadt, Germany), and images were acquired on
microscope type BX51 with a Color View Soft Imaging System and the corresponding
software cellSens Standard 1.14 (all from Olympus, Hamburg, Germany). Appropriate
negative staining images are provided in Appendix A (Figure A1). Within the hippocam-
pus (i = 510 of each mouse strain and feeding), the number and the area of anti-Ap
positive plaques, as well as the number of ibal-positive cells, were assessed and measured
semiautomatically with Image] 1.47 v. in a high-power field (HPF) and are given in n/HPF
and pum? for the area.

2.7. Weslern Blot Analysis of Brain Tissue

Harvested brain tissue was further processed for protein isolation. For this purpose,
brain tissue was homogenized in lysis buffer (10 mM Tris pH 7.5, 10 mM NaCl, 0.1 mM
EDTA, 0.5% Triton-X 100, 0.02% NaNj; and 0.2 mM PMSF, protease inhibitor cocktail),
incubated for 30 min on ice, and centrifuged for 10 min at 4 °C and 10,000x g. Protein
contents were assayed by bicinchoninic acid method (Pierce Biotechnology, Rockford,
IL, USA) with 2.5% BSA (Pierce Biotechnology, Rockford, IL, USA) as standard, as al-
ready described by the authors of [29]. On 14% (for LC3B) or 10% (for p62) SDS gels,
15 pg protein from brain tissue was separated and transferred to a polyvinyldifluoride
membrane (Immobilon-P; Millipore, Burlington, MA, USA). After blockade with 2.5%
BSA (Pierce Biotechnology, Rockford, IL, USA), membranes were incubated overnight at
4 °C with a rabbit polyclonal anti-p62 antibody (1:8000, Abcam, Berlin, Germany) and a
rabbit polyclonal anti-LC3B antibody (1:1000, Sigma L7543, Sigma-Aldrich, Darmstadt,
Germany). Exemplary raw images of western blot analysis of LC3B and p62 are shown in
Appendix A (Figures A2 and A3). The anti-LC3B antibody is able to detect both isoforms,
LC3BI (~18 kDa) and LC3BII (~16 kDa), which can be distinguished by their correspond-
ing molecular weight, as seen in the original blots (Appendix A, Figure A2). Afterward,
a secondary HRP-linked anti-rabbit antibody (1:10,000, cell signaling, 7074, Cell Signaling,
Technology, Frankfurt am Main, Germany) was applied. Visualization of protein expression
was performed by means of luminol-enhanced chemiluminescence (ECL plus; Amersham
Pharmacia Biotech, Amersham, UK). After digitalization with the ChemiDoc™ XRS Sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA), signals were densitometrically assessed
(Quantity One; Bio-Rad Laboratories, Hercules, CA, USA) and normalized to the density
of f-actin signal in the respective specimen (acquired with mouse monoclonal anti-B-actin
antibody; 1:20,000; Sigma, A5441 and secondary HRP-linked anti-mouse antibody; 1:60,000;
Sigma, A9044, Sigma-Aldrich, Darmstadt, Germany).

2.8. Statistical Analysis

Data were checked for normal distribution with the Shapiro-Wilk test and variances
of standard deviations were verified by Bartlett's test. If standard deviations were not
significantly different with p > (.05, an ordinary one-way ANOVA was performed, followed
by Sidak’s multiple comparisons test or unpaired student t-test followed by Bonferroni
correction with p threshold of 0.0166 was performed. Otherwise, Brown-Forsythe and
Welch ANOVA were performed followed by Tamhane's T2 multiple comparisons test.
If data were not normally distributed, the Kruskal-Wallis test with Dunn’s post hoc test
for multiple comparisons or Mann-Whitney test, followed by Bonferroni correction with
p threshold of 0.0166, was conducted. All data are expressed as mean 1 standard error of
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mean (SEM). Statistical analysis was performed using the GraphPadPrism version 8.0.1
(GraphPad software, San Diego, CA, USA).

3. Results
3.1. Short-Term CR (16 Weeks) Showed No Effect in Glucose Uptake and Cognition Performance

CR vs. AL feeding for 16 weeks resulted in a significant decrease of bodyweight
in wt and tg mice (p < 0.0001, student t-test followed by Bonferroni correction, Table 1).
Of utmost interest, blood sugar concentrations were almost unaffected by CR in both mouse
strains (Table 1). In our study, short-term CR did not change ['*F]JFDG uptake (Table 2) nor
cognitive performance (Table 3). Therefore, in the following evaluations, we only refer to
the long-term CR.

Table 1. Blood glucose concentrations and body weight of short- (16 weeks) and long-term (68 weeks)
ad libitum (AL) or caloric-restricted (CR, 60% of ad libitum) diet-fed wild-type (wt) and trans-
genic (tg) mice (all mice revealed starting weight of approximately 19 g). Values are given as
mean + SEM. Significance of differences between the groups was tested by unpaired student t-test
or Mann-Whitney test, both followed by Bonferroni correction with p threshold of 0.0166: ** p < 0.005;
=t p < 00001 vs. AL

Genotype wt tg
Feeding for 16 Weeks AL CR AL CR
Blood glucose (mmaol /L) 794+ 054 “ 562 027 715+ 025 570+ 027
Body wedght (g) 2890 + 342 e 26 £ 047 335095 62 4 044
Feeding for 68 Weeks AL CR AL CR
Blood glucose (mmol /L) 680 + 027 678 + 034 755 + (.05 615 + 034
Body weight (g) 3372+229 et 2315 £ 055 2BB8 265 =295+ 071

Table 2. ['"*F]FDG uptake (ID% /g) measurements of short-term (16 weeks) ad libitum (AL) or caloric
restricted (CR, 60% of ad libitum) diet-fed wild-type (wt) and transgenic (tg) mice. Values are given
as mean + SEM. Significance of differences between the groups was tested by Brown-Forsythe and
Welch ANOVA, followed by Tamhane’s T2 multiple comparisons test (cortex) or ordinary one-way
ANOVA and Sidak's multiple comparisons test (hippocampus).

Genotype wi g
Feeding for 16 Weeks AL CR AL CR
"8 F|FDG uptake (ID%/g)
corbex 465+ 025 490 + 020 535+ 025 518 +0.33
hippocampus 542 + 028 546 + 022 6.19 + 031 594 +0.38

Table 3. Morris Water Maze parameters of short-term (16 weeks) ad libitum (AL) or caloric restricted
(CR, 60"% of ad libitum) diet-fed wild-type (wt) and transgenic (tg) mice. Values are given as
mean + SEM. Significance of differences between the groups was tested by unpaired student t-test,
followed by Bonferroni correction with p threshold of 0.0166.

Genotype wit tg
Feeding for 16 Weeks AL CR AL CR
Platform crosses (n) 60+ 10 74+15 50+ 10 38+09
Latency to first platform crossing (s) 101 £ 55 126 £ 42 3771124 2704171
Time spent on platform (s) 16+ 05 29+ 06 16+ 06 15402
M-quadrant crosses (n) 183 +27 00+23 195+ 15 144+12

3.2. Long-Term (68 Weeks) CR Significantly Increased ["*FJFDG Uptake

H-MRS demonstrated a significant reduction of the NAA /Cr ratio (p = 0.0272;
Figure Ic) in tg vs. wt mice upon AL feeding. During CR feeding, the NAA /Cr ratio
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of tg mice tended to be elevated in contrast to AL-fed tg mice (p = 0.0523) and reached simi-
lar values as wt mice (Figure 1c). Whereas CR for 68 weeks caused significant reductions of
approximately 30% of bodyweight in wt (p < 0.0001, student t-test followed by Bonferroni
correction) and tg mice (p = 0.0027, Mann-Whitney test followed by Bonferroni correction)
vs. AL feeding, the blood sugar concentrations were almost unchanged (Table 1). Long-
term CR vs. AL feeding in tg mice resulted in a significant increase of ['*F]JFDG uptake
in the cortex (p = 0.0161, student t-test followed by Bonferroni correction, Figure 2a) and
hippocampus (p = 0.0035, student t-test followed by Bonferroni correction, Figure ?b) with
representative PET-CT images (Figure 2c).
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Figure 2. Quantification of ['*F]FDG uptake in the cortex (a) and hippocampus (b) given as 1D%/g
of wild-type (wt) and transgenic APPswe /F51deltad (tg) mice. Mice were fed either ad libitum (AL)
or a caloric-restricted (CR, 60% of ad libitum) diet for 68 weeks. Values are given as mean 4 SEM.
Significance of differences between the groups was tested by unpaired student t-test followed by

Bonferroni correction with p threshold of 0.0166: * p < 0.05 or ** p < 0.005 vs. AL. Visual comparison
of representative Images of ["FIFDG uptake in the brain of wt and tg mice (c).

l 200 kilg/cc

3.3. Long-Term CR Increased Working Memory

Mice were tested in the spatial reference memory version of the MWM upon long-term
CR. All mice were trained to find the platform (escape latencies were monitored, data not
shown). In the trial, the platform was removed, and the number of platform crossings
during 60 s was measured. The number of platform crosses measured in tg mice was almost
half of those in wt mice upon AL feeding (Figure 3a). Long-term CR improved working
memory performance as indicated by an almost two-fold increase of platform crosses in
both mouse strains, whereas the increase was significant in tg mice (p = 0.0161, student
t-test followed by Bonferroni correction Figure 3a). Moreover, latency to first platform
crosses was found tendentially (up to three-fold) increased in tg mice when compared
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to wt mice. CR shortened latency in wt and significantly shortened latency in tg mice
(p = 0.0069, student t-test followed by Bonferroni correction, Figure 3b). Correspondingly,
time spent on platform was reduced up to eight-fold in tg vs. wt mice and was increased
up to 4-fold upon long-term CR vs. AL in tg mice (Figure 3c). Additionally, the number of
N-quadrant crosses was found tendentially decreased in tg vs. wt mice (p = 0.0200, student
t-test followed by Bonferroni correction), and again significantly increased upon CR when
compared to AL feeding (p = 0.0018, student t-test followed by Bonferroni correction;
Figure 3d).
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Figure 3. Number (n1) of platform crosses during 60 s (a), latency (in s) to first platform crossing
{b), time (in s) spent on platform (c), and n of north (N)-quadrant crosses (d) were measured for
wild-type (wt) and transgenic APPswe/P51delta? (tg) mice. Mice were fed either ad libitum (AL)
or a caloric-restricted diet (CR, 60% of ad libitum) for 68 weeks. Values are given as mean + SEM.
Significance of differences between the groups was tested by unpaired student f-test, followed by
Bonferroni correction with p threshold of 0.0166: * p < (.05 or ** p < 0.005 vs. AL.

3.4. Long-Term CR Increased Autophagy

The analysis of LC3BII protein expression revealed no difference between AL-fed wt
and tg mice, while CR caused a marked increase of LC3BII expression which was significant
in tg mice (Figure 4a; p =(.0392). The analysis of p62 protein expression revealed a slight
decrease in Al-fed tg vs. wt mice (Figure 4b). Protein expression of p62 was markedly
increased upon CR in both mouse strains but was increased more significantly in tg mice
(p = 0.0176) (Figure 4b).
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Figure 4. Representative Western blots, as well as densitometric analysis of (a) LC3BII and (b) p62
expression in brain of wild-type (wt) and transgenic APPswe/PS1delta¥ (tg) mice. Mice were fed
either ad libitum (AL) or a caloric-restricted diet (CR, 60% of ad libitum) for 68 weeks. Signals were
corrected to that of f-actin. Values are given as mean + SEM. Significance of differences between
the groups was tested by one-way ANOVA on Ranks (Kruskal-Wallis) with Dunn’s post hoc test for
multiple comparisons: * p < 0.05 vs. AL.

3.5. Long-Term CR Reduced AB-Plague Load and Size as Well as Accompanying Neuroinflammation

Analysis of Ap-stained brain sections of tg mice (Figure 5a—f) revealed a mean plaque
number of 39.5 & 7.0 per HIF in the cortex (Figure 5a) and 59.1 &+ 7.0 per HPF in the
hippocampus (Figure 5d), and an average plaque size of 2.6 £ 0.2 um?2 in the cortex
(Figure 5b) and 2.4 + 0.2 um? in the hippocampus (Figure 5e). In the wt samples, no Ap
plaque could be detected (not detected, n.d.). Nevertheless, the respective images are
provided in Appendix A (Figure A4). Long-term CR significantly reduced the AP plaque
number (21.3 & 3.4; p < 0.0001; student t-test followed by Bonferroni correction; Figure 5d)
and plaque area (1.3 + 0.1 um?; p < 0.0001; student t-test followed by Bonferroni correction;
Figure 5e) in the hippocampus.

The presence of plaque was accompanied by neuroinflammatory processes, displayed
by a 40% increase of cortical (Figure 6a,b) and a significant increase of hippocampal
(p = 0.0009; Figure 6¢,d) ibal-positive cells in tg mice compared to wt mice. The reduction
of plaque load and size in the hippocampus upon long-term CR in tg mice was accompa-
nied by a significantly decreased number of ibal-positive hippocampal cells (p = 0.0329;
Figure 6c).
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Figure 5. Quantitative analysis of the number of cortical {(a) and hippocampal {d) amyloid-f (AB)
Flaques (n) per high-power field (HPF) and the cortical (b) and hippocampal (e) A -plaque area {(um?)
of wild-type (wt; not detectable n.d.} and transgenic APPswe/PS1delta? (kg) mice and representative
immunochistochemical images of cortical (scale bar representing 50 um (c)) and hippocampal (scale bar
representing 100 um (f)) Ap-stained (6E10) brain sections of tg mice. Mice were fed either ad libitum
(AL) or a caloric-restricted diet (CR, 60% of ad libitum) for 68 weeks. Significance of differences
between the groups was tested by unpaired student t-test, followed by Bonferroni correction with
p threshold of 0.0166: *** p << 0.001 vs. AL
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Figure 6. Quantitative analysis of the number of ibal-positive cortical (a) and hippocampal cells (b)
per high-power field (n/HPF) of wild-type (wt) and transgenic APPswe /PS51delta¥ (tg) mice and
representative immunohistochemical images of cortical (c) and hippocampal (d) ibal-stained brain
sections (scale bar representing 20 um) of wt and tg mice. Mice were fed either ad libitum (AL) or
a caloric-restricted diet (CR, 60% of ad libitum) for 68 weeks. Values are given as mean + SEM;
Significance of differences between the groups was tested by Brown—Forsythe and Welch ANOVA,
followed by Tamhane’s T2 multiple comparisons test (a) or ordinary one-way ANOVA and Sidak’s

multiple comparisons test (b): *p < (0L05.
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4. Discussion

The main finding of the study was that CR ameliorates cognitive function by a mea-
surable increase of glucose uptake, indicating a CR-induced increase in neuronal activity.
This was accompanied by attenuated A deposition and related microglia activation in the
hippocampus. Overall, we speculate that this might be a result of CR-activated autophagy,
but further investigation is needed to support this hypothesis.

CR-mediated attenuation of Ap neuropathology in AD mouse studies has already
been well described in literature. Mouton et al. [7] reported that CR reduced the total
Ap volume by about one-third in APP/PS1 mice. Moreover, I"atel et al. [&] showed that,
besides decreased plaque load and size, the immune-reactive area around Ap plaques
was markedly reduced upon CR in APT/P’S1 mice as indicated by decreased numbers
of astrocytes (GFAP-positive cells). Similarly, the current study demonstrates that the
plaque load and size, as well as the number of activated microglia (ibal-positive cells),
were significantly reduced in tg mice in the hippocampus. However, this could only be
observed upon 68 weeks of CR. In contrast, 16-week ongoing CR showed no influence
on Ap pathology, although the study of Patel et al. [8] stated otherwise and was able to
show an anti-amyloidogenic effect after 14 weeks of CR in double-transgenic APP /P51
mice starting at 2 months of age. In contrast, longer CRs of 7 and 14 months were used
by Halagappa et al. [12], showing that only CR of 14 months reduced AP levels and
improved cognitive performance, as analyzed by MWM, in another transgenic mouse
strain (3xTgAD) starting at 3 months of age. In this context, we are also able to show that
only long-term CR attenuated the working memory of tg mice. Current literature has
discussed whether better cognitive performance is mediated by CR-induced reduction
of neuronal loss. Dong et al. [11] reported that CR significantly increased cell density in
the CA3 region in the hippocampus. Moreover, CR has been described to prevent age-
related disease or normal signs of age [30]. In this sense, the senescent (72-week-old) wt
mice used in the current study benefited from low caloric intake, as indicated by better
cognitive performance upon 68 weeks of CR. This anti-aging effect has been reported by
several other groups [31-33]. In case of the AD mice, not only anti-aging processes are rele-
vant for the neuroprotection, but anti-amyloidogenic mechanisms are also important [10].
Herein, it is shown that the mature form of ADAM10—an enzyme with a-secretase activity
for the proteolytic processing of APP—was significantly upregulated in CR-fed Tg2576
mice [10], resulting in reduced Af plaque load. Since APPswe/PS1delta% mice do not show
any changes of ADAMI10 expression in the hippocampus compared with their control
littermates [34], we refrained from further investigating this pathway. Beside the anti-
amyloidogenic process, CR is also able to induce autophagy, a well-documented catabolic
mechanism which is known to degrade aggregated proteins [35], including Ap. This pro-
cessing pathway is characterized by translocation of Atg protein LC3BII, together with
sequestosom-1 (p62) to the autophagosome membrane, which is commonly used as marker
of autophagosome formation [16]. However, in AD animal models, autophagic activities
have not yet been studied extensively as an underlying cause for the beneficial effects of
CR [36]. Thus, it is still unclear if elevated autophagy has predominantly neuroprotective
or neurodegenerative effects, as reported findings are partially contradictive. For example,
CR-induced upregulation of SIRT-1 [37] may induce neuroprotective effects by upregulat-
ing autophagy through downstream signaling [36,38], whereas the neuroprotective effects
of CR-upregulated BDNF [39] are due to autophagy suppression [40]. To complement
the ambivalent data, the current study found that CR-fed tg mice exhibited a significant
increase in autophagy. This was shown by elevated LC3BII and p62 levels, suggesting a
neuroprotective mechanism of CR by restoration of cognitive function to wt levels through
autophagy-induced Ap degradation. Further experiments should be carried out in the
future to clarify to what extend autophagy is the main driver of Af degradation.

Moreover, autophagy is also essential for accurate cellular and energy homeostasis.
In this context, autophagy positively regulates glucose uptake via upregulation of GLUT-1
protein expression [41]. Therefore, it may be concluded that increased FDG uplake upon
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CR in tg mice is a consequence of increased autophagic activity. However, it can also be
assumed that CR-induced autophagy and the associated AR degradation lead to improved
neuronal activity per se, indicated by increased FDG uptake. Restrictively, it is known that
reduced blood glucose concentration may enhance FDG uptake [42]. However, due to the
barely changed blood glucose concentration upon CR, this does not seem to be the reason
for the increased FDG uptake in CR-fed tg mice. In general, measurement of the effect
of CR by [W¥F]JFDG PET-CT opens the possibility to monitor CR-induced neuroprotection
using a noninvasive method and, in particular, in a longitudinal manner. In addition to
['®F]FDG-PET/CT, 1H-MRS represents another in vivo technique which allows for the char-
acterization of metabolic changes in AD brains [43,44]. NAA, as a representative metabolite
of neuronal integrity, is found to be reduced in AD, indicating neuronal malfunction either
due to diminished neuronal density, neuronal cell loss, or partially reversible neuronal
dysfunction [45], and correlates with disease progression [46]. Further, APP/PS1 mice
also show significantly decreased NAA to Cr ratio [28,45,47], which was also observed
in the present study. Upon long-term CR, NAA /Cr ratios were increased, reaching the
same values as those found in wt mice, indicating improved neuronal integrity. How-
ever, the transfer of findings from transgenic animal models to humans is limited [48].
Nevertheless, the use of quantitative neuroimaging methods paossibly aids the improve-
ment of translational potential of preclinical AD research regarding brain metabolism or
morphology [49].

5. Conclusions

In summary, the present study showed, for the first time, that the known CR-induced
AP degradation [7,8] is accompanied by increased autophagy and improved neuronal
activity as well as integrity, resulting in a better cognitive performance. Further studies
need to clarify to what extent the observed increased autophagy in CR tg mice (upon
68 weeks CR) is responsible for the attenuation of the Ap pathology.
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Appendix A

(a) (b)

Figure Al. Negative controls of (a) 6E10 anti-Ap staining and (b) ibal staining.
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Figure A2. Raw Western blotof LC3B and B-actin on 14% SDS gel.
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Figure A3. Raw Western blot of p2 and B-actin on 10% 5D5 gel.
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Figure A4. Representative immunohistochemical images of cortical (scale bar representing 50 pm})
and hippocampal (scale bar representing 100 um) AB-stained (6E10) brain sections of wt mice.
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