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Einleitung

1. Einleitung

Die Aufnahme thermisch behandelter Fette Uber Lefétel durch den Menschen steigt
infolge der Expansion von Schnellrestaurants, agieBtheit von Fertiggerichten sowie durch
Lebens- und Ernahrungsgewohnheiten. In westlichefudtrienationen sind erhitzte und
frittierte Speisen auf Grund ihrer schnellen undtkoglnstigen Zubereitung sowie wegen
ihrer sensorischen Eigenschaften in Bezug auf Gei@eschmack und Textur sehr popular.
Lipide durchlaufen wahrend der thermischen Behargllwon Lebensmitteln einen
Zerfallsprozess, der als Lipidoxidation bezeichwetd. Dabei kommt es zu grundlegenden
chemischen und physikalischen Umwandlungen derlyzegide als Hauptkomponente der
Nahrungsfette (Choe und Min, 2007). Die enthaltelretisduren werden thermisch aktiviert,
wobei es zur Abspaltung von Wasserstoffradikalenrmiad. Bei Anwesenheit von
Sauerstoff entstehen als primare Oxidationsprodukie Rahmen einer Kettenreaktion
zunachst Lipidperoxide und Lipidhydroperoxide. Zuend Vertretern zahlen unter
anderem 13-Hydroxy-9,11-octadecadiensdure und IBdpgroxyoctadeca-9,11-diensdure
(13-HODE, 13-HPODE), die in erhitzten linolsaurerein Fetten identifiziert wurden
(Toschiet al., 1997). Auf Grund ihrer Instabilitdt zerfallen see Produkte bei andauernder
Einwirkung von hohen Temperaturen. Als Sekundanpktel entstehen dabei Dimere und
Oligomere wie beispielsweise Epoxyhydroperoxideidiegide und Ketohydroperoxide, die
zu Polymeren kondensieren koénnen oder weiter enfalzu niedermolekularen
Verbindungen, wie Aldehyde, Ketone, Ester oder ReraDiese sind vor allem
fur den ranzigen Geruch und Geschmack verdorbenebernsmittel verantwortlich
(Liu und Huang, 1996; Frankel, 1998; Kanner, 200&us Tier- und Humanstudien
ist bekannt, dass Lipidperoxidationsprodukte aukitaen Nahrungsfetten intestinal
absorbiert, zu komplexen Lipiden reverestert undChylomikronen undvery low-density
lipoproteins (VLDL) eingebaut werden, bevor sie in die Blutzl&tion gelangen
(Naruszewiczt al., 1987; Staprang al., 1993a; Kanner, 2007).

Futterungsstudien mit Mausen, Ratten, MeerschwemchKaninchen und Schweinen
zeigen, dass die Aufnahme erhitzter Fette zu \Vig/éh Wirkungen, wie der
Beeinflussung der Glukosetoleranz (Chab al., 2007; Liao et al.,, 2008), der
Insulinsensitivitat (Tsujinakat al., 2005), der Schilddrisenfunktion (Eder und Stag@Qo;
Ederet al., 2002; Skufcat al., 2003) sowie des Fremdstoffmetabolismus (Husirad., 1988;
Liu und Huang, 1995; Liuet al., 2000; Silzleet al., 2004; Chenet al., 2005;
Huanget al., 2009) fuhren. Daneben beeintrachtigen erhitzteeFlen antioxidativen Status
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im Organismus, was sich in verminderten Konzerdre an Antioxidanzien, wie
dem Vitamin E, im Plasma und verschiedenen GewebeiRert (Izakiet al., 1984,
Liu und Huang 1995; Quilegt al., 2002; Kelleret al., 2004; Treset al., 2010). Ergebnisse
aus tierexperimentellen Untersuchungen zeigen vingite dass erhitzte Fette bzw.
isolierte  Komponenten, wie oxidierte Fettsaurenp-gherogen wirken konnen. So
stellten Kaunitzet al. bereits 1965 fest, dass Ratten nach Verabreictwamg erhitztem
Baumwollsaatdl vermehrt Atherosklerose in ihren d@rgefalRen entwickeln. Aus den
Arbeiten von Staprangt al. (1993a, 1993b, 1994, 1996a) ist bekannt, dass Koemien aus
erhitzten Nahrungsfetten nach der intestinalen Adigm in Lipoproteine inkorporiert
werden. Diese modifizierten Lipoproteine besitzenatherogenes Potential, da sie bevorzugt
von Makrophagen in der GefaBwand aufgenommen werd@&@mnen, wodurch
deren Umwandlung zu Schaumzellen geférdert wirdad@ins et al., 1993b). In
Futterungsversuchen mit Kaninchen (Greco und Mingral990; Stapranet al., 1996b;
Zalejska-Fiolkaet al., 2007) und Mausen (Khan-Merchagital., 2002) konnten nach der
Gabe erhitzter Fette bzw. nach der Verabreichung ¥8-HODE ebenfalls vermehrt
atherosklerotische  GefalRveranderungen  festgestelMierden. Obgleich in  der
wissenschaftlichen Literatur im Wesentlichen vorgiumstigen Wirkungen erhitzter Fette
ausgegangen wird, zeigen neuere Untersuchungehalis@uch positive Effekte. So konnte
in tierexperimentellen Studien eine Senkung der Z€otration an Blutlipiden nach Gabe
erhitzter Fette beobachtet werden (Hueng., 1988; Eder und Kirchgessner, 1998; Eder und
Stangl, 2000; Chaet al., 2001; Ammouchet al., 2002; Edekt al., 2003; Silzlest al., 2004;
Ringseiset al., 2007a; Luciet al., 2007). Mechanistische Studien an Modelltieren bain
Schwein ergaben, dass die Fitterung erhitzter Fzetteiner Aktivierung deperoxisome
proliferator-activated receptor alpha (PPARx) fuhrt (Chaoet al., 2001; Chacet al., 2004;
Sulzle et al., 2004; Kochet al., 2007a; Ringsei€t al., 2007a). Dieser ligandenaktivierte
Transkriptionsfaktor steuert maf3geblich Prozessemit der Verwertung von Fettsauren im
Zusammenhang stehen, wie der Fettsaure-Aufnahnma, Bettsaure-Transport und der
Fettsaure-Oxidation. Eine Genexpressionsanalysketin_eber von Ratten, die ein erhitztes
Fett erhielten, ergab, dass Enzyme, die die Oxidation Fettsauren katalysieren, in ihrer
Genexpression erhéht waren (Sulaeal., 2004). Dazu zahlten die Acyl-CoA-Oxidase
(ACO), die middle chain acyl CoA dehydrogenase (MCAD), long chain acyl CoA
dehydrogenase (LCAD) und Cytochrom P450 Al (CYP4Al). Weiterhirigte sich bei
diesen Tieren eine erhohte Expression der hepatisearnitin-Palmitoyl-Transferase 1

(CPT1), die carnitinabhangig Fettsduren als Sutestiat dies-Oxidation vom Cytosol in die
2



Einleitung

Mitochondrien transportiert. Im Zusammenhang nmieeiPPAR-Aktivierung durch erhitzte
Fette steht weiterhin eine gesteigerte Aufnahme @amitin in die Leber und Synthese von
Carnitin in der Leber, wodurch die Fettsdureverwregtgeférdert wird (Koclet al., 2007b).
Die Aktivierung des PPAR erfolgt durch Ligandenhind, die eine Konformationséanderung
des Rezeptors zur Folge hat. Die sich anschlieRdddierodimerisierung mit dem
Retinsaure-X-Rezeptor (RXR) und die Degradierungn v8o-Repressoren bzw. die
Rekrutierung von Co-Aktivatoren ermdglicht eine @img des Dimers an definierte DNA-
Konsensussequenzegueloxisome proliferator response e ement (PPRE)) im Promotorbereich

von Zielgenen, deren Expression daraufhin gestevged (Abb. 1).

Co-Repressor f

Co-Aktivator

{:} kRXR-Ligzmd
PPAR-Ligand ¥

PPAR RXR
L ] L ]
PPRE - Zielgen
Promotor i’

Abb. 1: Die PPAR-Aktivierung nach Ligandenbindungdiadurch die Rekrutierung von Co-
Aktivatoren sowie durch die Freisetzung von Co-Reporen ermoglicht. Die
transkriptionelle Regulation erfolgt nach Heterodimmierung mit RXR. Der PPAR-RXR-
Komplex interagiert mit spezifischen PPRE im Proonlo¢reich von Zielgenen, woraufhin
deren Expression gefordert wird. AbklUrzungen: DNdesoxyribonucleic acid; PPAR,
peroxisome proliferator-activated receptor; PPRE peroxisome proliferator response element;
RXR, Retinsaure-X-Rezeptor

Die Aufnahme von Fibraten, welche als Liganden BB&Rx fungieren, fuhrt daher durch

eine Steigerung des Fettsaureabbaus zu einer Alnsgnkler Blutlipide, was deren

erfolgreichen Einsatz zur pharmakologischen Behamgllvon Hyperlipidamien begriindet
3
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(Jialal et al., 2010; Krysiaket al., 2011; Watts und Karpe, 2011). Jingere Studieabeny,
dass nicht nur Fibrate, sondern auch -charakteigisBestandteile erhitzter Fette,
wie die oben erwahnten HODE und HPODE als Agonistr PPARs wirken
(Konig und Eder, 2006). Somit lasst sich die lipidlsende Wirkung erhitzter Fette zumindest
teilweise durch eine Aktivierung des PPAR der Leber erklaren. In diesem Zusammenhang
ist auch zu erwahnen, dass erhitzte Fette zur Hemgmder Auspragung einer
alkoholinduzierten Fettleber in der Lage sind. Adlekularer Ebene zeigt sich, dass Alkohol
zu einer Blockierung der Wirkung des PPARihrt, welche durch die Verabreichung
erhitzter Fette wieder aufgehoben wird (Ringsea., 2007b).

Neben der zentralen Funktion von PRARIie Fettsdure-Verwertung zu stimulieren, werden
ferner Entztindungsprozesse in der GefalRwand duederd Transkriptionsfaktor reguliert,
indem die Aktivitat redoxsensitiver Transkriptioakforen wie nuclear factor kappa B
(NF-«B), signal transducers and activators of transcription (STAT) oderactivator protein-1
(AP-1) gehemmt wird (Poynter und Daynes, 1998; &lemt et al., 2004,
Okayasuet al., 2008; Garrido-Urbanet al., 2011). Dieser als Transrepression bezeichnete
Vorgang resultiert in einer verminderten Expressiorflammatorischer Gene, wie
verschiedenen Zytokinertiufmor necrosis factor-alpha (TNF-), interleukin (IL)-15, IL-6),
Chemokinen rfionocyte chemoattactant protein-1 (MCP-1), macrophage inflammatory
protein-1 alpha (MIP-1a)) und Adhéasionsmolekileninfercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-Selektin), die in der Entstehung
der Atherosklerose von Bedeutung sind (Marchesial., 2003; Zapolska-Donar und
Naruszewicz, 2009; Almanza-Peregt al., 2010). Dadurch konnten in jingeren
Untersuchungen zahlreiche gefal3protektive Mechamsiauf zellularer und molekularer
Ebene aufgeklart werden, die mit einer Aktivierungs PPAR in der Gefallwand
einhergehen. Dazu zahlt die Hemmung der Express@mn Chemokinen und zellularen
Adhasionsmolekiilen, die im Rahmen atherosklerotisclProzesse die Rekrutierung
zirkulierender Monozyten sowie deren Adhé&sion an ddinmelzellen beglnstigen
(Marx et al., 1999; Okayaswet al., 2008). Die Transmigration von Monozyten in den
Subendothelialraum und deren Differenzierung zu efmstédndige Makrophagen stellen
Schlusselfunktionen im Prozess der Atherogeneseldarphagozytotische Aktivitat dieser
Zellen bedingt eine hohe Aufnahme cholesterolhattignodifizierter Lipoproteine aus der
Blutzirkulation. In dieser Funktion werden sie aumls Schaumzellen bezeichnet. Sie sind
malf3geblich an der Bildung vofatty streaks, den ersten sichtbaren atherosklerotischen

Lasionen, beteiligt (Chinettiet al., 2000). Untersuchungen mit PPAR-Agonisten an
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Zellkulturmodellen zeigen, dass dieser Transkripgfaktor die Cholesterolhomdostase in
Makrophagen gunstig beeinflussen und so der Schallbiidung entgegenwirken kann
(Chinetti et al., 2001; Ogataet al., 2009). Grundlage daflr ist die Tatsache, dass
Schlusselgene fur den intrazellularen und transmandioen Transport von Cholesterol durch
PPAR reguliert werden (Yuaet al., 2012). Dazu zahleadenosine triphosphate binding
cassette transporter A1 (ABCA1L) und adenosine triphosphate binding cassette transporter

Gl (ABCG1) sowie scavenger receptor (SR) B. Sie konnen unter Energieverbrauch
Cholesterol aus dem Zellinneren auf extrazellulakzeptoren, wie Apolipoprotein A-
(Apo A-I), transportieren, wodurch der Transporthigh-density lipoproteins (HDL) zur
Leber ermdglicht wird, wo es weiter verstoffwechselerden kann. Dieser zellulare
Exportmechanismus stellt den ersten Schritt desrsew Cholesteroltransports (RCT) dar.
Dieser gilt als atheroprotektiv, da Gberschiiss(geslesterol auf diesem Weg aus peripheren
Geweben in die Leber ricktransportiert und dortainelisiert werden kann (Kreuzer, 2003).
Die Bedeutung des PPARIr den Lipidstoffwechsel in Makrophagen wurdeStudien mit
synthetischen Agonisten, wie den Fibraten, umfasdsschrieben (Chinetet al., 2003;
Arakawaet al., 2005; Rotllanet al., 2011). Unklar ist jedoch, ob erhitzte Fette dueche
PPARz-Aktivierung dhnliche Wirkungen in diesen Zellengamn.

Weitere gefal3protektive Effekte, die durch eine RPXktivierung vermittelt werden, sind
die Hemmung der Proliferation von glatten Gefal3relmklen sowie deren Migration in den
Subendothelialraum (Nigret al., 2002; Zahradka&t al., 2003). Beide Prozesse sind fir die
fortschreitende Entwicklung der Atherosklerose emormer Bedeutung, sie fordern den
inflammatorischen Zustand im Blutgefa® und trageesemtlich zur Volumenzunahme
atherosklerotischer Plaques bei (Dzaual., 2002; Haoet al., 2003). Tierexperimentelle
Untersuchungen und Zellkulturstudien zeigen, deamsalog zu den Effekten in der
Gefal3intima, eine PPAR-Aktivierung die Bildung pnflammatorischer Signalmolekile in
glatten Gefallmuskelzellen hemmt, wodurch derenif@ration und Migrationin den
Subendothelialraum behindert wird (Maaixal., 1998; Lawet al., 2000; Gizarcet al., 2005;
Zhanget al., 2011). Neben der erwahnten Transrepression dchaia Beeinflussung der
Zellzykluskontrolle fir die Effekte einer PPAR-Akierung in diesem Zelltyp
mitverantwortlich zu sein (Gizart al., 2005).

Ergebnisse aus friheren Untersuchungen zeigen,soasi$ erhitzte Fette die Konzentration
atherogener Blutlipide senken. Weiterhin ist bekaniass definierte Bestandteile erhitzter
Fette in der Lage sind, PPA&Rzu aktivieren. Dabei geht eine Aktivierung dieses

Transkriptionsfaktors mit der Repression inflammiather Signalwege und Mediatoren in
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verschiedenen vaskularen Zellen einher, die Athkdgosse-hemmend wirken. Bisher ist
jedoch nicht bekannt, ob erhitzte Fette die Entimicy atherosklerotischer
GefalRveranderungen durch eine Aktivierung von P& B&einflussen kdnnen.
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2. Zidstelung

Die vorliegende Arbeit verfolgt das Ziel, basierenauf den Ergebnissen aus
Voruntersuchungen der eigenen Arbeitsgruppe sowfielen Resultaten vergangemeivo-
undin vitro-Studien, folgende Fragestellungen zu Uberprifen:

Aus tierexperimentellen Studien ist bekannt, dase &erabreichung erhitzter Fette zu
einer Senkung der Konzentration an Plasmalipidemefti kann (Huanget al, 1988;
Sulzleet al, 2004; Luciet al, 2007). Dabei gelten charakteristische Bestaredthdser Fette
als Liganden des Transkriptionsfaktors PRARChao et al, 2004; Silzleet al, 2004;
Koch et al, 2007a; Ringseist al, 2007a), der mal3geblich an der Regulation deglLimd
Lipoproteinstoffwechsels in der Leber beteiligt. i$denexpressionsanalysen der eigenen
Arbeitsgruppe zeigen, dass erhitzte Fette auf krgtgoneller Ebene zu einer Steigerung der
Fettsaureverwertung in der Leber fuhren, die fie @eobachteten hypolipidamischen
Wirkungen nach Aufnahme erhitzter Fette mitveramtiiah ist. Neben einer Begulnstigung
des Blutlipidprofils geht eine PPAR-Aktivierung vaskularen Zellen mit der Transrepression
inflammatorischer Mediatoren und Signalwege einBadurch kbnnen Entziindungsprozesse
in der GefaRwand reguliert werden, die Atheroslderbemmend wirken (Mamt al, 1999;
Hashizumeet al, 2011). Weiterhin zeigen Untersuchungen, dass RP#&Rder Aktivierung
des RCT in Makrophagen beteiligt ist (Dushkin, 201n Prozess der Atherosklerose
akkumulieren diese Zellen vermehrt Cholesterol, whs Ausbildung von L&sionen
begiinstigt. Eine Aktivierung von PPARIn diesen Zellen fiuihrt zu einer gesteigerten
Expression von Genen des Cholesterolexports, was Alesstrom von Cholesterol aus
diesen Zellen fordert und damit anti-atherogenelE# bewirken kann (Chinetti al, 2001;
Nakayaet al, 2011).

Auf den genannten Befunden aufbauend soll daheHgj@othese formuliert werden, dass
erhitzte Fette durch eine Aktivierung des PRAdRti-atherogen wirken.

Zur Bestéatigung dieser Hypothese wurde zunéchst Ritterungsversuch mit einem
etablierten Tiermodell der Atheroskleroseforschudgn low-density lipoprotein receptor
(LDLR)-KnockoutMausen, durchgefihrt. Durch die gezielte Inaktiiey des Gens, welches
fur den LDL-Rezeptor kodiert, akkumulieren bei @iesTieren vermehrt cholesterolreiche
Lipoproteine im Blut. Sie gelten daher auch als B®lbdfir die familidre
Hypercholesterolamie. Dariber hinaus ist bekarags dbei diesem Tiermodell auf Grund der
erhohten Cholesterolkonzentration im Blut und ndehGabe einer fettreichen Diat friihzeitig

atherosklerotische Plaques entstehen.
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Die Versuchsdiaten der Kontrollgruppe und der Beharmgsgruppen unterschieden sich in
der Art der eingesetzten Fette, wobei die Kontrajpge frisches hydrogeniertes Palmfett und
die Behandlungsgruppen eine Mischung von erhitztgdiogenierten Palmfett (170°C, 48 h)
und frischem Sonnenblumendl erhielten. Die Verwewngdeines Mischfettes war erforderlich,
um die erhitzungsbedingten Verluste an mehrfaclesdgigten Fettsduren im hydrogenierten
Palmfett auszugleichen. Somit unterschieden sienDdaten der Versuchsgruppen nur im
Gehalt an Oxidationsprodukten, jedoch nicht im Qelsm Fettsduren. Der moderate
Erhitzungsprozess des Palmfetts war vergleichbar dar Behandlung von Fetten zur
Zubereitung von Speisen in der Humanernahrung (adin Frittierprozess). Durch dieses
Vorgehen entstand ein Diatfett, das unter pravesaiten Bedingungen erhitzt wurde und das
sich in Bezug auf die Behandlungsintensitat an jplygischen Verhaltnissen orientierte.
Damit unterschied sich diese Didtkomponente vomd@tonsgrad grundlegend von den
Fetten und Olen, die vorwiegend in friiheren tiesgipentellen Untersuchungen zum
Einfluss auf die Atherogenese verwendet wurdeneX@stieren Fltterungsstudien, bei denen
pro-atherogene Wirkungen nach Verabreichung stankzéer Fette oder Ole mit hohen
Anteilen oxidationsempfindlicher ungesattigter Ba&tiren beobachtet wurden (Greco und
Mingrone, 1990; Kaunitzet al, 1965; Stapranst al, 1996b; Zalejeska-Fiolkat al, 2004;
Zalejeska-Fiolkeet al, 2007). Als Folge einer Aufnahme erhitzter Festedariber hinaus
bekannt, dass der Verbrauch endogener Antioxidangibdht und der oxidative Status im
Organismus beeintrachtigt wird (Liu und Huang, 19%®ller et al, 2004). Derartige
Effekte kénnen die Entwicklung der Atheroskleros&dérn (Esterbaueet al, 1993;
Ederet al, 2003a) und mdgliche atheroprotektive Mechanismieer PPAR-AKktivierung
durch Bestandteile erhitzter Fette beeintrachtigdm. Sekundareffekte zu umgehen, erfolgte
eine Supplementierung der Diaten mit Vitamin E. dwrZusatz von synthetischem
all rac-a-Tocopherylacetat wurde der Vitamin E-Gehalt de&t®n von Kontroll- und
Behandlungsgruppe 1 auf jeweils 25 m{J ocopherolaquivalente pro kg Diat eingestellt.
Diese Konzentration entsprach dem MindestbedaWitamin E, der sich aus den mit dem
Diatfett zugefiihrten ungesattigten Fettsauren erabDiat der Behandlungsgruppe 2 wurde
auf 250 mga-Tocopherolaquivalente pro kg Diéat eingestellt, aon Gberprifen, ob die
Versuchsergebnisse auf einen veranderten oxida®tatus im Organismus zurlckzufihren
sind.

Nach Versuchsende wurden die mRNA-Konzentrationskaibnter Zielgene des PPAR
der Leber bestimmt sowie Triglyzeride und Choledtén Plasma und Lipoproteinen der

Versuchstiere analysiert. Um die Auspragung dereAtbklerose zu untersuchen, wurden
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Gefrierschnitte der Aorta angefertigt und bezlgldgr Grol3e und Zusammensetzung der
Lasionen mittels histologischen Standardfarbunged smmunhistochemischen Methoden
untersucht. Weitere Details zu Material und Metkasbhwie die ausfuhrliche Beschreibung

und Diskussion der Ergebnisse dieser Studie ssidrglich in:

Studie 1:
Kammerer |, Ringseis R, Eder K (2011) Feeding arntialy oxidised fat inhibits
atherosclerotic plaque formation in the aortic raaftLDL receptor-deficient mice. Br J Nutr

105:190-199; reproduced with permission of Cambeidifniversity Press

Als definierte primare Oxidationsprodukte sind ogite Fettsduren Bestandteil erhitzter Fette
und zugleich starke Aktivatoren von PPARN Anlehnung an die aufgestellte Hypothese
sollte in der zweiten Studie gezeigt werden, dasdierte Fettsduren fur die anti-atherogenen
Effekte erhitzter Fette mitverantwortlich sind. Zaer Untersuchung war es nachzuweisen,
dass oxidierte Fettsauren den RCT in Makrophagemubéeren und diesen als potentiellen
Mechanismus der anti-atherogenen Wirkung erhizégte zu identifizieren.

Dafur wurde einin vitro-Modell einer Makrophagen—Zelllinie der Maus gehulXie Zellen
wurden mit Linolsaure und 13-HODE, dem hydroxykerDerivat dieser Fettsaure, inkubiert.
Anhand eines Transaktivierungsassays sollte diegkéih beider Fettsauren, PPAR in den
Makrophagen zu aktivieren, untersucht werden. \Wsaitewurde die Proteinexpression der
transmembranaren Cholesteroltransporter ABCA1, ABC@nd SR-B sowie des
liver X receptor alpha(LXRa), einem Transkriptionsfaktor, der neben den PPAIRs
Cholesterolhomoostase reguliert, bestimmt. Um zargiifen, ob 13-HODE durch einen
Einfluss auf die genannten Transporter den AusstromCholesterol aus den Makrophagen
beeinflusst, wurden Cholesteroleffluxmessungentiyetiihrt. Da die Cholesterolhoméostase
in Makrophagen durch PPAR aber auch durch PPARbeeinflusst werden kann
(Rigamontiet al, 2008; Taketat al, 2008), wurden zuséatzlich Inkubationen mit Linolsi
und 13-HODE in Anwesenheit selektiver PPAR-Antagten durchgefihrt. Auf diese Weise
sollte untersucht werden, ob die Effekte der Fates& PPAR-vermittelt sind. Weitere Details
zu Material und Methodik sowie die ausfuhrliche &wegibung und Diskussion der

Ergebnisse dieser Studie sind ersichtlich in:
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Feeding a thermally oxidised fat inhibits atherosclerotic plaque formation
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Abstract

Activators of PPARa have been demonstrated to inhibit atherosclerosis development due to lipid lowering in plasma and direct protective
effects on the vasculature. Because dietary oxidised fats (OF) have strong PPARa-activating and lipid-lowering properties, we hypothesised
that dietary OF has also an inhibitory influence on atherosclerosis development. To verify our hypothesis, we investigated the effect of
feeding diets containing an OF (a 92:8 mixture of heated (170°C, 48h) hydrogenated palm fat and fresh sunflower oil) compared with
a fresh fat (fresh hydrogenated palm fat) on the development of atherosclerotic lesions in LDL receptor-deficient (LDLR™/™) mice. We
observed that a dietary OF caused a strong up-regulation of PPARa-regulated genes in the liver and a marked reduction in plasma
concentrations of cholesterol and TAG (P<<0-05). Cross-sectional lesion area and the lipids and collagen levels in the aortic root were
approximately 40—50 9% lower in mice fed diets containing OF than in those fed diets containing fresh fat (P<<0-05). Immunohistochemical
analysis of aortic root sections revealed an about 8-fold increased expression of PPARa and a markedly reduced expression of the proin-
flammatory vascular cell adhesion molecule-1 and smooth muscle cell (SMC)-specific marker a-actin in LDLR ™/~ mice fed OF (P<0-05).
We postulate that OF exert anti-atherogenic effects by activation of PPARa both in the liver, which contributes to lipid lowering in plasma,

and in the vasculature, which inhibits pro-atherogenic events such as monocyte recruitment and SMC proliferation and migration.

Key words: Oxidised fat: Atherosclerosis: LDL receptor-deficient mice: PPAR«

In recent years, the contribution of oxidised fats (OF) to
total energy intake has markedly increased in industrialised
countries™” due to the rising consumption of deep-fried
products. During deep-frying, several chemical reactions
occur within the frying oil resulting in the formation of a
mixture of chemically distinct lipid peroxidation products.
Large quantities of the frying oil are absorbed into the fried
foods during deep-frying and are therefore ingested during
their consumption.

Although OF are widely considered to have detrimental
effects on human health®=?, feeding experiments in rats
have consistently demonstrated an improvement in the
blood lipid profile, i.e. a reduction in TAG and cholesterol
levels in plasma and VLDL, by OF°~". This effect of OF
has been attributed to the ability of OF to activate hepatic
PPARa®™'? a ligand-activated transcription factor that
controls a comprehensive set of genes regulating most
aspects of lipid catabolism, glucose homoeostasis and
inflammation®"'?. Thus, activation of PPARa results in
decreased lipid concentrations in plasma and VLDL,

improved glucose tolerance and reduced inflammatory
processes. The components of OF supposed to be respon-
sible for PPARa activation are hydroxy and hydroperoxy
fatty acids"® and cyclic fatty acid monomers™®. Indeed,
feeding a diet supplemented with 13-hydroperoxy octade-
cadienoic acid strongly reduced TAG concentrations in
plasma via PPARa-dependent effects™™.

PPARa is also expressed in all the major cells of the
vessel wall which are implicated in atherosclerotic lesion
development™”. Activation of PPAR« in these cells modu-
lates the expression of several genes implicated in the
atherosclerotic process, resulting in decreased monocyte
recruitment to endothelial cells"®, enhanced cholesterol
removal from macrophages''” and reduced smooth
muscle cell (SMC) proliferation and migration'*®. These
direct atheroprotective effects together with the lipid-
lowering effects are largely responsible for the observation
that pharmacological PPARa activators cause an inhibition
of atherosclerosis development'”~??. Because dietary
OF have strong PPARa-activating and lipid-lowering

Abbreviations: CYP4A10, cytochrome P450 isoform 4A10; FF, fresh fat; LDLR /™, LDL receptor deficient; OF, oxidised fat; SMC, smooth muscle cells;

VCAM-1, vascular cell adhesion molecule-1.

* Corresponding author: Professor K. Eder, fax +49 641 9939239, email klaus.eder@ernaehrung.uni-giessen.de
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properties, it would be expected that dietary OF have also
an inhibitory influence on atherosclerosis development.
Nevertheless, several earlier reports'®*~*> demonstrated
that feeding OF has pro-atherogenic effects. However,
this may be due to the fact that these studies used fats
which were strongly oxidised and which contained lipid
oxidation products, which are clearly above the limit
allowed for ‘used frying fats’. Thus, feeding such strongly
OF does not reflect the physiological situation in human
nutrition. Moreover, feeding such strongly OF causes
intense oxidative stress due to the depletion of antioxidants
such as tocopherols in serum and tissues®*?”, which is
considered to promote the development of atherosclero-
sis®. Hence, a possible atheroprotective effect of OF
due to activation of PPARa is probably compromised by
the simultaneous induction of intense oxidative stress. It
could be demonstrated, however, that oxidative stress
and depletion of antioxidants induced by feeding OF is
alleviated by supplementation of the diet with a high
vitamin E level®”. The aim of the present study was to
investigate the effect of a thermally OF prepared under
deep-frying conditions on the development of athero-
sclerotic lesions. In order to find out whether the effects
of the OF in this respect are influenced by oxidative
stress, we used diets with moderate or high vitamin E
concentrations. As an experimental model of atherosclero-
sis, we used LDL receptor-deficient (LDLR™/~) mice.
These mice mimic human lipoprotein disorders that are
associated with an increased risk of CHD and develop
extensive aortic atherosclerosis which resembles human

lesions®”.

Materials and methods
Animals and diets

A total of thirty-six male, adult, 15-week-old LDLR ™™ mice
(B6.129S7-LdIr"™™<"/] mice; Charles River, Germany) with
an initial body weight of 27 (sp 1) g were randomly assigned
to three groups of twelve mice each. All mice were kept
individually in Macrolon cages in a room maintained at
22 = 1°C and 50-60% relative humidity with lighting from
06.00 to 18.00 hours. All the experimental procedures
described followed established guidelines for the care and
handling of laboratory animals®” and were approved by
the local Animal Care and Use Committee. The mice were
fed a semi-purified Western-type diet which consisted of
(g/kg diet) maize starch, 285-5; casein, 200; saccharose,
200; experimental fat, 200; vitamin and mineral mixture,
60; cellulose, 50; linseed oil as a source of a-linolenic
acid, 3; cholesterol, 1-5. Vitamins and minerals were
supplemented according to the recommendations of the
American Institute of Nutrition-93M®V.

The experimental fat was varied as follows. The first
group (fresh fat group, ‘FF25") received 200 g/kg diet of
fresh hydrogenated palm fat (Enco, Hamburg, Germany),

which is a typical fat used for deep-frying in restaurants.
Both the second (OF group 25, ‘OF25) and the third
groups (OF group 250, ‘OF250") received 200g/kg of a
mixture of heated hydrogenated palm fat (Enco) and
fresh sunflower oil (92:8, w/w) (AOP, Riesa, Germany).
This ratio was chosen to equalise the concentrations of
the major fatty acids of the OF diets to that of the FF
diet, since the heating process caused a partial loss of
PUFA. The OF was prepared by heating the hydrogenated
palm fat at a temperature of 170 = 3°C for 48h in a dom-
estic fryer (Fryer Model PROFRI 4; Saro Gastro Products,
Emmerich, Germany). During the 48h heating process, a
portion of 70 g French fries obtained from a local cafeteria
was deep-fried for 6 min every 30 min. The extent of lipid
peroxidation in the fats was estimated by assaying the per-
oxide value®® and the percentages of polar and unpolar
compounds®® before and after inclusion into the diets.

Because the frying process caused a dramatic loss of
tocopherols in the heated hydrogenated palm fat, the
native concentrations of tocopherols of all the experimen-
tal fats were analysed. Based on the native concentrations
of the fats, the vitamin E concentration of the diets was
adjusted to 25 mg a-tocopherol equivalents/kg diet in the
FF25 diet and the OF25 diet and 250mg o-tocopherol
equivalents/kg diet in the OF250 diet by individually sup-
plementing with all-rac-a-tocopheryl acetate (the biopo-
tency of all-rac-a-tocopheryl acetate is considered to be
67% of that of a-tocopherol). Diets were prepared by
mixing the dry components with the fat and water and sub-
sequent freeze-drying. The residual water content of the
diet was below 5g/100g diet. Food was administered
daily at 12.00 hours in controlled amounts to standardise
the intake.

Experimental diets were fed for 14 weeks. To standar-
dise the food intake, diets were fed in a controlled feeding
regimen, whereby each mouse received 2-5 g diet/d during
the whole experiment. Energy supplied by this amount of
diet was close to the energy requirement of the mice for
maintenance®”. Water was available ad libitum for
nipple drinkers during the whole experiment.

Sample collection

The mice were killed by decapitation under light anaesthe-
sia with diethyl ether in the non-fasted state. Whole blood
was collected into EDTA polyethylene tubes (Sarstedt,
Niirnbrecht, Germany). Plasma was separated from the
whole blood by centrifugation (1100g; 10min) at 4°C.
Liver, skeletal muscle (Musculus gastrocnemius) and
visceral adipose tissue were excised immediately and
shock frozen with liquid N,. All the samples were stored
at —80°C for pending analysis.

Lipoproteins (VLDL, LDL and HDL) were separated by
step-wise ultracentrifugation (900000g, 1-5h, 4°C; Mikro-
Ultrazentrifuge, Sorvall Products, Bad Homburg, Germany)

as described elsewhere®>.
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Preparation of aortic tissue and morphometric
determination of atherosclerosis

To quantify atherosclerosis, aortic root sections (10 wm
thick slices; beginning at the aortic valve area) were
prepared and sections were stained with haematoxylin—
eosin, oil red O for vascular lipids, Goldner’s trichrome
for collagen structures and von Kossa for vascular
calcification, as described recently in detail®. Histomor-
phological characterisation and computerised morpho-
metric quantification of the atherosclerotic lesions were
performed and blinded to the protocol. The cross-sectional
surface area of the total vessel, the cross-sectional surface
area of the lesion, the calcification area, the collagen area
and the lipid area were assessed. The relative lesion area,
the relative collagen area, the relative lipid area and the
relative calcification area (expressed relative to the total
surface area) were used to show individual atherosclerosis
development in the aortic root.

Immunohistochemistry

For immunohistochemistry, aortic root sections were
immediately fixed in acetone at —20°C for 10min, and
endogenous peroxidase was blocked in 0-3% H,O, in
methanol. Three sections were incubated each with 5%
blocking serum (either goat, rabbit or sheep depending
on the secondary antibody used) in PBS at room tempera-
ture for 20 min. Following a washing step, the sections
were incubated with primary antibodies against SMC
a-actin (Sigma, Taufkirchen, Germany; sections from 190
to 220 pm), vascular cell adhesion molecule (VCAM)-1
(Abcam, Cambridge, UK; sections from 250 to 280 pwm),
PPARa (Abcam; sections from 280 to 310 wm) and PPARYy
(Axxora, Lorrach, Germany; sections from 310 to 340 pm)
in a humidifying chamber for various periods (2—14h
depending on the antibody used) at 4°C. After washing
in PBS, the sections were incubated with horseradish
peroxidase-labelled secondary antibodies (goat anti-rat
IgG and sheep anti-rabbit IgG (Serotec, Oxford, UK), and
rabbit anti-mouse IgG (Dako, Hamburg, Germany)) at
room temperature for 1h. The immunocomplex was
visualised using either diaminobenzidine chromogen
(Dako) or Nova Red (Axxora). Subsequently, sections were
counterstained with Harris haematoxylin solution. Intensity
of staining was measured using LuciaG 3.2 software.

Lipid analysis

TAG and cholesterol concentrations in plasma and lipo-
proteins were determined using enzymatic reagent Kits
(DiaSys Diagnostic Systems, Holzheim, Germany, ref.
1.13009990314 and 1.57609990314). The fatty acid compo-
sition of the dietary fats was determined by GC. Fats were
methylated with trimethylsulphonium hydroxide(36). Fatty
acid methyl esters were separated by GC, using a system

(HP 5890; Hewlett-Packard GmbH, Boblingen, Germany)
equipped with an automatic on-column injector, a polar
capillary column (30m FFAP, 0-53mm internal diameter,
Macherey and Nagel, Diren, Germany) and a flame ionis-
ation detector. Helium was used as the carrier gas with a
flow rate of 5-4 ml/min. Fatty acid methyl esters were ident-
ified by comparing their retention times with those of
individually purified standards.

Determination of vitamin E concentrations

Concentrations of a-tocopherol in liver, skeletal muscle
and epididymal adipose tissue were determined, as
described recently, in more detail®”.

RNA isolation and real-time detection PCR

For the determination of hepatic mRNA expression levels
of cytochrome P450 isoform 4A10 (CYP4A10), acyl-CoA
oxidase and lipoprotein lipase, total RNA was isolated,
mRNA reverse transcribed, and target gene mRNA concen-
trations were determined by real-time detection PCR, as
described previously®®. Sequences of gene-specific pri-
mers were as follows (forward, reverse; NCBI GenBank):
glyceraldehyde 3-phosphate dehydrogenase (5'-AACG-
ACCCCTTCATTGAC-3, 5'-TCCACGACATACTCAGCAC-3/;
NM_008084), CYP4A10 (5“-TGAGGGAGAGCTGGAAAA-
GA-3/, 5-CTGTTGGTGATCAGGGTGTG-3; NM_010011),
acyl-CoA oxidase (5-CAGGAAGAGCAAGGAAG TGG-3,
5/-CCTTTCTGGCTGATCCCATA-3'; NM_015729), lipopro-
tein lipase (5-GGGCTCTGCCTGAGTTGTAG-3/, 5'-AGAA-
ATTTCGAAGGCCTGGT-3'; BC_158040).

Statistical analysis

Values presented in the text are means and standard
deviations. Treatment effects were analysed using
one-way ANOVA. For significant F values, means were
compared by Fisher's multiple range test. Differences
with P<0-05 were considered significant.

Results

Characterisation of the dietary fat of the
experimental diets

In the OF diets, the dietary fat represented a mixture (92:8,
w/w) of heated hydrogenated palm fat and fresh sunflower
oil in order to equalise the dietary fat of the experimental
diets for their fatty acid composition. This was necessary
to avoid the confounding effects resulting from differences
in the concentrations of major fatty acids between the
experimental diets. As revealed by GC-flame ionoisation
detector analysis, the concentrations of the major fatty
acids and of the essential fatty acids, linoleic acid (18:2
n-6) and a-linolenic acid (18:3 7n-3) were similar between
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Table 1. Fatty acid composition and concentrations of peroxidation
products in the dietary fats after inclusion into the diets

FF25 OF25 OF250
Major fatty acids (% of total FAME)
8:0 05 0-4 0-5
10:0 07 0-8 0-7
12:0 2:5 1.2 1.4
14:0 2.5 1.8 1.9
16:0 42.7 49.0 48.7
18:0 4.3 5.0 4-8
18:1n-9 355 314 32.0
18:2n-6 99 95 93
18:3n-3 11 09 0-7
20:0 0-2 0-1 0-1
Peroxidation products
POV (mEq Oy/kg diet) 5.0 75 95
Total polar compounds (%) 8.8 26-9 294
Total unpolar compounds (%) 91.2 731 70-6

FF25, fresh fat group; OF25 and OF250, oxidised fat groups; FAME, fatty acid
methyl esters; POV, peroxide value.

all the three experimental diets (Table 1). The
concentrations of trans-fatty acids such as 18:1 19, 18:2
c9t11 and 18:2 t10c12 were below 0-1% of total fatty
acids in all the three experimental diets. In contrast, the
peroxide value and the percentage of polar compounds
in the dietary fat were about 2- and 3-fold, respectively,
higher in the OF diets than in the FF25 diet. The percen-
tage of unpolar compounds was lower in the dietary fat
of the OF diets than in the FF25 diet (Table 1).

Food intake, body weight changes and relative liver
weights

To exclude secondary food intake effects, a controlled
feeding system was applied in which each mouse was
given an identical amount of diet. Nevertheless, mice of
the FF25 group had a slightly higher final body weight at
the end of the 14-week feeding period than those of the
OF groups (FF25, 354 (sp 1-5)g; OF25, 295 (sp 1:6)g;
OF250, 289 (sp 19 g; n 12, P<0-05). No difference in
final body weights was observed between the mice of
the OF25 group and the mice of the OF250 group. Daily
body weight gain during the 14-week feeding period was
also slightly higher in the FF group than in the OF
groups (FF25, 0-08 (sp 0-02)g; OF25, 0:02 (sp 0:02)g;
OF250, 0-02 (sp 0:03)g; n 12, P<0-05). No difference in
daily body weight gain was observed between mice of
the two OF groups. Relative liver weights were higher in
mice fed the OF diets than in those fed the FF diet
(FF25, 4-8 (sp 0-2)g/100g body weight; OF25, 6:1 (sD
0-3)g/100g body weight; OF250, 6:1 (sp 0-4)g/100g
body weight; 7 12, P<0-05).

Atherosclerosis in the aortic root

To examine the effect of treatment on atherosclerotic
lesion development, serial sections through the aortic

root beginning at the level of the aortic valves were
taken. Subsequent analysis of the aortic root sections
showed that all mice developed severe atherosclerotic
lesions covering approximately 20-30% of total vessel
area. Atherosclerotic lesion size (cross-sectional lesion
area) and the lipids and collagen levels in the aortic root
were approximately 40—50% lower in mice of the OF
groups than in those of the FF25 group (Figs. 1(A)—(C)
and 2(a) and (b); P<0:05). The levels of calcifications in
the aortic root did not differ between the three groups of
mice Figs. 1(D) and 2(¢)).

Lipid concentrations in plasma and lipoproteins

To evaluate whether the dietary OF also exerts a lipid-lower-
ing action in LDLR™/~ mice, the lipid concentrations in
plasma and lipoproteins were determined. Concentrations
of TAG in plasma and VLDL + chylomicrons were markedly
lower in the OF groups than in the FF25 group (Table 2;
P<0-05). TAG concentrations in plasma and VLDL +
chylomicrons did not differ between both OF groups.
Concentrations of cholesterol in plasma, LDL and HDL
were lower in mice fed the OF250 diet than in those fed
the FF25 diet (Table 2; P<0-05). In mice fed the OF25 diet,
only the concentrations of cholesterol in HDL, but not in
plasma and LDL, were lower than in those fed the FF25
diet (Table 2). Cholesterol concentrations in VLDL +
chylomicrons did not differ among the three groups of mice.

Expression of PPARa and PPARvy in the aortic root

PPAR agonists have been shown to exert antiatherogenic
effects through the activation of PPAR in the vasculature.
To examine the effect of OF on expression of PPAR,
sections of the aortic root were stained for PPARa and
PPARy by immunohistochemistry. Both PPARa and
PPARy were well detectable in the aortic root of
LDLR /™ mice, with staining localised largely to the ather-
osclerotic lesion. Expression of PPARa in the aortic root
was about 6- to 8-fold higher in mice fed the OF diets
than in those fed the FF25 diet (Fig. 3(A); P<0:05). In con-
trast to PPARa, expression of PPARY in the aortic root was
not different among the three groups of mice (Fig. 3(B)).

Expression of smooth muscle cell a-actin in the aortic root

SMC are the major collagen-producing cell types in the
atherosclerotic plaque. To investigate whether changes in
SMC content of plaques might be responsible for the
reduction of collagen content by OF, sections of the
aortic root were stained for the SMC-specific marker
a-actin. Immunostaining for SMC a-actin showed a strong
expression in the aortic root of mice fed the FF25 diet,
with staining localised to atherosclerotic lesions. In the
aortic root of mice fed the OF diets, expression of SMC
a-actin was strongly reduced (Fig. 4; P<0-05).
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Fig. 1. Effect of treatment on cross-sectional lesion size and lesion composition in the aortic root of LDL receptor-deficient '~ mice fed experimental diets for 14
weeks. (A) Lesion size, (B) lipid area, (C) collagen area and (D) calcified area relative to total surface area. Bars represent means and standard deviations (n 9).
abMean values with unlike letters were significantly different (P<0-05). FF25, fresh fat group; OF25 and OF250, oxidised fat groups.

Expression of vascular cell adhesion molecule-1 in the
aortic root

To evaluate the effect of dietary OF on inflammation,
expression of the inflammatory adhesion molecule
VCAM-1 in the aortic root sections was determined by
immunohistochemistry. Expression of VCAM-1 in the
aortic root was approximately 70% lower in mice fed the
OF diets than in those fed the FF25 diet (Fig. 5; P<0:05).
Staining for VCAM-1 was localised mainly to the core
region of the atherosclerotic lesions.

Vitamin E status

To evaluate the induction of oxidative stress by the OF,
vitamin E concentrations in various tissues were
determined in the LDLR ™/~ mice. Concentrations of total
tocopherols in liver, skeletal muscle and epididymal
adipose tissue were markedly lower in mice fed the
OF25 diet than in those fed the FF25 diet (Table 3;
P<0:05). In mice fed the OF250 diet, concentrations of
total tocopherols in liver and epididymal adipose tissue
were higher than in mice fed the FF25 diet (Table 3;
P<0-05). Concentrations of total tocopherols in skeletal
muscle did not differ between the mice fed the OF250
diet and those fed the FF25 diet (Table 3).

Transcript levels of PPAR« target genes in the liver

To investigate whether dietary OF also activates hepatic
PPARa in LDLR™/~ mice, transcript levels of classical

PPARa target genes were determined in the liver. Relative
mRNA levels of the PPARa target genes CYP4A10, acyl-
CoA oxidase and lipoprotein lipase in the liver were
about 4-fold, 2-fold and 1-5-fold higher, respectively, in
mice fed the OF diets than in those fed the FF25 diet
(Fig. 6; P<0-05).

(a)

OF25

Fig. 2. Stained aortic root sections of LDL receptor-deficient '~ mice fed
experimental diets for 14 weeks. (a) Oil red O staining for lipids, (b) Golder's
trichrome staining of collagen structures, (c) von Kossa staining of calcifica-
tions (3 x magnification). The photographs reflect one representative animal
of each experimental group and are taken at an identical distance from the
aortic root. FF25, fresh fat group; OF25 and OF250, oxidised fat groups.
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Table 2. Concentrations of lipids in plasma and lipoproteins of LDL
receptor-deficient mice fed the experimental diets for 14 weeks

(Mean values and standard deviations, n 12)

FF25 OF25 OF250
Mean SD Mean SD Mean SD
TAG (mmol/l)
Plasma 7-452 1.98 3.54°  1.21 367°  1.11
VLDL + 2.032 0-27 1.03° 0-33 119°  0.43
chylomicrons
Cholesterol (mmol/l)
Plasma 39.42 101 33.7%° 6.5 31-6° 5.5

VLDL + 20.9 75 177 46 167 2.1
chylomicrons

LDL 12.6% 11 11.4%° 14 106° 1.3
HDL 5.9° 1.5 46° 06 4.4° 05

FF25, fresh fat group; OF25 and OF250, oxidised fat groups.
abMean values with unlike superscript letters were significantly different (P<0-05).

Transcript levels of lipogenic and cholesterogenic genes
in the liver

In order to evaluate whether the reduction of lipid concen-
trations in plasma and lipoproteins by dietary OF is due to
decreased lipogenesis and cholesterogenesis in the liver,
transcript levels of hepatic lipogenic and cholesterogenic
genes were determined. Transcript levels of genes encod-
ing lipogenic enzymes such as fatty acid synthase and
acyl-CoA carboxylase and of the rate-limiting enzyme
of cholesterol synthesis, hydroxymethylglutaryl-CoA
reductase, did not differ among the three groups of mice
(data not shown). In addition, transcript levels of the key
transcription factors controlling lipogenic and cholestero-
genic genes, sterol regulatory element-binding protein-1
and -2, were not different among the three groups (data
not shown).

Discussion

In feeding studies dealing with OF, a markedly reduced
food intake and growth of the experimental animals has
been frequently observed?”3>#? This has been attributed
to the use of strongly OF containing less PUFA and anti-
oxidants than the equivalent FF and high levels of polym-
erisation  products, thereby effects,
pronounced oxidative stress and reduction of nutrient
digestibility. To avoid these confounding effects, we used
a moderately OF (as shown by the comparatively low
amount of peroxidation products), which was prepared
under deep-frying conditions using hydrogenated palm
fat, a typical fat used for such purposes in German restau-
rants. In addition, dietary fats were equalised for their fatty
acid composition by using fat mixtures, and vitamin E con-
centrations in the diets were adjusted. Moreover, a con-
trolled feeding regimen in which mice of all groups were
fed identical amounts of fat was applied. Because we used
non-growing mice and the food administered was close to
the energy requirement for maintenance, there was only a
slight change of body weight during the 14-week feeding

causing  toxic

period in the three groups of mice. Despite the controlled
feeding regimen, weight gain was slightly higher in the FF
group than in the OF groups, which might be due to the
fact that OF show a slightly lower digestibility than
FF?73%19 Nevertheless, the observation that differences in
daily weight gains were small between mice fed the FF and
those fed the OF indicates that intake of digestible energy
did not considerably differ between these groups of mice.
We are therefore confident that the metabolic effects of OF
reported in this study are not confounded by the slightly
reduced weight gain of the OF-fed mice.

The main finding of the present study is that a moder-
ately OF containing levels of lipid oxidation products that
are below the limit allowed for ‘used frying fats’ when
fed together with a hyperlipidaemic diet inhibits athero-
sclerosis development in LDLR ™/~ mice, as evidenced by
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Fig. 3. Quantification of immunohistochemical staining for (A) PPARa and
(B) PPARy in aortic root sections of LDL receptor-deficient’~ mice fed
experimental diets for 14 weeks. The photographs reflect one representative
animal of each experimental group and are taken at an identical distance
from the aortic root (10 X magnification). Bars represent means and standard
deviations (n 9). #°Mean values with unlike letters were significantly different
(P<0-05). FF25, fresh fat group; OF25 and OF250, oxidised fat groups.
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Fig. 4. Quantification of immunohistochemical staining for smooth muscle a-
actin in aortic root sections of LDL receptor-deficient’~ mice fed experimen-
tal diets for 14 weeks. The photographs reflect one representative animal of
each experimental group and are taken at an identical distance from the
aortic root (10 x magnification). Bars represent means and standard devi-
ations (n 9). **Mean values with unlike letters were significantly different
(P<0-05). FF25, fresh fat group; OF25 and OF250, oxidised fat groups.
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a markedly lower lesion size (cross-sectional lesion area)
and strongly reduced lipid and collagen contents in the
aortic root. Moreover the present study shows that the
inhibitory effect of the moderately OF on atherosclerosis
development could even be observed when the vitamin
E concentration in the diet was moderate. It is likely that
this concentration of dietary vitamin E was sufficient to
prevent the induction of oxidative stress by OF. In agree-
ment with the recent ﬁndings(26’27), we observed that the
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Fig. 5. Quantification of immunohistochemical staining for vascular cell
adhesion molecule (VCAM)-1 in aortic root sections of LDL receptor-
deficient ™’ mice fed experimental diets for 14 weeks. The photographs
reflect one representative animal of each experimental group and are taken
at an identical distance from the aortic root (10 x magnification). Bars rep-
resent means and standard deviations (n 9). ®®Mean values with unlike
letters were significantly different (P<<0-05). FF25, fresh fat group; OF25 and
OF250, oxidised fat groups.

Table 3. Concentrations of total tocopherols in tissues of LDL
receptor-deficient mice fed the experimental diets for 14 weeks

(Mean values and standard deviations, n 12)

FF25 OF25 OF250

Mean SD Mean SD Mean SD

a-Tocopherol equivalents (nmol/g)
Liver 93° 10 31° 5 2212 79
Skeletal muscle 15.12 33 8.5° 1.4 16-12 4.4
White adipose 47.5° 85 266° 59 853 149
tissue

abC)Mean values with unlike superscript letters were significantly different
(P<0-05).

vitamin E status of the OF-fed mice was compromised by
the OF, which suggests induction of oxidative stress.

As a mechanism of action, we suggest that inhibition of
atherosclerotic lesion development in LDLR ™/~ mice fed
diets containing OF is, at least partially, due to reduction
in plasma cholesterol and TAG concentrations, because
elevated blood lipid concentrations are known risk factors
for the development of atherosclerosis. It has been shown
that the lipid-lowering action of OF is mediated in part by
activation of PPARa in the liver, leading to an enhanced
fatty acid catabolism and an increased lipolysis of VLDL
particles®~”. Due to the activation of hepatic PPARa, diet-
ary OF prevent the excessive accumulation of TAG induced
by steatosis-inducing agents such as ethanol“’. Herein,
activation of hepatic PPARa could also be observed in
LDLR ™~ mice as evidenced by the up-regulation of
PPARa-dependent genes such as acyl-CoA oxidase,
CYP4A10 and lipoprotein lipase in the liver and elevated
relative liver weights, which is a typical response to
PPARa agonists. A recent study with mice also revealed a
strong up-regulation of PPARa and a marked reduction in
plasma lipid concentrations in response to feeding a diet
supplemented with 13-hydroperoxy octadecadienoic acid,
which is derived from peroxidation of linoleic acid">. It
is therefore likely that, through the activation of hepatic
PPARa, components of OF are capable of favourably influ-
encing the blood lipid profile. Thus, we suggest that PPARa
activation in the liver contributes to lipid lowering in
plasma of LDLR ™/~ mice, which might in part be respon-
sible for the inhibition of atherosclerotic lesion develop-
ment. In contrast, transcription of sterol regulatory
element-binding protein-regulated lipogenic and choles-
terogenic genes, such as fatty acid synthase, LDLR and
hydroxymethylglutaryl-CoA reductase, was not influenced
by OF in the liver of the mice, suggesting that reduced
lipid concentrations in plasma are not due to a decreased
synthesis of fatty acids and cholesterol in the liver and/or
uptake of cholesterol into the liver >4,

We propose that direct activation of PPARa in the vascu-
lature also contributed to the inhibitory effect of OF on
atherosclerosis development, because we could observe
a markedly increased PPARa expression in the aortic root
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Fig. 6. Effect of treatment on relative mRNA concentrations of PPARa-
responsive genes in livers of LDL receptor-deficient /= mice fed experimen-
tal diets for 14 weeks. Bars represent means and standard deviations (n 12).
abMean values with unlike letters were significantly different (P<0-05). FF25
(0), fresh fat groups; OF25 (m) and OF250 (M), oxidised fat groups. ACO,
acyl-CoA oxidase; LPL, lipoprotein lipase.

lesions of mice that fed the OF. This is probably indicative
of an increased expression of PPARa by the plaque cells
because lesion size was markedly reduced by the OF.
The increased expression of PPARa protein in athero-
sclerotic lesions by OF has to be considered beneficial
because inhibition of atherosclerosis development by
anti-atherogenic dietary agents was accompanied by an
increased PPARa expression in the atherosclerotic plaque
and the aorta, respectively*”. In line with the increased
expression of PPARa by dietary OF is the observation
that the expression of the inflammatory protein VCAM-1
and the SMC-specific marker a-actin as well as the lipid
and collagen content in the aortic root was also signifi-
cantly reduced by the OF. VCAM-1 and other adhesion
molecules, the expression of which is negatively regulated
by PPARa''?, are responsible for monocyte attachment to
the luminal surface of the blood vessels and are required
for subsequent infiltration of the subendothelial space by
monocyte-derived macrophages. Consequently, inhibition
of endothelial adhesion molecule expression by PPARa
activators inhibits atherosclerotic plaque formation®'**”.
The decreased expression of SMC a-actin suggests that
the content of SMC in the aortic root of LDLR™/~ mice
was reduced by the OF. This might be indicative of an
inhibitory effect of OF on the proliferation and/or
migration of SMC into the intima, which was shown to
be inhibited by PPAR«a activation’®. Because SMC are
the major collagen-producing cells in the atherosclerotic
plaque and collagens substantially contribute to lesion
“5 it is likely that the decreased aortic SMC con-
tent is responsible for the reduced collagen content and
lesion size in mice fed OF. In contrast to lipid and collagen
content of atherosclerotic lesions, no effect of OF could be

volume

observed on the levels of calcification in the aortic root of
LDLR /™ mice, suggesting that dietary OF has no major
influence on the calcification process and on the complex
mechanisms regulating vascular calcification.

Expression of PPARYy, another PPAR isotype with athero-
protective effects that can also be activated by hydroxyl-
ated fatty acids present in OF, was not influenced by the
OF in the aortic root of LDLR ™/~ mice. Although this find-
ing does not definitely exclude the possibility that OF
caused some of its effects by activation of PPARYy, it is
less likely because a recent study revealed only a weak
activation of this receptor by OF®”.

Heated oils are a complex mixture of a great number of
oxidation products formed during heat treatment. There-
fore, it remains unclear which of the components of the
OF were responsible for the effects observed in this
study. Hydroxy and hydroperoxy fatty acids as well as
cyclic fatty acid monomers have been identified as strong
PPAR« agonists ">~ !> Therefore, these oxidation products
are potential candidates which could be responsible for the
anti-atherogenic effects induced by the OF. However,
Khan-Merchant et al.? observed that feeding 13-hydroxy
octadecadienoic acid, an oxidation product of linoleic
acid, did not inhibit but even enhanced the development
of atherosclerosis in LDLR™/~ mice. Recently, Litvinov
et al*® observed that administration of azelaic acid, an
end product of linoleic acid peroxidation, inhibits the
development of atherosclerosis in LDLR '~ mice, probably
by preventing macrophage accumulation in the arterial
wall. Thus, this substance could also account for the anti-
atherogenic effect of OF observed in the present study.

In the present study, we used LDLR ™/~ mice as a well-
established experimental model of atherosclerosis. When
trying to transfer these findings to human subjects, it
must be considered that mice, in contrast to human sub-
jects, have a much higher tissue expression level of
PPARa and that the response of many genes to PPAR«a acti-
vation is much stronger”*® . As the beneficial effects of
the OF observed in the present study might be primarily
caused by activation of PPARe, it is expected that the
same effects are much weaker in human subjects.
Moreover, the results of the present study must not be
interpreted in the way that OF could regarded as a
health-promoting component of the diet, as components
of OF might have several adverse effects in human sub-
jects. The results of the present study rather suggest that
OF are a mixture of chemically distinct substances, some
of which exhibit a significant biological activity.

In conclusion, the present study demonstrates that feed-
ing an OF prepared under deep-frying conditions contain-
ing levels of lipid oxidation products which are below the
limit allowed for ‘used frying fats’ causes anti-atherogenic
effects in LDLR ™/~ mice — effects that are probably due
to activation of PPARa in the liver and the vasculature.
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13-hydroxy linoleic acid increases expression of
the cholesterol transporters ABCA1, ABCG1 and
SR-Bl and stimulates apoA-I-dependent
cholesterol efflux in RAW264.7 macrophages
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Abstract

Background: Synthetic activators of peroxisome proliferator-activated receptors (PPARs) stimulate cholesterol
removal from macrophages through PPAR-dependent up-regulation of liver x receptor a (LXRa) and subsequent
induction of cholesterol exporters such as ATP-binding cassette transporter A1 (ABCAT) and scavenger receptor
class B type 1 (SR-BI). The present study aimed to test the hypothesis that the hydroxylated derivative of linoleic
acid (LA), 13-HODE, which is a natural PPAR agonist, has similar effects in RAW264.7 macrophages.

Methods: RAW264.7 macrophages were treated without (control) or with LA or 13-HODE in the presence and
absence of PPARa or PPARy antagonists and determined protein levels of LXRa, ABCAT, ABCGT, SR-BI, PPARa and
PPARy and apolipoprotein A-I mediated lipid efflux.

Results: Treatment of RAW264.7 cells with 13-HODE increased PPAR-transactivation activity and protein
concentrations of LXRa, ABCA1, ABCGT and SR-BI when compared to control treatment (P < 0.05). In addition, 13-
HODE enhanced cholesterol concentration in the medium but decreased cellular cholesterol concentration during
incubation of cells with the extracellular lipid acceptor apolipoprotein A-l (P < 0.05). Pre-treatment of cells with a

compared to control cells.

selective PPARa or PPARy antagonist completely abolished the effects of 13-HODE on cholesterol efflux and
protein levels of genes investigated. In contrast to 13-HODE, LA had no effect on either of these parameters

Conclusion: 13-HODE induces cholesterol efflux from macrophages via the PPAR-LXRa.-ABCA1/SR-Bl-pathway.

Keywords: Peroxisome proliferator-activated receptors, Cholesterol efflux, Macrophage, Oxidized fatty acids

Background

Although dietary consumption of oxidized fats (OF) is
known to cause some unfavourable effects (e.g., oxida-
tive stress, depletion of antioxidants; [1-3]), experiments
in laboratory animals and pigs consistently demon-
strated that administration of OF reduces lipid concen-
trations (triacylglycerols and cholesterol) in liver and
plasma (reviewed in [4]). Recent evidence suggests that
activation of the peroxisome proliferator-activated
receptor o (PPARa) pathway in the liver is largely
responsible for the lipid lowering action of OF [5-7].

* Correspondence: robert.ringseis@ernaehrung.uni-giessen.de
Institute of Animal Nutrition and Nutrition Physiology, Justus-Liebig-
University Giessen, Heinrich-Buff-Ring 26-32, 35390 Giessen, Germany

( BiolMed Central

PPARa is a ligand-activated transcription factor which
controls a comprehensive set of genes involved in most
aspects of lipid catabolism [8,9]. Thus, targeting PPAR«
by the administration of pharmacological PPARa activa-
tors, e.g., fenofibrate, bezafibrate, gemfibrozil, is an effec-
tive approach for the treatment of hyperlipidemia [10].
Besides targeting lipid catabolism in the liver and reg-
ulating plasma lipid concentrations, synthetic PPARa
activators also directly influence vascular function in a
beneficial manner through negatively regulating the
expression of pro-inflammatory genes in vascular cells
such as endothelial cells, smooth muscle cells, and
macrophages and inducing genes involved in macro-
phage cholesterol homeostasis [11-13]. These direct

© 2011 Kammerer et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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atheroprotective together with the lipid lowering effects
are largely responsible for the observation that pharma-
cological PPARa activators cause an inhibition of ather-
osclerosis development [14-17]. Interestingly, in a recent
study it could be demonstrated that dietary administra-
tion of an OF also causes activation of PPARa in the
vasculature, inhibits expression of pro-inflammatory vas-
cular adhesion molecules, whose expression is negatively
regulated by PPARa, and inhibits atherosclerotic plaque
development in the low-density lipoprotein receptor
deficient mouse model of atherosclerosis [18]. These
findings suggest that OF exerts similar effects as phar-
macological PPARo. agonists.

The components of OF which are supposed to be
responsible for PPARa activation are hydroxy and
hydroperoxy fatty acids, such as 13-hydroxy octadeca-
dienoic acid (13-HODE) or 13-hydroperoxy octadecadie-
noic acid (13-HPODE). These substances are formed
during oxidation of dietary lipids and absorbed from the
intestine following ingestion of these fats [19,20]. Using
different experimental approaches, such as ligand bind-
ing studies, transactivation assays and cell culture
experiments, it was shown that these oxidized fatty
acids are potent ligands and activators of PPARa
[21-24]. An animal experiment revealed that feeding a
diet supplemented with 13-HPODE reduces plasma tria-
cylglycerol concentrations indicating that oxidized fatty
acids are indeed the mediators of the lipid lowering
effects of OF [25]. Whether oxidized fatty acids are also
responsible for the observation that OF modulates the
expression of PPAR-dependent genes in the vasculature
[18], has not been studied yet. Therefore, the present
study aimed to test the hypothesis that the hydroxylated
derivative of linoleic acid, 13-HODE, induces genes
involved in macrophage cholesterol homeostasis, such as
liver x receptor a (LXRa), ATP-binding cassette trans-
porter A1 (ABCA1), ABCG1 and scavenger receptor
class B type 1 (SR-BI), and increases cholesterol removal
from macrophages in a PPAR-dependent manner.
Recent studies showed that synthetic activators of
PPARa stimulate cholesterol removal from macro-
phages, an important step in reverse cholesterol trans-
port, through PPAR-dependent up-regulation of LXRa
[26-28], which serves as an intracellular cholesterol sen-
sor and positively regulates expression of cholesterol
exporters such as ABCA1, ABCG1 and SR-BI [29].

Materials and methods

Cell culture and treatments

Mouse RAW?264.7 cells, obtained from LGC Promo-
chem (Wesel, Germany), were grown in DMEM med-
ium  (Gibco/Invitrogen, Karlsruhe, Germany)
supplemented with 10% fetal calf serum, 4 mmol/L L-
glutamine, 4.5 g/L glucose, 1 mmol/L sodium pyruvate,
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1.5 g/L sodium bicarbonate and 0.5% gentamycin. Cells
were maintained at 37°C in a humidified atmosphere of
95% air and 5% CO,. RAW?264.7 cells were plated in 6-
well plates at a density of 1 x 10°/well for western blot
analysis and at a density of 8 x 10°/well for cholesterol
analysis. After reaching 80% confluence, cells were trea-
ted with LA (296% pure) and 13-HODE (296% pure;
both from Sigma-Aldrich, Taufkirchen, Germany) at the
concentrations indicated for 24 h. Cells treated with
vehicle alone (ethanol) were used as controls. Incubation
media containing fatty acids were prepared by diluting
the fatty acid stock solutions (100 mmol/L LA and 2.5
mmol/L 13-HODE in ethanol) with DMEM medium to
100 umol/L (LA) and 2.5 pmol/L (13-HODE), as also
described from others [30]. After addition of the fatty
acids to the medium, the medium was gently vortexed
at RT to ensure complete solubility of the added fatty
acids. No signs of precipitation could be observed. Due
to the presence of BSA in the medium, it is expected
that most of the added fatty acids was bound to albumin
which serves as the natural delivery molecule for free
fatty acids in plasma. The concentration of 13-HODE
used was based on the knowledge that this fatty acid
can be found in human blood in the low umolar range
[31]. Incubation media of control cells contained the
same vehicle (ethanol) concentration of 0.1% (v/v). Spe-
cific precautions other than appropriate storage condi-
tions (-20°C, in the dark) were not taken to prevent
oxidation of LA and 13-HODE. 13-HODE has been
reported to be very stable against oxidation as evidenced
from air oxidation experiments with 13S-HODE which
were carried out by addition of amounts of iron ions
greatly surpassing the Fe** concentration in biological
samples [32]. Even under extreme conditions, such as
elevated temperature (45-50°C) and enhanced reaction
time (2 weeks), 95% of the 13S-HODE was recovered
unchanged by GC-MS analysis [32]. For experiments
using PPAR inhibitors, cells were pre-treated with either
10 umol/L of the PPARa selective antagonist GW6471
(Sigma-Aldrich) or 20 pumol/L of the PPARYy selective
antagonist GW9662 (Sigma-Aldrich) 4 h before treat-
ment with fatty acids. All experiments were performed
between passages 5 and 8.

Western blot analysis

After treatment of cells as indicated above, cells were
lysed with RIPA lysis buffer (50 mmol/L Tris pH 7.5,
150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS) containing protease
inhibitor cocktail (Sigma), and protein concentrations of
lysates determined by the BCA assay (VWR, Darmstadt,
Germany). Equal amounts of protein were electrophor-
esed by 7.5% SDS-PAGE for ABCA1 and ABCG1 and
10% SDS-PAGE for SR-BI and LXRa and transferred to
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a nitrocellulose membrane. The membranes were
blocked at 4°C in blocking solution (5% skim milk in
Tris buffered saline with Tween-20 [TBS-T]: 50 mmol/L
Tris, 150 mmol/L NaCl, pH 7.5, 0.2% Tween-20), and
then incubated with primary antibodies against ABCA1
(1:1,000, Novus Biologicals), ABCG1 (1:2000, Abcam),
B-Actin (1:1,000, Novus Biologicals), SR-B1 (1:1,000,
Novus Biologicals), LXRa (1:500, Affinity BioReagents)
for 2 h at room temperature or overnight at 4°C
depending on the antibody used. The membranes were
washed with TBS-T, and incubated with a horseradish
peroxidase conjugated secondary anti-mouse IgG anti-
body (1:10,000, Jackson Immuno Research) or anti-rab-
bit IgG antibody (1:10,000, Sigma-Aldrich) for 1.5 h at
room temperature. Afterwards blots were developed
using ECL Advance (GE Healthcare Europe, Freiburg,
Germany) for polyclonal antibodies and ECL Plus (GE
Healthcare Europe) for monoclonal antibodies. The sig-
nal intensities of specific bands were detected with Bio-
Imaging system (Syngene, Cambridge, UK) and quanti-
fied using Syngene GeneTools software (Nonlinear
Dynamics, USA).

Analysis of cholesterol content in medium and cells

After pre-treatment with or without PPAR antagonists
and treatment of macrophage cells with or without fatty
acids as indicated above, cells were incubated again with
the antagonists for 4 h and afterwards with or without
the corresponding fatty acids in the presence or absence
of apolipoprotein A-I (apoA-I) (30 pg/mL) for 24 h.
Afterwards, medium was collected and removed from
detached cells by a centrifugation step, and the cell
monolayer washed twice with PBS. Cellular lipids were
extracted with a mixture of hexane and isopropanol (3:2,
v/v) and lipids in the medium were extracted with a mix-
ture of chloroform and methanol (2:1, v/v). Lipid extracts
were dried under a stream of nitrogen and total choles-
terol concentrations were determined using an enzymatic
assay from Biocon (Voéhl-Marienhagen, Germany). Cho-
lesterol concentrations were related to cellular protein
content as determined by the BCA protein assay kit.

Transient transfection and dual luciferase assay

RAW?264.7 cells were plated in 24-well plates at a density
of 5 x 10°/well. After reaching 70% confluence, cells were
transiently transfected with 500 ng of a 3 x ACO-PPRE
reporter vector (containing three copies of consensus
PPRE from the ACO promoter in front of a luciferase
reporter gene; a generous gift from Dr. Sander Kersten,
Nutrigenomics Consortium, Top Institue (TI) Food and
Nutrition, Wageningen, Netherlands) using FUGENE 6
transfection reagent (Roche Diagnostics, Mannheim,
Germany) according to the manufacturer’s protocol.
Cells were also co-transfected with 50 ng of pGL4.74
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Renilla luciferase (encoding the renilla luciferase reporter
gene; Promega, Mannheim, Germany), which was used as
an internal control reporter vector to normalize for dif-
ferences in transfection efficiency. Following transfection,
cells were treated with either WY-14,643 (as positive
control), LA, 13-HODE or vehicle only (DMSO and etha-
nol) at the concentrations indicated for 24 h. Afterwards,
cells were washed with PBS and lysed with passive lysis
buffer (Promega). Luciferase activities were determined
with the Firefly and Renilla Luciferase Assays (PJK, Klein-
blittersdorf, Germany) according to the manufacturer’s
instructions using a Mithras LB940 luminometer (Bert-
hold Technologies, Bad Wildbad, Germany) as described
recently in more detail [33].

Statistical analysis

Data were subjected to either Student’s t-test or one-way
ANOVA using the Minitab Statistical Software Rel. 13.0
(Minitab, State College, PA, USA). For statistically signifi-
cant F values, individual means of the treatment groups
were compared by Fisher’s multiple range test. Means
were considered significantly different for P < 0.05.

Results

Effects of 13-HODE and LA on PPAR transactivation
activity and PPAR protein levels in RAW264.7
macrophages

To study the effect of 13-HODE and LA on the activa-
tion of the PPAR signalling pathway in macrophages,
RAW?264.7 were transiently transfected with a reporter
plasmid containing 3 copies of the consensus PPRE in
front of a luciferase reporter and studied the stimulation
of the reporter activity by 13-HODE and LA as well as
by the synthetic PPARa agonist WY-14,643. Treatment
with WY-14,643 as a positive control increased PPAR-
responsive reporter activity by about 90% compared to
treatment with vehicle alone (P < 0.05; Figure 1A).
Treatment with 13-HODE dose-dependently increased
the PPAR-responsive reporter activity compared to
treatment with vehicle alone (P < 0.05; Figure 1A);
incubating RAW264.7 cells with 1.0 and 2.5 umol/L of
13-HODE increased the PPAR-responsive reporter
activity by about 28 and 50%, respectively, compared to
vehicle control. Incubation of macrophages with
increasing concentrations of LA had no effect on the
PPAR-responsive reporter activity when compared to
macrophages treated with vehicle alone (Figure 1A);
there was only a numerical, but not significant increase
in the PPAR-responsive reporter activity at the highest
concentration of LA (100 pumol/L) when compared to
vehicle control. Protein concentrations of PPARa and
PPARy did not differ between control macrophages and
macrophages treated with either 2.5 pmol/L 13-HODE
or 100 pmol/L LA (Figure 1B).
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Figure 1 Effects of 13-HODE, LA and WY-14,643 on PPAR/PPRE transactivation activity and PPAR protein levels in RAW264.6
macrophages. A, RAW264.7 cells were transiently transfected with 3 x ACO-PPRE reporter vector. After transfection, cells were treated or not
with 0.1-2.5 pmol/L 13-HODE, 1-100 pmol/L LA and 50 pmol/L WY-14,643 for 24 h. Afterwards, cells were lysed, and luciferase activities of the
ACO-PPRE firefly luciferase vector and a co-transfected renilla luciferase vector determined by a dual luciferase assay. Bars represent means + SD
from four independent experiments (n = 4). Data are expressed as percentage of relative luciferase activity of vehicle control cells. Results from
statistical analysis are indicated: Significant effects are denoted with an asterisk (P < 0.05). B, RAW264.7 cells were treated with 2.5 umol/L 13-
HODE, 100 pmol/L LA or vehicle (ethanol) for 24 h. Afterwards, cells were lysed and subsequently processed for western blotting as described in
the materials and methods section. Representative immunoblots specific for PPARa, PPARy, and B-actin which was used for normalization are
shown. Bars represent data from densitometric analysis and are means + SD from three independent experiments (n = 3). Data are expressed as
percentage of protein concentration of vehicle control cells.
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Effects of 13-HODE and LA in the presence and absence
of PPARa and PPARYy selective antagonists on relative
protein concentrations of ABCA1, ABCG1, SR-Bl and LXRa
in RAW264.7 macrophages

To explore the involvement of PPARa and PPARYy in the
action of 13-HODE on proteins regulating cholesterol
homeostasis, cells were pre-treated without or with selec-
tive PPARa and PPARy antagonists prior to treatment
with fatty acids. In the absence of an antagonist, 2.5 pmol/
L of 13-HODE increased protein levels of ABCAI,
ABCG]I, SR-BI and LXRa in RAW264.7 macrophages (P <
0.05; Figure 2A and 2B), whereas 100 pmol/L of LA had
no effect (Figure 3A and 3B). When cells were pre-treated
with either the PPARa antagonist GW6471 or the PPARy
antagonist GW9662 the effect of 13-HODE on the con-
centrations of these proteins was completely abolished
(Figure 2A and 2B). In cells treated with LA, the pre-treat-
ment with GW6471 caused a 15-25% decrease in the pro-
tein levels of ABCA1 and SR-BI (P < 0.05; Figure 2A and
2B), whereas protein levels of ABCG1 and LXRa remained
unaffected. Pre-treatment with GW9662 did not alter the
effect of LA on protein levels of ABCA1, ABCG1, SR-BI
and LXRa in comparison to treatment without PPARa or
PPARy antagonist (Figure 2A and 2B).

Effects of 13-HODE and LA on cholesterol concentrations
in macrophages in the presence and absence of apoA-I
and PPARo and PPARY antagonists

To investigate whether the 13-HODE-induced alterations
of the expression of proteins involved in cholesterol home-
ostasis had an effect on macrophage cholesterol content,
we determined the cholesterol concentrations of cells and
medium after treatment with 13-HODE and LA, both in
the presence and absence of the extracellular lipid acceptor
apo-Al In the absence of apoA-I, cholesterol concentra-
tions in cells and medium did not differ between control
macrophages and macrophages treated with either LA or
13-HODE (Figure 3A and 3B). In the presence of apoA-],
treatment with 13-HODE decreased cellular cholesterol
concentration by approximately 15% (P < 0.05; Figure 3A
and 3B) and increased cholesterol concentration in med-
ium by approximately 25% when compared to treatment
with vehicle alone (P < 0.05; Figure 3A and 3B). In contrast,
treatment with LA in the presence of apoA-I had no effect
on cholesterol concentrations in cells and medium when
compared to control treatment (Figure 3A and 3B). When
cells were pre-treated with either the PPARo antagonist
GW6471 or the PPARy antagonist GW9662 the effect of
13-HODE on cellular and medium cholesterol concentra-
tion was completely abolished (Figure 3A and 3B).

Discussion
Pharmacological PPAR ligands have been demonstrated
to induce cholesterol removal from macrophages and to
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prevent macrophage foam cell formation through altera-
tions in the expression of genes critically involved in
macrophage cholesterol homeostasis [26-28]. Feeding
OF was repeatedly shown to cause PPARa activation in
tissues of different species [4]. This effect has been
attributed to characteristic substances of OF such as
hydroxylated fatty acids, e.g. 13-HODE, which are
known ligands of PPARs [34,35]. The present study
shows that 13-HODE moderately, but significantly low-
ers the cellular cholesterol content of macrophages
while increasing the cholesterol content in the medium
when apo-Al, the main apo of high density lipoprotein
(HDL) particles, is present in the culture medium as an
extracellular cholesterol acceptor. The export of choles-
terol to acceptors such as apoA-I or HDL is an impor-
tant part of the reverse cholesterol transport responsible
for redistribution of cholesterol from peripheral tissues
to the liver. Recent studies in RAW?264.7 macrophages
provided evidence that apoA-I is internalized by endocy-
tosis into the macrophage where it acquires free choles-
terol from intracellular pools before it is resecreted by
exocytosis (novel model of cholesterol efflux called ret-
roendocytosis), and that apoA-I internalization is
required for transporter-mediated cholesterol efflux [36].
In the absence of apoA-I, no effect of 13-HODE on
macrophage cholesterol content and cholesterol content
in the incubation medium was observed. Thus, our find-
ings indicate that 13-HODE stimulates specifically
apoA-I-dependent cholesterol efflux in macrophages, an
effect that is also known from synthetic PPAR ligands
[26-28]. Interestingly, a previous study has shown that
dietary oxidized fatty acids enhance intestinal cell apoA-
I production via a PPAR-dependent process [37].
Although it has to be considered that plasma HDL
levels are also determined by hepatic apoA-I synthesis
and nascent HDL particle secretion, these previous find-
ings together with our findings herein may be indicative
of the ability of oxidized fatty acids to stimulate reverse
cholesterol transport. Interestingly, evidence from feed-
ing studies indeed shows that treatment of rats and gui-
nea pigs with oxidized fat increases HDL cholesterol
concentrations in plasma [3,38]. In pigs, however, which
are better model objects for humans, no effect of oxi-
dized fat on HDL cholesterol concentrations apoA-I
production was found [39]. Epidemiological associations
between oxidized fat intake and plasma HDL cholesterol
in humans have not been established. This is probably
explained by the fact that it is difficult to estimate the
intake of oxidized fat.

On the molecular level, reduction of macrophage cho-
lesterol accumulation and stimulation of cholesterol
efflux from macrophages to extracellular lipid acceptors
by PPAR agonists has been explained by an up-regula-
tion of LXRa and subsequent induction of macrophage
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Figure 2 Effects of 13-HODE and LA in the presence and absence of PPARa and PPARYy selective antagonists on molecular markers of
cholesterol homeostasis in RAW264.7 macrophages. RAW264.7 cells were pre-treated without or with the PPARa selective antagonist
GW6471 or the PPARy selective antagonist GW9662 and subsequently treated without (vehicle control) or with 2.5 ymol/L 13-HODE or 100
pmol/L LA for 24 h. Afterwards, cells were lysed and subsequently processed for western blotting as described in the materials and methods
section. A, Representative immunoblots specific for ABCA1, ABCG1, SR-BI, LXRa, and B-actin which was used for normalization are shown. B, Bars
represent data from densitometric analysis and are means + SD from three independent experiments (n = 3). Data are expressed as percentage
of protein concentration of vehicle control cells. Results from statistical analysis are indicated: Significant effects are denoted with superscript
letters. Bars marked without a common superscript letter significantly differ (P < 0.05).
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Figure 3 Effects of 13-HODE and LA on cholesterol concentrations in cells and medium of macrophages in macrophages in the
presence and absence of apoA-l and PPARa and PPARYy antagonists. After pre-treatment without or with PPAR antagonists for 4 h and
treatment of RAW264.7 macrophage cells without (vehicle control) or with 2.5 umol/L 13-HODE or 100 umol/L LA for 20 h, cells were incubated
again without or with the antagonists for 4 h and afterwards without or with the corresponding fatty acids in the presence or absence of
apolipoprotein A-l (apoA-l) (30 pg/mL) for 24 h. Afterwards, medium was collected, and cells were washed with PBS. Total lipids were extracted
from medium and cells and concentrations of cholesterol determined as described in the materials and methods section. A, Cellular and B,
medium cholesterol concentrations were related to cellular protein content. Bars represent means + SD from four independent experiments (n =
4). Data are expressed as percentage of cholesterol concentration in cells and medium of control cells. Results from statistical analysis are
indicated: Significant effects are denoted with an asterisk (P < 0.05).
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cholesterol exporters [26-28], like ABCA1 and ABCGI,
which are direct LXRa target genes. Induction of SR-BI,
which facilitates a bidirectional flux of free cholesterol
between cells and lipoproteins, in response to PPAR
agonists [40,41] is also considered to contribute to the
increased macrophage cholesterol efflux and reverse
cholesterol transport. Like ABCA1 and ABCG1, SR-BI
promoter activity and protein levels are also positively
regulated by LXRa through a functional LXR response
element in its gene promoter [42]. Up-regulation of
LXRa in response to PPAR agonists is attributed to the
fact that LXRa is regulated by PPARs through a func-
tional PPRE in the LXRa gene promoter [28,43]. Given
that the blockade of PPARa or PPARy by the use of
selective PPARa or PPARy antagonists in RAW264.7
cells resulted in a complete loss of the stimulatory effect
of 13-HODE on LXRa, ABCA1, ABCGI1 and SR-BI and
cholesterol efflux, we suggest that 13-HODE exerted its
effect on macrophage cholesterol homeostasis in a
PPAR ligand-like manner. Conversely, the lack of effect
of LA on cellular and medium cholesterol content and
expression of LXRa, ABCA1, ABCG1 and SR-BI is
probably explained by its failure to cause PPAR activa-
tion in RAW264.7 macrophages. The failure of LA to
cause PPAR activation is likely due to the lower binding
affinity of PPARs for unoxidized fatty acids compared
with oxidized fatty acids like 13-HODE [44]. In line
with this assumption are observations from several inde-
pendent groups showing that LA does not induce PPAR
target genes in both murine RAW264.7 [45,46] and
human THP-1 macrophages [47].

As regards our observations with LA, it has to be
mentioned that some studies reported that LA even
decreases protein levels of ABCA1 and/or ABCG1 in
either J774 macrophages or RAW264.7 macrophages
[48-51]. Although it is difficult to provide a definite rea-
son for this discrepancy, it is well known from the lit-
erature that cell culture studies dealing with fatty acids,
in particular with LA, provided very controversial results
[52]. Important reasons that may be responsible for
these discrepancies could be differences in the passage
number of cells or differences in the treatment regime,
such as time of exposure and fatty acid concentration.
Regarding the latter point, it is worth mentioning that
in two of the abovementioned studies [48,49] the con-
centration of LA in the medium was higher than in the
present study.

Recent studies demonstrated that PPAR activation also
stimulates postlysosomal mobilization of cholesterol by
induction of Niemann-Pick C (NPC)-1 and NPC-2 [53].
Both proteins control intracellular trafficking of choles-
terol from the late endosomal compartment and lyso-
some, respectively, to the plasma membrane [54]. It has
been suggested [53] that up-regulation of NPC-1 and -2
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in response to PPAR agonists results in an enhanced
availability of cholesterol at the cell membrane, and,
thereby, contributes to increases in macrophage choles-
terol efflux to extracellular acceptors and reverse choles-
terol. For technical reasons we were not capable to
determine protein expression of NPC-1 and NPC-2 in
RAW264.7 macrophages. However, due to the observed
similarities in the action of 13-HODE and synthetic
PPAR ligands on macrophage cholesterol homeostasis
we postulate that 13-HODE might also stimulate postly-
sosomal cholesterol mobilization. This has to be clarified
in future studies. However, the regulation of cholesterol
homeostasis in macrophages is complex and there are
several other proteins important for maintenance of
cholesterol homeostasis, including low density-lipopro-
tein (LDL) receptor, acyl-CoA cholesterol:acyltransfer-
ase, hydroxymethyl-glutaryl-CoA reductase, sterol
regulatory element-binding proteins, steroidogenic acute
regulatory (STAR)-related lipid transfer domain pro-
teins, e.g. Star D4, and caveolin-1. Caveolin-1 for
instance has been recently reported to be up-regulated
by PPARo and PPARy agonists [55]. It is therefore not
unlikely that 13-HODE exerts its effect on macrophage
cholesterol homeostasis also by altering the expression
of one or more of these proteins. Thus, future studies
applying transcriptomics or proteomics may be useful to
get a more comprehensive insight into the mode of
action of 13-HODE.

Oxidized fatty acids such as 13-HODE were also
shown to activate the PPARy isotype [34,35,56].
Although PPARy is a less likely candidate for the media-
tion of the lipid lowering actions of OF, because PPARy
is poorly expressed in tissues with high rates of fatty
acid catabolism like liver and skeletal muscle, it may be
a putative mediator of the effect of 13-HODE on
RAW264.7 macrophage cholesterol homeostasis. PPARy
is abundantly expressed in macrophage cell lines includ-
ing RAW?264.7 cells, as shown herein by western blot-
ting, as well as primary macrophages [35]. In addition,
synthetic PPARy agonists were reported to stimulate
macrophage cholesterol efflux by the same mechanisms
as PPARoa agonists, namely through activating the
PPAR-LXR-pathway [12]. From our PPAR/PPRE-trans-
activation experiments, we cannot distinguish whether
the activation of the reporter was due to activation of
either PPARa or PPARy because the PPRE from the
mouse ACO promoter contained in the reporter plasmid
used is known to be bound by both, PPARo. and PPARy
[57]. Collectively, we suggest that the effects observed
with 13-HODE on macrophage cholesterol homeostasis
may be mediated by activating either PPARa, PPARYy or
both of them.

Independent from the stimulatory effect of 13-HODE
on proteins involved in macrophage cholesterol efflux, it
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is worth mentioning that with respect to 13-HODE also
untoward effects have been reported in cell culture
experiments, such as up-regulation of scavenger recep-
tor CD36 which mediates the uptake of oxidized LDL
[56]. Therefore, future studies using appropriate animal
models of atherosclerosis, such as low density-lipopro-
tein-deficient or apolipoprotein E-deficient mice, have to
clarify whether or not diets containing high levels of 13-
HODE promote atherosclerosis development. Evidence
from epidemiological studies concerning intake of oxi-
dized fatty acids and cardiovascular disease risk is miss-
ing due to the lack of appropriate studies correlating the
intake of oxidized fats with the incidence of cardiovas-
cular diseases. Correlating the consumption of fried
food with cardiovascular disease risk does not contribute
to the clarification of this question because the lipid
fraction of fried food contains not only oxidized fatty
acids, but also large amounts of saturated fatty acids
and trans-fatty acids which themselves influence cardio-
vascular disease risk.

Conclusions

The present study shows that 13-HODE reduces choles-
terol content in murine RAW264.7 macrophages and
increases cholesterol content in the incubation medium
probably by stimulating apoA-I-dependent cholesterol
efflux in a PPAR-dependent manner. The 13-HODE-
induced increase in cholesterol efflux from macrophages
is likely due to PPAR-dependent up-regulation of LXRa
and cholesterol transporters (ABCA1, ABCG1, SR-BI)
which operate on cholesterol export to extracellular
acceptors such as apoA-I/HDL. Because extensive accu-
mulation of cholesterol by macrophages in the arterial
wall leads to atherosclerosis, the present findings in
macrophages suggest that the recently observed anti-
atherogenic effects of OF [18] might be, at least in part,
due to the inhibition of macrophage cholesterol accu-
mulation and stimulation of reverse cholesterol trans-
port caused by oxidized fatty acids such as 13-HODE.
Future studies in human monocyte/macrophage cell
lines, such as THP-1 cells, or human primary macro-
phages have to show whether the effects observed in
murine macrophages also occur in human macrophages.
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Diskussion

4. Diskussion

Thermisch erhitzte Fette sind zentraler Bestand&iHumanernahrung, ihre physiologischen
und pathophysiologischen Wirkungen im Organismuwd sseit Jahrzehnten Gegenstand
intensiver Forschung. Daher ist bekannt, dass ndkben Glukose-, dem Schilddriisen- und
dem Fremdstoffwechsel erhitzte Fette vor allem di@rd- und Lipoproteinmetabolismus in
der Leber beeinflussen. Als etablierter Mechanismgit eine Aktivierung des
Transkriptionsfaktors PPARINn diesem Organ durch Bestandteile erhitzter Fettd der
damit verbundenen Steigerung der Fettsaureverwgrtidaide Prozesse sind wesentlich an
der hypolipidamischen Wirkung erhitzter Fette Hegei Daneben zeigen Studien, dass
PPARs den RCT aktivieren und vaskulare Entzinduogsgse regulieren, die an der
Vermittlung anti-atherogener Effekte beteiligt sibmit liegt die Vermutung nahe, dass sich
eine PPAR-Aktivierung auf die Entwicklung atheraskitischer GefalRwandveranderungen
auswirken kann. Bisher fehlen jedoch wissenscleagli Untersuchungen zur Wirkung
erhitzter Fette auf die Expression der PPARs inGefadRwand und der damit verbundenen
Wirkung auf die Atherosklerose. Im Fokus der vadieden Arbeit steht deshalb
neben der Untersuchung ausgewahlter und bereitbliestar PPAR-abhangiger
Regulationsmechanismen in der Leber von Mausetberpriifung der Hypothese, nach der
erhitzte Fette durch eine Aktivierung des PRARherosklerose-hemmend wirken.

Um die Hypothese zu uUberprifen, wurde ein Versigtmbdell gewahlt, das in einem
Uberschaubaren Zeitraum atherosklerotische Plagmwickelt. Nager gelten in der
wissenschaftlichen Literatur als etabliertes Modalir Untersuchung der Wirkung von
nutritiven Inhaltsstoffen, wie erhitzten Fetten,zbgen auf die Funktion des PPAR
(Chaoet al., 2004; Sililzleet al., 2004; Ringseist al., 2007a). Wildtyp-Ratten und -Mause
weisen allerdings relativ hohe Konzentrationen ati-&herogenem HDL-Cholesterol im
Plasma auf, wodurch die Entwicklung ausgepragteerasklerotischer Lasionen verhindert
wird. Die Generierung spezifisché&mnockout-Modelle macht jedoch ihren Einsatz in der
Atheroskleroseforschung maoglich. Von besonderer eBathg sind ApoE- und LDLR-
Knockout-Mause. Ersteren fehlt das Gen flir ApoE, einer ddmibmponente
triglyzeridreicher Chylomikronen- und VLDRemnants, die fur die Bindung und Aufnahme
dieser Lipoproteine Uber Rezeptoren, wie dem LDi€antwortlich sind. LDLRKnockout-
Mause gelten seit ihrer Existenz 1992 als etabkkerfTiermodell zur Untersuchung
atherosklerotischer Lasionen. Auf Grund des Fehfanktionsfahiger LDLR in der Leber

und anderen extrahepatischen Geweben kommt es iesend Tieren zu erhohten
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Diskussion

Plasmakonzentrationen von Apo B100- und Apo E-indge cholesterolreichen
Lipoproteinen, wie dethow-density lipoproteins (LDL). Durch den erzielten Gendefekt wird
eine Stoffwechselsituation imitiert, die der humandyperlipoproteinamie Tydl ahnelt.
LDLR-Knockout-Mause entwickeln nach Gabe einer fettreichen Didtrhalb eines kurzen
Versuchszeitraums von der proximalen Aorta ausgehamsgepragte atherosklerotische
Lasionen (Zandelaat al., 2007).

Im Rahmen der ersten Studie wurde den Mauservessiern diet mit moderat erhitztem Fett
verabreicht, wobei die Vitamin E-Versorgung mit dat in einer Gruppe bedarfsdeckend
und in einer anderen Gruppe stark erhoht war. H$e sounachst Uberpriift werden, ob,
entsprechend den Resultaten aus vergangenen Studigsn Blutlipidprofil sowie die
Expression ausgewahlter PP&Bbhangiger Gene des hepatischen Lipidstoffweclesett
bei LDLR-Knockout-Mausen durch die Behandlung beeinflusst werdenEkgebnis fihrte
die Verabreichung erhitzter Fette erwartungsgemaBizer Aktivierung des PPARIn der
Leber. Dieser Effekt aul3erte sich indirekt in eid@nahme des durchschnittlichen relativen
Lebergewichts der behandelten Tiere sowie direldier erhdhten Expression lipolytischer
und fettsadurekataboler Zielgene des PRAR diesem Organ (ACO, Cytochrom P450 A10
(CYP4A10), Lipoproteinlipase (LPL)). In Ubereinstiming mit Resultaten aus vergangenen
Untersuchungen der eigenen Arbeitsgruppe an Rdtieler und Kirchgessner, 1998;
Ederet al., 2003a; Edeket al., 2003b; Kochet al., 2007a; Ringseist al., 2007b) konnten
in der vorliegenden Arbeit bei LDLRnockout-Méausen ebenfalls verminderte
Plasmakonzentrationen an Triglyzeriden bzw. Chetestnach der Verfiitterung erhitzter
Fette beobachtet werden. Anhand der Genexpressiaiygsa in der Leber der Versuchstiere
konnte gezeigt werden, dass die Senkung der Tegljzonzentration im Plasma zumindest
teilweise auf eine PPARvermittelte Steigerung der Lipolyse und der Feftséxidation in
diesem Organ zurlckzufiihren ist (Schoonjastsal., 1996; Srivastavaet al., 2006;
Tenenbaum und Fisman, 2012). Hinweise aus Studien,zeigen, dass lipidsenkende
Eigenschaften des PPaARdurch eine Beeinflussung der Transkriptionsfakiosterol
regulatory element-binding protein (SREBP)-1 bzw. SREBP-2 vermittelt werden
(Koch et al., 2007a; Hebbachet al., 2008; Koniget al., 2009), lieBen sich anhand der
Ergebnisse dieser Untersuchung nicht bestétigen.

Zusammenfassend lasst sich in Bezug auf den Lgffdstchsel in der Leber der LDLR-
Knockout-Mause schlussfolgern, dass die molekularen Meshzam, die fur die
hypolipidamischen Wirkungen erhitzter Fette veramtiich sind, auch in diesem

Versuchstiermodell aufgezeigt wurden. Ausgehend denSenkung der Blutlipide und der
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Aktivierung von PPAR in der Leber, sollte dartber hinaus die anti-atbiderotische
Wirkung erhitzter Fette in der BlutgefaBwand gepwvigrden. Dazu wurden die Auspragung
sowie die Zusammensetzung atherosklerotischer hésiam Bereich des Aortensinus der
LDLR-Knockout-M&use untersucht.

Bedingt durch den Genotyp der Versuchstiere sowge\@rabreichung dewestern diet
konnten bei allen Tieren nach 14-woOchiger Fitterudey Versuchsdidaten ausgepragte
atherosklerotische Lasionen in der proximalen Adestgestellt werden. Die histologische
Untersuchung der atherosklerotischen Lasionen diEsee ergab jedoch, dass die Futterung
erhitzter Fette, unabhangig vom Vitamin E-GehattDiét, zu einer signifikant verminderten
Plaqueflache im Aortensinus fuhrt. Dieser protektiizffekt auf die Auspragung der
Atherosklerose steht zunachst im Kontrast zu Rafuit friherer tierexperimenteller
Untersuchungen, bei denen nach Verabreichung teehrerhitzter Fette Gberwiegend pro-
atherogene Wirkungen beobachtet wurden (Stapearas., 199th; Stapranset al., 2000;
Penumetchat al., 2002; Zalejska-Fiolkat al., 2007). Als moglicher Erklarungsansatz kann
der unterschiedliche Oxidationsgrad der verwend&tétfette in Betracht gezogen werden.
So konnte eine Atherosklerose-fordernde Wirkung Keninchen nach Verabreichung von
erhitztem Maiskeimdl (Stapranset al., 1996b) und von erhitztem Sojadl (Greco und
Mingrone, 1990) festgestellt werden. Im GegensatPalmfett, welches als Diatfett in der
vorliegenden Studie verwendet wurde, enthaltengdiannten Pflanzentle hohe Anteile an
ein- und mehrfach ungesattigten Fettsduren (Mésral., 2010), die anfallig fir oxidative
Veranderungen sind (Bolet al., 2012). Neben Intensitat und Dauer der Erhitzusgnkder
Oxidationsgrad eines Diatfetts auch davon abhéangem, kontinuierlich erhitzt oder
zwischenzeitlich die thermische Behandlung untertseo wurde (Frankel, 1998). Ngj al.
(2012) postulieren, dass es bei Ratten durch diabreichung von wiederholt erhitztem Fett,
nicht aber von einmalig erhitztem Fett, zu einensehrdnkung der Endothelzellfunktion
kommt, die in der Pathogenese kardiovaskularer dakuangen, wie Hypertonie oder
Arteriosklerose, von Bedeutung ist (Mendizdbghl., 2013; Natali und Ferrannini, 2012).
Die Autoren sind der Ansicht, dass die Oxidatiomis#itat des Ols durch den
diskontinuierlichen Erhitzungsprozess stark vermgvird und die mit der Diat zugefihrten
Lipidperoxidationsprodukte  (LPOP) endogene antiatice Abwehrmechanismen
beeintrachtigen. Diese Umstdnde beglnstigen distéining von oxidativem Stress, der
voraussichtlich fur die Endothelzellschadigung sowiir die erhthte Expression von
VCAM-1 als Marker einer endothelialen DysfunktionPofenza et al., 2009;
Rubio-Guerraet al., 2009) nach Aufnahme von wiederholt erhitztem ketlem genannten
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Rattenmodell mitverantwortlich ist (Ng al., 2012). Um Sekundéareffekte zu vermeiden, die
auf eine Ubermalig starke Erhitzung des Diatfett#se unzureichende Versorgung der
Versuchstiere mit Antioxidanzien oder auf eine nende Futteraufnahme auf Grund der
sensorischen Veranderung der Diéat zurlckzufihnea, svurden die Diatfette im Vitamin E-
Gehalt und im Gehalt an den Majorfettsauren stafisiart. Um eine Orientierung der Fette
an physiologische Verhaltnisse zu gewahrleisterrdem die Fettart sowie die Dauer und
Intensitat der thermischen Behandlung so gewalass ddie Tiere ein Diatfett erhielten,
welches auch in der Humanerndhrung westlicher miéastionen verwendet wird. Die
Analyse der Fettkennzahlen zeigte dabei die moele@tidative Veranderung des
eingesetzten Diétfettes an, so dass im Rahmen deliegenden Untersuchung
negative Begleiterscheinungen vergangener tierempeteller Untersuchungen, wie
Futterverweigerung, Wachstumsdepressionen und Hdiadurch die Fitterung thermisch
stark erhitzter Fette nahezu ausblieben (Lopezisatal., 1995).

Anhand der immunhistologischen Auswertung zeigth,silass die verminderte Auspragung
der atherosklerotischen Lasionen in der Aorta daiiehVerfitterung erhitzter Fette mit einer
signifikant erhéhten Proteinkonzentration von PRAR den krankhaft veranderten
GefalRwandabschnitten einhergeht. Damit konnte invddiegenden Arbeit erstmals gezeigt
werden, dass die Verabreichung erhitzter Fetteemér gesteigerten Expression von PRAR
in der GefaRwand eines murinen Atherosklerosem®deltbunden ist. In Ubereinstimmung
mit Befunden aus vergangenen tierexperimentelleterdnchungen mit potenten PPAR
Agonisten kann als wahrscheinlich angenommen werdass der anti-atherogene Effekt
erhitzter Fette auf die Ausprdgung der Atheroslderam Zusammenhang mit der
gesteigerten vaskularen Expression des RPARht (Duezet al., 2002; Liet al., 2004;
Srivastavaet al., 2006; Toomeyet al., 2006). Dennoch konnte in der vorliegenden Arbeit
mittels immunhistologischer Analysen nicht absdbdied geklart werden, in welchen
GefalRwandzellen es zu einer erhdhten ExpressionRRAR: durch die Verabreichung
erhitzter Fette kam, obgleich bekannt ist, dass \adlem Endothelzellen, glatte
GefalRmuskelzellen und Monozyten PPARs exprimiemgh levorzugt im Frihstadium der
Atherogenese beteiligt sind (Maek al., 2004; Tiwariet al., 2008). Dass die Lasionen der
Versuchstiere in dieses Stadium einzuordnen sindnnte anhand histologischer
Standardfarbungen festgestellt werden. Dabei wdelélich, dass Lipideinlagerungen und
Kollagenstrukturen die dominierenden Komponentenatieerosklerotischen Veranderungen
sind, wohingegen Kkalzifizierte Areale, die typisfilr ausgepréagte Lasionen in spéaten

Entwicklungsstadien sind, nur sparlich vorzufindearen. Anhand der mikroskopischen
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Beurteilung konnten keine Anzeichen fur komplizerdtdsionen, wie die Bildung von
Fissuren, Hamatomen oder auch Thromben, festgestetten (Stary, 2000; Milleat al.,
2008).

Das Fruhstadium der Atherogenese ist gekennzeicltheth eine eingeschrénkte
Endothelzellfunktion (endotheliale Dysfunktion) aukrund andauernder schéadigender
Einflisse, wie beispielsweise die Bildung freierdiRale wéahrend des Zigarettenkonsums,
infektiose Mikroorganismen (Herpesvire@hlamydia pneumoniae) oder auch durch erhdhte
Konzentrationen an atherogenen LDL (Ross, 1999;ré8)d2004). Die damit verbundene
lokale Aktivierung der Endothelzellen fordert dieef@3permeabilitat und geht mit einer
verstarkten Expression von Adhasionsmolekilen, W@iaAM-1, VCAM-1 oder P-Selektin
einher, woraufhin es Monozyten und Leukozyten edinbgwird, an die Zelloberflache der
GefalRintima zu binden, um transendothelial in demiegende Wandschichten zu migrieren
(Carlos und Harlan, 1994; Nakashirglaal., 1998). Im Subendothelialraum angekommen,
sezernieren sie als ortsansassige MakrophagerReihe inflammatorischer Chemokine und
Zytokine, die die Progression atherosklerotischeésianen fordern. Die eigenen
Untersuchungen konnten erstmalig zeigen, dass dieabveichung erhitzter Fette die
Expression von VCAM-1 in den L&sionen der Aorta h@mDass dieser Befund im
Zusammenhang mit einer Aktivierung von PRARteht, zeigen Zellkulturstudien an
Endothelzellen, bei denen die Zytokin-induziertepiession von VCAM-1 durch Fibrate
inhibiert werden konnte (Marx, 1999; Srivastatal., 2006).In vivo stellten Liet al. (2004)
fest, dass die Behandlung mit dem PRARgonisten GW6747 nicht nur zu einer
verringerten Plaqueflache im Aortenursprung von EEKnockout-Mausen fuhrt, sondern
auch mit einer verminderten Expression von VCAM-fduweiteren pro-atherogenen
Chemokinen, wie MCP-1, Interferon-IL-1f und TNF, verbunden ist, die an der
Rekrutierung immunkompetenter Zellen, wie Monozytemd Leukozyten, zu aktivierten
Endothelzellen beteiligt sind.

Die Expression der Adhasionsmolekile wird voraugBah nicht direkt durch PPA&R
reguliert. Zahlreiche inflammatorische Mediatoren der GefalRwand, wie Zytokine,
Chemokine und auch die zellularen Adhasionsmolekiilierliegen der genregulatorischen
Kontrolle durch den Transkriptionsfaktor MB- (Marx et al., 1999; Pamukcuet al., 2011).
Durch Promotoranalysen ist bekannt, dass die G&bwM1, ICAM-1 und E-Selektin tber
definierte Bindungsstellen fur N&B verfigen (Collins, 1995; Marx, 1999). In der lkéaeur
existieren mehrere Hinweise, dass PRARBNn der Vermittlung antiinflammatorischer

Wirkungen in der GefalBwand durch eine Hemmung danskriptionellen Aktivitat von
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NF-«B beteiligt ist (Staelset al., 1998; Deleriveet al., 2002; Ogataet al., 2004;
Babaevet al., 2007). Dabei werden verschiedene MechanismenPiAR-vermittelten
Transrepression diskutiert. In einer humanen Eredpgiilinie wurde gezeigt, dass PPAR
nach Aktivierung direkt mit den NEB-Untereinheiten p50 und p65 interagieren kann und
auf diese Weise ihre Retention im Zytosol fordexpraufhin diese Zellen mit einer
verminderten Expression der inflammatorischen Zeég MCP-1 und IL-8 reagierten
(Mishraet al., 2004). Als weiterer potentieller Mechanismus kdimHemmung der Aktivitat
von inhibitor of kappa B kinase (IKK) in Betracht gezogen werden. In einer Studan
Okayasuet al. (2008) fuhrte die liganden-abhangige AktivierungnvPPAR: in humanen
Endothelzellen zur Phosphorylierung sowie zur Aktivng vonadenosine monophosphate-
activated protein kinase (AMPK). Diese Aktivierung war verbunden mit einéerminderung
der Aktivitat des IKK-Enzymkomplexes, die die Mamking der NFReB-Untereinheiten
durch kBa-Proteine beginstigt und zu einer verminderten &gon von VCAM-1,
ICAM-1 sowie E-Selektin in diesen Zellen fuhrte. A& scheint weiterhin in der
Lage zu sein, durch eine direkte Bindung von #B-Cofaktoren, wie p300, die
Bindungsaktivitat des Transkriptionsfaktors am VCAMPromotor herabzusetzen
(Naet al., 1998; Marxet al., 1999). Das Ziel kunftiger mechanistischer Untensungen sollte
daher sein, umfassend abzuklaren, inwiefern dekBHSignalweg in Zellen der Gefallwand
durch die Verabreichung erhitzter Fette beeinflussiden kann.

Insgesamt kann indessen vermutet werden, dass dsechverminderte Expression von
VCAM-1 in diesem Versuch atheroprotektiv auf diesiciasentwicklung ausgewirkt hat.
Dies erklart sich vermutlich durch eine PPARermittelte Blockierung der NEkB-
Bindungsaktivitat, die eine verminderte Expressimflammatorischer Chemokine und
Adhasionsmolekile zur Folge hat und mit einer ke@dhtigten Interaktion von Monozyten
und Endothelzellen einhergeht.

Neben der lokalen Anhaufung von immunkompetentdireZeowie deren Transmigration in
den Subendothelialraum ist die Progression der rAsiiderose gekennzeichnet durch eine
Akkumulation cholesteroliberladener Makrophagen sfRo01999). Auf Grund ihrer
tropfenférmigen Ansammlung von Lipiden im Zytosolenden sie allgemein auch als
Schaumzellen bezeichnet (Ouimet und Marcel, 20ABR).zellulare Hauptkomponente der
fatty streaks fordern Makrophagen-Schaumzellen die Synthese ctaitischer Mediatoren
und somit die Migration weiterer Immunzellen ausr dBlutzirkulation in die
GefalRwand, was die Weiterentwicklung von Lasionegtinstigt (Staryet al., 1994). Die
Cholesterolnombostase in Makrophagen als Teil d&3T Rstellt einen bedeutenden
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atheroprotektiven Mechanismus dar, der einer Schalim und L&sionenbildung
entgegenwirken kann (Bouhlet al., 2007). Ob die anti-atherogene Wirkung erhitztettd-
auch durch die Beeinflussung des RCT vermitteltdwsollte im Rahmen einer zweiten
Studie an RAW264.7-Makrophagen der Maus unterswebiden. Diese Zelllinie gilt
allgemein als etabliertes Modell zur Untersuchumeg Wirkung pharmakologischer sowie
nutritiver Substanzen auf Atherosklerose-assoegii@ozesse (Venkateswarenal., 2000;
Lorenziet al., 2008). Die Resultate dem vitro-Studie bestétigten die aufgestellte Hypothese,
dass 13-HODE als ein Vertreter oxidierter Fetts@urbe definierte Bestandteile erhitzter
Fette und potentielle Liganden von PPRARlarstellen (Kénig und Eder, 2006), den
Cholesterolexport aus Makrophagen als bedeutendeohdhismus des RCT in diesem
Zellkulturmodell stimuliert. Anhand der eigenen Ersuchungen konnte deutlich gezeigt
werden, dass 13-HODE die CholesterolkonzentrationMakrophagen vermindert und
gleichzeitig den Cholesterolefflux auf den extrbdéalen Akzeptor Apo A erhoht.
Dieser Effekt war mit signifikanten Veranderungeer d°roteinexpression verschiedener,
in die Cholesterolhomdostase involvierter Gene weden. Die Induktion
der Cholesterolexportwege (ABCA1l, ABCG1, SR-Berklart sich dabei vermutlich
durch die gesteigerte PPAR-Transaktivierung durédtHODE und die konsekutive
Expressionssteigerung des Zielgens kXRls Modulator der Cholesterolhomdostase in
Makrophagen (Talét al., 2002; Nakayat al., 2011). ABCAL1 und ABCGL1 gelten dabei als
bedeutende Vermittler des RCT, indem sie den Teansfon Phospholipiden und
unverestertem Cholesterol unter ATP-Verbrauch varazellularen Kompartimenten
sowie von der &ufReren Plasmamembran zu extrazeluldAkzeptoren ausfihren
(Rye und Barter, 2004; Yvan-Chanattal., 2010; Tarling und Edwards, 2011). Weiterhin ist
davon auszugehen, dass sich die 13-HODE-initigft@ression des SRIB der den
bidirektionalen Flux von Cholesterol zwischen Zellaind HDL-Partikeln vermittelt
(Tall et al., 2002; Penninget al., 2006), effluxférdernd in diesem Zellmodell ausgé&nhat.

Im Ergebnis zeigen die durchgefihrten Effluxmessang dass 13-HODE den
Cholesterolausstrom aus Makrophagen, unter Verwendon Apo Al als extrazellularen
Cholesterolakzeptor, signifikant erhoht. Durch dassbleiben der Effekte von 13-HODE
nach dem Einsatz selektiver Antagonisten der Isoty®PAR und PPAR wird die
Eigenschaft oxidierter Fettsduren deutlich, alsabiden von PPA&Rund PPAR zu fungieren
(Nagyet al., 1998; Bullet al., 2003; Cimeret al., 2011). Daraus lasst sich folgern, dass im

Rahmen der vorliegenden Studie die Aktivierung elie$ranskriptionsfaktoren fir die
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13-HODE-induzierten Effekte auf die Cholesterolhastase in Makrophagen verantwortlich
ist.

Insgesamt lassen die Ergebnisse der Zellkulturstagin Schluss zu, dass 13-HODE als
Vertreter der oxidierten Fettsauren initiale Medearen des RCT durch eine Aktivierung des
PPAR-LXRa-Signalwegs stimulieren kann. Damit offenbart seth Potential fir definierte
Bestandteile erhitzte Fette, pro-atherogenen Lkkdenulierungen in Zellen der GefaRwand
und damit der Schaumzellbildung entgegenzuwirkebw@hl eine Extrapolation dieser
Befunde auf die@n vivo-Situation nicht mdglich ist, kann dennoch vermutetrden, dass
erhitzte Fette im Rahmen der vorliegenden tieranpartellen Untersuchung ihre anti-
atherogenen Effekte zum Teil durch die Stimulierdeg RCT vermitteln.

Weiterhin sollten kinftige Studien klaren, inwietveixidierte Fettsauren weitere PPAR-
abhangige Gene des intrazellularen Cholesterofiats beeinflussen, wie beispielsweise
Niemann Pick type C proteins-1 und-2. Interessant ware, ob eine erhohte Verfugbarlait v
Cholesterol in der Plasmamembran durch oxidiertéés&eren zu beobachten ist, was
vermutlich zum Nettoefflux auf extrazellulare Akzegen beitragen kann.

Die Ausbildung fibroser Strukturen in vaskularensio@en ist charakteristisch fir die
Progression der Atherosklerose, wobei neben lipadlemen Makrophagen vor allem glatte
GefalBmuskelzellen als dominierend in diesem Krats$tadium gelten (Lusis, 2000;
Doranet al., 2008). Unter physiologischen Bedingungen regeliesie den Tonus der Blut-
und Lymphgefal3e und sind fur deren mechanischagkegtverantwortlich (Jackson, 2000;
Wanget al., 2009). Infolge einer Zytokin- und Chemokin-vertelten Aktivierung wandern
GefalRmuskelzellen aus deunica media in den Subendothelialraum ein und beginnen dort zu
proliferieren. Aus bisher noch unzureichend verdsmen Ursachen kommt es dabei zur
Veranderung ihrer kontraktilen Eigenschaffphenotype switch) und zu einer zunehmenden
Synthese von inflammatorischen Zytokinen und Washsfaktoren sowie von Komponenten
der extrazellularen Matrix, die wesentlich an deoliWnenzunahme atherosklerotischer
Lasionen beteiligt sind (Haei al., 2003; Doraret al., 2008). Von Bedeutung ist dabei neben
der Bildung von Proteoglykanen und Glukosaminoghg@ vor allem die Synthese von
Kollagen, das mit einem Anteil von etwa 60% am @d#paoteingehalt als dominierendes
extrazellulares Matrixprotein atherosklerotischdagbes gilt (Katsuda und Kaji, 2003).
Kollagenfibrillen bilden zusammen mit retikularenduelastischen Fasen den Faseranteil der
extrazellularen Matrix, der zusammen mit der Grumd$sanz unter physiologischen
Bedingungen fir die Bildung von Zellverbanden, diewebeelastizitat sowie fur die

Bildung von Organen oder auch die WasserspeicheinnGeweben verantwortlich ist
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(Warburton et al., 2000; Danen und Sonnenberg, 2003; Mithieux undis8ye2005;
Thorsteinsdottiet al., 2011). Im Prozess der Atherogenese fihrt diedgelhsynthese durch
mitogen- oder zytokinaktivierte glatte Muskelzellear Fibrosierung der Lasionen, die eine
Okklusion des Gefa3lumens fordert und damit zunefothten Blutfluss in den betroffenen
GefalRabschnitten beeinflusst (Nigttaal., 2002).

Die histologische Untersuchung der atherosklerbéacLasionen der Versuchstiere in der
vorliegenden Arbeit konnte erstmals aufzeigen, dissAufnahme erhitzter Diatfette mit
einer verminderten Expression vosmooth muscle actin, einem Marker fir glatte
Muskelzellen, sowie mit einem verminderten Kollageteil in den Plaques der Aorta
verbunden ist. Beziiglich der zu Grunde liegendechdrsismen kann eine Beeinflussung des
PPAR-Signalweges durch thermisch erhitztes FettBaetracht gezogen werden. Dafir
sprechen Befunde aus Untersuchungen, die zeigass, FIBRAR-abhangige Prozesse an der
Hemmung krankhafter Fibrosierungen in Organen waezHLeber und Niere beteiligt sind
(Miyaharaet al., 2000; Ogateet al., 2002; Toyameet al., 2004; Parket al., 2006). Dabel
kommt der PPAR-vermittelten Regulation der Muskelzellproliferatioeine besondere
Bedeutung zu. Hinweise daflr liefern Ergebnisse Ze8kulturstudien, bei denen die
PPARz-Agonisten Clofibrat und WY14,643 die mitogen-stimcte Proliferation und
Migration von glatten Muskelzellen, die aus Koraréerien von Schweinen isoliert wurden,
hemmen konnte. Auf molekularer Ebene konnte ein@dRRPvermittelte Regulation der
Aktivitat von Regulatorproteinen des Zellzyklus.evaiyclin dependent kinase (CDK)- 2, die
Proliferation von glatten Muskelzellen beeinflussadem gezielt Gene zur Steuerung der
DNA-Synthese transaktiviert wurden (Zahradks al., 2006). Weitere Hinweise auf
einen PPAR-vermittelten Einfluss auf den Zellzykldefern Untersuchungen von
Gizard et al. (2005), bei denen die Inkubation von humanen somigrinen glatten
Muskelzellen mit synthetischen PPARgonisten durch eine ansteigende Promotoraktivitét
des CDK-Inhibitors p16 den Ubergang von der Waghsphase G1 in die Synthesephase
und damit die Muskelzellproliferation hemmen konntdleben der Beeinflussung
proliferativer Prozesse auf Kollagen-produzieredd#en kann auch eine direkte Hemmung
der Kollagensynthese als Ursache fur den redumieitellagenanteil in den vaskuléren
Lasionen der LDLRKnockout-Mause in Betracht gezogen werden. Moglicherwesseeine
PPARu-induzierte Hemmung der Expression inflammatorischeediatoren und NFB-
Zielgene, wietransforming growth factor beta (TGF-5), MCP-1,cyclooxygenase-2 (COX-2)
und IL-6, die in Nierenzellen sowie in Rattenherzanit einer verminderten
Kollagendeposition einherging (Diegt al., 2004; Ogateet al., 2004; Gelosat al., 2010;
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Boor et al.,, 2011), zumindest partiell fur die Ergebnisse demmunhistologischen
Untersuchung der Lasionen im Rahmen der vorliegeradbeit verantwortlich.

Insgesamt lasst sich schlussfolgern, dass die welerte vaskulédre Kollagendeposition durch
die Verfutterung erhitzter Fette zu der vermindéntspragung der Lasionen beigetragen hat.
Diese begrundet sich wahrscheinlich durch eine RitRzierte Hemmung der Proliferation
von GefalBmuskelzellen als Hauptproduzenten extidaedr Matrixproteine, die eine

entscheidende Rolle in der Pathogenese atheros&tdrer Gefallveranderungen spielen.

Schlussfolgerung

Zusammenfassend lasst sich anhand der Resultateodezxgenden Arbeit schlussfolgern,
dass ein moderat erhitztes Fett, das unter préevsneten Bedingungen hergestellt wurde, im
Mausmodell anti-atherosklerotisch wirkt. Als ein seatlicher Teilmechanismus gilt die
PPARu-Aktivierung in der Leber durch erhitzte Fette rdér konsekutiven Steigerung des
Fettsaurekatabolismus und die damit verbundene udgnkler Konzentration atherogener
Plasmalipide. Weiterhin steht die verminderte Aldkbig der Gefa3lasionen im
Zusammenhang mit der Zunahme der PPRARpression in den untersuchten
GefalRbereichen. Neben einer indirekten Hemmung Eotzlindungsparametern wurde
invitro die PPAR:-vermittelte Expressionssteigerung von Genen dedeSteroltransports in
Makrophagen durch 13-HODE nachgewiesen. Die Aktinig initialer Mechanismen des
RCT durch oxidierte Fettsauren kann voraussichfiicidie anti-atherosklerotische Wirkung
erhitzter Fette mitverantwortlich sein.

Die Resultate der vorliegenden Arbeit stehen zusta@h Kontrast zu der verbreiteten
Auffassung, dass die Aufnahme erhitzter Fette nagativen Begleiterscheinungen im
Stoffwechsel verbunden ist. Dazu zahlt vor allene dintstehung von (bermafigem
oxidativen Stress durch die Anwesenheit von LPO® meaktiver Sauerstoffspezies (ROS),
die als proinflammatorische Stimuli redoxsensitifeanskriptionsfaktoren wie NFkB
aktivieren konnen (Sen und Packer, 1996; Tsujirghlah, 2005). Demgegenuber ist bekannt,
dass LPOP und ROS in moderaten Dosen an der Vimgtivon Signaltransduktionen
(Leonarduzziet al., 2000) sowie an der Aktivierung adaptiver zellatiAbwehrreaktionen
beteiligt sind (Haendeleet al., 2004; Jarrett und Boulton, 2005; Pastkal., 2005). So
konnten in Makrophagen und in vaskuldren Endotllelze nach Inkubation mit
4-Hydroxynonenal, einem Abbauprodukt der Lipidotida von mehrfach ungesattigten
Fettsauren, erhOhte Expressionen von antioxidatiggrzymen, wie Hamoxigenase-1

oder Peroxiredoxin-1 nachgewiesen werden (Ighiial., 2004; Ishikadoet al., 2010).
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Untersuchungen der eigenen Arbeitsgruppe zeigess, m@derat erhitzte Fette im Tiermodell
den Transkriptionsfaktomuclear factor-erythroid 2-related factor 2 (Nrf2) aktivieren
(Varady et al., 201l1a; Varadyet al., 2011b). Nrf2 induziert bei oxidativem Stress die
Expression von antioxidativen und detoxifizierendamymen und Regulatorproteinen, um
den zellularen Redoxstatus aufrecht zu erhalten emker Schadigung durch ROS
entgegenzuwirken (Nguyest al., 2003; Kanget al., 2005; Manret al., 2007).

Insgesamt machen diese Beobachtungen deutlich, dasslerat erhitzte Fette
genregulatorische Prozesse auf molekularer Ebezielgeeeinflussen kénnen. Darauf beruht
voraussichtlich nicht nur ihre anti-atherosklerdtis Wirkung sondern auch ihre Eigenschatft,

durch das Auslosen von zellularem Eustress, endogbwehrreaktionen einzuleiten.
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5. Zusammenfassung

Thermisch erhitzte Fette sind zentraler Bestand&ilHumanernahrung in Industrienationen.
Aus Zellkulturstudien sowie tierexperimentellen ehsuchungen ist bekannt, dass diese
Nahrungskomponente biologisch hochaktive Bestaledtenthalt, die zu vielfaltigen
Wirkungen im Organismus filhren konnen. Von besard8edeutung ist die Eigenschaft
erhitzter Fette bzw. einzelner Bestandteile, als turiehe Aktivatoren des
Transkriptionsfaktors peroxisome proliferator-activated receptor alpha (PPARx) zu
fungieren. PPAR ist dabei mal3geblich an der Regulation der Fets@owertung beteiligt,
indem gezielt Gene in der Leber aktiviert werder,die zellulare Aufnahme, den Transport
sowie die Oxidation von Fettsduren ermoglichen.sBidMechanismen stehen dabei im
Zusammenhang mit zahlreichen Beobachtungen agxpermentellen Untersuchungen, bei
denen die Verfutterung thermisch erhitzter Fettevarminderten Triglyzeridkonzentrationen
im Plasma sowie der Leber einherging. Neben deolipigamischen Wirkung ist weiterhin
bekannt, dass eine PPAR-Aktivierung in vaskulareliedd zu einer Entziindungshemmung
fuhrt und dadurch die Atherosklerose hemmt. Alseogender Mechanismus gilt auf3erdem
die PPAR-abhangige Aktivierung des reversen Chaldelitansports in Makrophagen, indem
Gene des Cholesteroltransports verstarkt exprimverden. Die atheroprotektive Wirkung
beruht dabei auf dem vermehrten Export von Ubessigém Cholesterol aus den Zellen, was
der Entwicklung von Schaumzellen als Charakteustik atherosklerotischer L&sionen
entgegenwirken kann. Ziel der vorliegenden Arbedtr waher die Hypothese zu bestatigen,
dass erhitzte Fette durch eine PRA&Ktivierung anti-atherosklerotisch wirken.

Dafur wurde zunéchst ein Futterungsversuch mit reinetablierten Tiermodell der
Atheroskleroseforschung, ddow-density lipoprotein receptor (LDLR)-Knockout-Méausen,
durchgefuhrt. Die Versuchstiere wurden in drei Gerp aufgeteilt (n=12, Kontrollgruppe,
Behandlungsgruppe 1 und 2) und erhielten Uber eideitraum von 14 Wochen eine
semisynthetische Diat mit einem Fettanteil von 2@ Sekundareffekte auf Grund eines
unterschiedlichen Fettsauremusters sowie einersgahtiedlichern-Tocopherolkonzentration
von frischem im Vergleich zu erhitztem Diatfett zuermeiden, wurde sowohl
die Fettsaurezusammensetzung als auch «iBocopherolkonzentration der Diatfette
angeglichen. Die Diatfette variierten folgendernmal3Bie Kontrollgruppe erhielt frisches
hydrogeniertes Palmfett und die Behandlungsgrupgréielten eine 92:8-Mischung (w/w)
von erhitztem hydrogenierten Palmfett (170°C, 4&ihdl frischem Sonnenblumendl. Da es

auf Grund des Erhitzungsprozesses zu einem Verlost Tocopherolen im erhitzten
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Palmfett kam, wurde die Vitamin E-Konzentration d¥ersuchsdiaten auf 25 mg
a-Tocopherolaquivalente/kg Diat (Kontroll- und Belddamgsgruppe 1) und auf 250 mg
a-Tocopherolaquivalente/kg Diat (Behandlungsgruppeeiggestellt. Um eine einheitliche
Futteraufnahme zu gewahrleisten, wurde ein restei&t Flitterungssystem angewendet. Im
Ergebnis fuhrte die Verabreichung erhitzter Fette verminderten Konzentrationen an
Triglyzeriden und Cholesterol in Plasma und Lipdemeen. Weiterhin wurde anhand
erhohter relativer mRNA-Konzentrationen bekannteelgéne des PPAR (Acyl-CoA-
Oxidase (ACO), Lipoproteinlipase (LPL), Cytochromdg® A10 (CYP4A10)) dessen
Aktivierung in der Leber durch erhitzte Fette namhgesen. Die Verabreichung der
fettreichen Diaten fuhrte bei allen Versuchstierear Ausbildung von ausgepréagten
atherosklerotischen L&sionen in der proximalen &AoEs zeigte sich erstmals, dass die
Aufnahme erhitzter Fette im Tiermodell die Ausbitguatherosklerotischer Lasionen im
Aortenursprung reduziert und mit einer erhéhten R&Rroteinexpression in den krankhaft
veranderten Gefallwandabschnitten einhergeht. Dabeanzunehmen, dass die erhdhte
PPARz-Expression indirekt fir die verminderte Expressiaer inflammatorischen
Markerproteinevascular cell adhesion molecule-1 (VCAM-1) und smooth muscle actin sowie

fur die verminderten Lipid- und Kollageneinlagerengin den Lasionen der Versuchstiere,
die erhitztes Fett erhielten, verantwortlich issgesamt zeigen diese Ergebnisse, dass erhitzte
Fette anti-atherosklerotisch wirken. Dieser Effédruht dabei voraussichtlich auf einer
gunstigen Beeinflussung des Blutlipidprofils auf u@d einer ligandenabhangigen
Aktivierung des PPAR in der Leber sowie auf der erhohten Expression des
Transkriptionsfaktors in der Gefallwand, die mit eeinHemmung pro-atherogener
Mechanismen wie der Rekrutierung von Monozyten wgt Proliferation von glatten
GefalRmuskelzellen einhergeht.

Zusatzlich sollte in einer zweiten Studie gepriuferden, ob oxidierte Fettsduren als
Bestandteile erhitzter Fette und starke PRAXRtivatoren fir die anti-atherogene Wirkung
erhitzter Fette mitverantwortlich sind. Im Fokuargten Untersuchungen zur Wirkung von
13-Hydroxy-9,11-octadecadiensaure (13-HODE) auf@mlesterolhomdostase in murinen
RAW264.7-Makrophagen. Dabei zeigte sich, dass dieaBdlung der Zellen mit 13-HODE
zu einer gesteigerten PPAR-Transaktivierung fuhmtl wlie Konzentration von Proteinen
erhoht, die an der Regulation des zellularen Chedelsransports beteiligt sincadenosine
triphosphate binding cassette transporter Al (ABCA1), adenosine triphosphate binding
cassette transporter G1 (ABCGL), scavenger receptor (SR) B, liver X receptor alpha
(LXRa). Dartiber hinaus fiihrte die Behandlung mit 13-HODE dem Cholesterolakzeptor
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Apolipoprotein A1 (Apo A-I) zu verminderten zellularen Cholesterolkonzentregn in
Makrophagen sowie zu erh6hten Cholesterolkonzeotret im Kulturmedium. Beim Einsatz
selektiver PPAR- und PPAR-Antagonisten blieben die Effekte von 13-HODE awnd
Cholesterolefflux und die ermittelten Proteinexgresen aus, was darauf hindeutet, dass
beide PPAR-Isoformen fir die beobachteten Effekte €&olle spielen. Die Befunde aus
dieser Studie zeigen, dass 13-HODE den Apd-athangigen Cholesterolefflux aus
Makrophagen durch Aktivierung des PPAR-LxSignalwegs stimuliert. Da eine
Cholesteroluberladung in Makrophagen die Entwicglatherosklerotischer Lasionen fordert,
deuten die Ergebnisse dieser Studie darauf hirs, diasbeobachteten anti-atherosklerotischen
Effekte erhitzter Fette in LDLRnockout-Mausen zumindest teilweise durch eine
Hemmung der Cholesterolakkumulierung und durch eBtanulierung des reversen
Cholesteroltransports in Makrophagen durch oxidi€¢ttsauren, wie 13-HODE, begrindet
sind.
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6. Summary

Thermally heated fats are quantitatively importaomponents of human nutrition in
industrial countries. Numerous vitro studies and animal experiments show, that heatsd f
contain biologically active compounds with a widage of metabolic effects. The fact, that
they are natural activators of the transcriptiomtda peroxisome proliferator-activated
receptor alpha (PPARB, is of particular importance. By activating hapagenes for cellular
intake and transportation of fatty acids and fairtloxidation, PPAR is the main regulator of
the fatty acid metabolism. These mechanisms akedirwith numerous observations from
feeding experiments demonstrating triglyceride-long properties of heated fats in liver and
plasma. Besides the hypolipidemic effects, PRABgulates anti-atherogenic inflammatory
processes in vascular cells. In addition, PRARO activates the reverse cholesterol transport
in macrophages by up regulating the expressioneatg encoding for cholesterol transport
proteins. These atheroprotective effects are thgltref an increased export of excess cellular
cholesterol, leading to reduced foam cell develapras a hallmark of atherosclerotic lesions.
The aim of the present work was to investigate-athterogenic properties of heated fats.
Therefore, we performed first of all a feeding expent with low-density lipoprotein
receptor (LDLR) knockout mice as a well-establislkegderimental model of atherosclerosis.
The animals were spitted into three groups (n=a8trol group, treatment group 1, treatment
group 2) and were fed semi synthetic diets with Z&¢per diet over a period of 14 weeks.
To avoid secondary effects due to differences ity facid composition and in concentration
of vitamin E between heated and fresh dietary @ts were equalized in fatty acid
composition as well as in concentration of vitarBinThe experimental fat was varied as
follows. The control group received fresh hydrodgedapalm fat and both treatment groups
received a mixture of heated hydrogenated palr(ilfé@°C, 48 hours) and fresh sunflower oll
(92:8, w/w). Because the frying process causedss ¢d tocopherols in the heated palm fat,
the vitamin E concentration of the diets was a@jdidb 25 mg-tocopherol equivalents/kg
diet (control group, treatment group 1) and 250 mtpcopherol equivalents/kg diet
(treatment group 2). To standardize daily foodkatediets were fed in a restrictive feeding
system. As a result of feeding dietary heatedtfere was a reduction of triglycerides and
cholesterol in plasma and lipoproteins. Furthermae determined increased relative mRNA
concentrations of PPARtarget genes (acyl-CoA oxidase, lipoprotein lipasgochrome
P450 isoform 4A10) in the liver in animals with @igy heated fats as an indicative effect of

its hepatic activation. Due to ingestion of high thets, the proximal aorta of all LDLR
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knockout mice exhibited distinct atherosclerotisidas. It became apparent for the first time
that feeding diets containing heated fats causesfy@ificant reduction in cross-sectional
lesion area and increased PRABtotein expression in the aortic root. It can bggested that
the reduction of the proinflammatory marker vascuell adhesion molecule-1 (VCAM-1)
and smooth muscle actin as well as the decreakssion lipid and collagen content in the
aortic root of mice fed heated fat is a consequerican enhanced PPARexpression in
vascular cells. In conclusion, the results of tingt experiment demonstrate anti-atherogenic
effects of heated fats. Therefore, we assume ttestet effects are due to ligand—dependent
activation of PPAR in the liver, which contributes to plasma lipidvering but also due to
increased PPAMR expression in vascular cells which inhibits prbesbgenic events like
monocyte recruitment and proliferation of vascsiaooth muscle cells.

The aim of a second study was to verify whethediaed fatty acids as inherent part of
heated fats and strong PPARactivators are also responsible for the anti-aftienic
effects of heated fats. The focal point was to stigate the effects of
13-hydroxy-9,11-octadecadienoic acid (13-HODE) dwlesterol homeostasis in murine
RAW264.7 macrophages. Treatment of cells with 13H0Oncreased PPAR-transactivation
activity and concentrations of proteins involvedcrllular cholesterol transport (adenosine
triphosphate binding cassette transporter Al (ABAddenosine triphosphate binding
cassette transporter G1 (ABCGL1), scavenger recef@®) H, liver X receptor alpha
(LXRa)). In addition, 13-HODE decreased cellular chaestconcentration in macrophages
during incubation with the extracellular lipid apter apolipoprotein A-as well as 13-HODE
increased cholesterol concentration in the cultoeeium. Pre-treatment of macrophages with
a selective PPAR or PPAR antagonist completely abolished the effects oHTEDE on
cholesterol efflux and protein levels of genes stigated, suggesting an involvement of both
PPAR isotypes.

The results indicate a stimulatory effect of 13-HOMDn apolipoprotein A-dependent
cholesterol efflux from macrophages due to PPAR-kXRthway. Because extensive
cholesterol accumulation by macrophages in theiart@all promotes atherosclerotic lesion
development, these findings suggest that the obdeamti-atherogenic effects of heated fats
in LDLR knockout mice might be, at least in padgedo inhibition of macrophage cholesterol
accumulation and stimulation of reverse cholestgarisport caused by oxidized fatty acids
such as 13-HODE.
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