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Einleitung

1. Einleitung

Die sogenannte Transitphase der Milchkihe, die deitraum von drei Wochen vor der
Abkalbung bis drei Wochen nach der Abkalbung untfasdsllt fir den Organismus eine hohe
Belastung dar. Die Umstellung von der Tréachtigkeit die Laktation macht die Adaption des
Stoffwechsels an die neuen Anforderungen, insbegendlen hoheren Energiebedarf,
notwendig. Diese Adaption geht mit einer Vielzahlonv Veranderungen und
Regulationsvorgdngen im Stoffwechsel der Milchkulnher. Der Rickgang der
Futteraufnahme in der Transitphase, der oft schoter Trachtigkeit beginnt, erschwert die
adaguate energetische Versorgung der Milchkuh dleeiNahrungsaufnahme. In der Folge
kommt es zur Mobilisierung von Depotfett, einer Einergiemangelzustand im Stoffwechsel
der Milchkuh physiologischerweise auftretenden Mafine zur Energiegewinnung. Nimmt
jedoch die Korperfettmobilisierung ein Uberschiafien krankhaftes Ausmal3 an, belastet die
massive Anflutung nicht-veresterter Fettsaumeonfesterified fatty acid$\EFA) die Leber.

Ist die Kapazitat der Leber, die NEFA zu verstoffiveeln, erschopft, werden
Stoffwechselkrankheiten wie Leberverfettung und;, sfkundar und subklinisch, Ketose
beglnstigt (Drackley, 1999). Die Bedeutung dieseankheiten ist enorm, da zahlreiche
hochleistende Milchkihe in den ersten Laktationsveocan mindestens einer dieser beiden
Erkrankungen leiden. Abgesehen von der Beeintigichy des Wohlbefindens der Tiere
verringert sich der wirtschaftliche Erlos des Milahhalters durch Behandlungen und
verminderte Milchleistung. Verschiedene nutritivenséitze wurden verfolgt, um die
Energieversorgung der Milchkihe in dieser kritisthhase zu verbessern. Der verstarkte
Kraftfuttereinsatz sowie der Einsatz pansenstalitieite als Energietrager wurden ebenso
intensiv untersucht wie die Zulage verschiedenesafastoffe, die beispielsweise die
energetische Ausnutzung des Futters verbessern alsleglukoplastische Substanzen die
Glukoneogenese steigern sollen (Grummer, 1995sbielnd Ingvartsen, 2004; Andersen et
al., 2008; Moallem et al., 2009).

1.1  Konjugierte Linolsduren (CLA)

Konjugierte Linolsdurencpnjugated linoleic acidgsCLA) sind Fettsauren mit speziellen
Wirkungen auf den Organismus. So konnte beoback&tien, dass bei verschiedenen
Spezies durch Verabreichung von CLA der Fettgetait Milch abgesenkt werden kann
(Baumgard et al., 2000; Masters et al., 2002; Hayaisal., 2007). Der Einsatz von CLA bei
der Milchkuh erlangte schliel3lich grofRes Interassélinblick auf die Méglichkeit durch die
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verringerte Abgabe von Milchfett Gber die Milch d&nergieoutput zu reduzieren und flr
eine bessere Energiebilanz der Tiere in der Friguli@k zu sorgen (Liermann, 2008). Orale
CLA-Zulagen mussen in pansengeschitzter Form ardeRiverabreicht werden, denn
andernfalls werden sie im Pansen (teil)hydriert ébdnen keine Wirkung entfalten. CLA
enthalten 18 Kohlenstoffatome und zwei konjugi®tppelbindungen, die an den Positionen
6 bis 15 auftreten kénnen (Mitchell und McLeod, 2D@Es gibt 28 mobgliche Positions- und
geometrische CLA-Isomere, von denen bislang mimasstl6 identifiziert worden sind
(Banni, 2002; House et al., 2005). CLA kommen rietierweise in Milch, Kase und Fleisch
von Wiederk&uern vor. Das vorherrschewt trans-11 Isomer bekam deshalb den Namen
.sumenic acid“ (Chin et al.,, 1992). Im Fett von Werkauern macht es 75 - 90 % der
gesamten CLA aus (Bauman et al., 2003). Anaerobesdpdakterien Butyrivibrio
fibrisolveng bilden cis9transsl1 CLA als Kkurzlebiges Zwischenprodukt bei der
Biohydrogenierung von Linolsaure zu Stearinsdueess dem weiteren Abbau zvans-11
Vaccensaure unterliegt (Harfoot und Hazlewood, 198& cis-9trans1l CLA im Pansen
schnell weiter abgebaut wird, ist davon auszugetiass die CLA im Milch- und Kérperfett
der Wiederkauer nicht ausschlief3lich aus der Biobyenierung im Pansen stammen kdénnen.
Des Weiteren wird der CLA-Gehalt im Fettgewebe vWfiederkduern auch bei-
Linolensaure-reicher Futterung gesteigert, ohnes dakA ein Zwischenprodukt in der
Biohydrogenierung dews-Linolenséure darstellt (Kramer et al., 2004; Ponlgt al., 2004).
Der Grund dafir ist, dass dabei im Pansen jedoamms-11 Vaccensaure entsteht, die im
Gegensatz zur CLA angereichert und in grol3erem bgnfeon der Milchkuh im Darm
absorbiert wird (Kepler et al., 1966; Harfoot unaztétwood, 1988; Kramer et al., 2004;
Wallace et al., 2007)rans11 Vaccensaure stellt die Vorstufe fur die Bilduran CLA in
verschiedenen Geweben dar (Griinari et al., 200@ni€r et al., 2004). Griinari et al. (2000)
konnten schlieRlich erstmals bei laktierenden Mildien zeigen, dass die endogekie
Desaturase (Stearoyl-CoA-Desaturase, SCDans-11 Vaccensaure, die aus der
Biohydrogenierung von Linol- und-Linolensaure im Pansen stammt, in bedeutendem
Umfang zucis9trans11 CLA umwandelt. Die durch unvollstandige Biohygiaierung
langkettiger Fettsauren entstehermidas-11 Vaccenséaure dient folglich als Substrat fir die
endogene CLA-Synthese, deren Anteile am gesamteir@thalt im Milchfett auf 50 —
64 % bis zu 78 % (Griinari et al., 2000; Corl et @001) und im Rindfleisch auf Uber 86 %
geschatzt werden (Gillis et al., 2003). Bei Maudeatten und Menschen wurde die endogene
CLA-Synthese aus mit der Nahrung aufgenommetrans-l1 Vaccensaure ebenfalls
beschrieben (Ip et al., 1999a; Adlof et al., 208@ntora et al., 2000). Ins Rampenlicht der

2



Einleitung

wissenschatftlichen Forschung gelangten die CLArargglich Anfang der Achtziger Jahre,
nachdem die Arbeitsgruppe um Michael Pariza ein iGa@mverschiedener CLA-Isomere aus
gebratenem Rinderhackfleisch isolierte und ihnee @intikanzerogene Wirkung bei Mausen
mit Neoplasien der Haut nachweisen konnte (Ha et1887). Seither wurden zahlreiche
Wirkungen der CLA beschrieben und eine Reihe vownides fassen diese zusammen (u.a.
Jahreis et al., 2000; Pariza et al., 2001; Bel@af2; House et al., 2005). In den meisten
Studien wurden Nager als Modelltiere verwendetwlslen antikanzerogene Effekte ags
9trans-11 Isomers bei Mausen und Ratten beschrieben @p,€t994; Belury et al., 1996; Ip
et al., 1999b). Weiterhin konnten antiinflammatonis bzw. immunmodulatorische
Wirkungen sowie antiatherosklerotische Effekte Baiterung von CLA aufgezeigt werden
(Cook et al., 1993; Lee et al.,, 1994; Nicolosi bt 8997; Hayek et al., 1999). Dasns-
10cis-12 Isomer zeichnet bei Ratten verantwortlich fineeantidiabetische sowie antiadipdose
Wirkung (Houseknecht et al., 1998; Ryder et alQ20vamasaki et al., 2003). Antiadiptse
Effekte im Sinne eines verringerten Korperfettdatedurch dastrans-10cis-12 Isomer
konnten auch bei Mausen gesehen werden. Einhergem&ndem reduzierten Fettanteil
wurde der Gehalt an Triacylglyceriden (TAG) im Bettvebe verringert und der Magermasse-
und Wasseranteil im Schlachtkdrper erhoht (Par&l.etl997; Park et al., 1999). Allerdings
gibt es auch Studien, die negative Auswirkungen WOhA-Gaben dokumentieren,
beispielsweise die Entstehung von Hyperinsulindmiel Insulinresistenz (Tsuboyama-
Kasaoka et al., 2000; Sisk et al., 2001). Bei Mausetwickelte sich als schwerwiegende
negative Begleiterscheinung ausgeldst durch di¢efiitg vontrans-10cis-12 CLA, nicht
jedochcis9trans-11 CLA, eine massive Zunahme des Lebergewichtdgefgon Steatose
einhergehend mit erhéhten hepatischen TAG- und é3herolgehalten (Belury und Kempa-
Steczko, 1997; DelLany et al., 1999; Tsuboyama-Kesa&b al., 2000; Clément et al., 2002;
Degrace et al., 2003).

1.2 Wirkungen konjugierter Linolsduren bei Nutztieren

Als Folge des grol3en Interesses an den WirkungerCdé& wurden bis heute zahlreiche
CLA-Studien an landwirtschaftlichen Nutztieren cugefihrt. Es wurden Auswirkungen von
CLA-Gaben auf Leistungsparameter, Korperzusammemsg@t Fettsauremuster von
Geweben und Produkten, Fleisch- und ProduktqualiBtoffwechselparameter und
Genexpressionsraten in verschiedenen Geweben dokienieDie tierischen Leistungsdaten
sind besonders in der Fleischproduktion ein entdelneler wirtschaftlicher Faktor.

Verbesserte tagliche Zunahmen oder Futterverwegtuk@nnen fur den Landwirt deutliche

3
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finanzielle Vorteile bedeuten, da die Tiere sclerelchlachtreif sind und daher weniger
Stalltage bendtigen oder das Endgewicht mit geremge-utteraufwand und somit geringeren
Futterkosten, die oft den grof3ten Kostenfaktortélles, erreichen (Kirchgel3ner, 2004). Die
Auswirkungen von CLA-Futterung auf Produktionspagsen sind teilweise widersprichlich.
Bei wachsenden Schweinen und laktierenden Sauetewudie Futterverwertung verbessert
und die taglichen Zunahmen gesteigert (Ostrowskal.etl999; Eggert et al., 2001; Thiel-
Cooper et al., 2001), wahrend andere Autoren kEffekte feststellten (Dugan et al., 1997;
Bee, 2000; Wiegand et al., 2001; Tischendorf et 2002). Ahnlich ist das Bild bei
wachsenden Rindern. Gillis et al. (2004b) erzieltemch CLA-Fitterung bessere mittlere
tagliche Zunahmen und eine bessere Futterverwexbng Einfluss auf die Futteraufnahme
bei weiblichen Fleischrindern, wahrend bei OchsarRéickgang der Futteraufnahme und der
mittleren taglichen Zunahmen beobachtet wurde (@asset al., 2000; Flérez-Diaz et al.,
2006). Die mittleren taglichen Zunahmen weibliché&ufzuchtrinder sowie die
Futteraufnahme laktierender Schafe wurden durch -Elfierung nicht verandert (Block et
al., 2003; Lock et al., 2006; Sinclair et al., 2D1Die Leistung von Masthahnchen wurde in
der Regel durch CLA-Futterung verschlechtert (Szykceet al., 2001; Badinga et al., 2003;
Suksombat et al., 2007) oder nicht beeinflusst tGkleet al., 2003; Du und Ahn, 2003).
Schlachtkorper werden in Deutschland gemald ihresgeMiaischanteils und des
Verfettungsgrades beurteilt und entlohnt, fir Rmsdelachtkorper gilt das EUROP-
Klassifizierungssystem. Beide Kriterien bilden audaggebende finanzielle Faktoren fur den
Fleischerzeuger. Auch bei der Kaufentscheidung Klmmsumenten spielen sie eine nicht
unwesentliche Rolle, da der Wandel des Ernahrungsfsseins in den letzten Jahren dazu
gefihrt hat, dass fettarmes, mageres Fleisch begbrkonsumiert wird. Sowohl die
Fettauflage als auch der intramuskulare FettgetesdtFleisches dirfen nicht zu ausgepragt
sein, um fur den Kaufer ein attraktives Angebot zdatellen (Warriss, 2000). Der
Magerfleisch- bzw. Muskelmasseanteil am Schweirlasbtkérper wurde in vielen Studien
bei geringerem Ruckenspeckanteil erhéht (Dugarn.,e1297; Ostrowska et al., 1999; Thiel-
Cooper et al., 2001; Wiegand et al., 2001; Tiscbenet al., 2002; Wiegand et al., 2002), was
bei Rind und Schaf nicht zu beobachten war (Bldcd.e 2003; Wynn et al., 2006; Sinclair et
al., 2010). Die Abnahme des Fettgehalts im Schkécper oder in verschiedenen Teilstlicken
beim Hahnchen durch CLA-FUtterung wurde mehrfackcbeeben (Szymczyk et al., 2001;
Du und Ahn, 2002; Suksombat et al., 2007). Des &veit ist die Fleischqualitat haufig ein
ausschlaggebendes Merkmal fur Kaufentscheidungesn Brsten Eindruck pragt die

Fleischfarbe, von der jeder Konsument eine suljeRfiunschvorstellung hat (Barbut, 2001;
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Walsh und Kerry, 2002). Schlief3lich beeinflussemsseische Eigenschaften wie die Zartheit
und Schmackhaftigkeit das Verbraucherverhalten. Z2igheit ist nach der Fleischfarbe das
zweitwichtigste Verbraucherkriterium fir eine Kaoffiecheidung und wird u.a. durch die
Fleischreifung, die Kihlgeschwindigkeit und —tengter und den pH-Wert im Fleisch
beeinflusst (Feiner, 2006). Auf verschiedene phglkhe Fleischqualitatsparameter zeigten
sich beim Schwein in zahlreichen Studien Effektecdudie Zulage von CLA, z. B. positive
Effekte auf die Marmorierung von Schweinfleischrau die Geschmack, Saftigkeit und
Zartheit verbessert werden kénnten (Wiegand et28l01; Dugan et al., 1999). Auch die
Festigkeit des Schweinefleisches nahm zu, wofuthdéere Anteil an gesattigten Fettsduren
im Gewebe verantwortlich sein durfte (Eggert et &001; Thiel-Cooper et al., 2001;
Wiegand et al., 2002). Einen gesteigerten intramlds&n Fettgehalt beobachteten u.a. Dugan
et al. (2003), Joo et al. (2002) und Wiegand e{(2002). Die Fleischfarbe, der Grill- und
Lagerverlust sowie die sensorischen Eigenschaftedenm beim Schweinefleisch vorwiegend
nicht (Eggert et al., 2001; Joo et al., 2002; Dugaml., 2003), in seltenen Fallen negativ
beeinflusst (D’'Souza und Mullan, 2002). Untersugam an Rindfleisch von Tieren, die
CLA erhalten hatten, ergaben zumeist keine sigaifign Einflisse auf Qualitdtsparameter
wie Zartheit, Saftigkeit, sensorische Attribute o&arbe (Gillis et al., 2004b; Poulson et al.,
2004; Flérez-Diaz et al., 2006), in zwei Studierrdem jedoch negative Auswirkungen auf
Saftigkeit, Zartheit und Marmorierung des Rindfidies beschrieben (Gassman et al., 2000;
Gillis et al., 2007). Die Qualitat des Fleischesv@efligel nimmt in der Regel durch die
Futterung einer CLA-Zulage ab. Das Gefllgelfleisahd harter, weniger saftig und dunkler,
zum Teil auch mit verminderter sensorischer Qualiiéschrieben. Mdgliche Ursachen
konnen die Veranderungen im Fettsauremuster zugundes Gehaltes an gesattigten
Fettsauren oder auch der erhdhte Proteingehalsdaachtkdrpers sein (Du und Ahn, 2002;
Du et al., 2002; Du et al., 2003; Parrish et al03. AuRerdem wurde ein Anstieg der
relativen Lebermasse bei mit CLA gefutterten BmoiléBadinga et al., 2003; Du und Ahn,
2003) und Legehennen (Schéafer et al., 2001) gezefgte dass jedoch der Leberfettgehalt
zugenommen hat. Eine weitere Erscheinung, die m ld&zten Jahren bedingt durch die
Veranderungen im Ernahrungsbewusstsein der Mensatfgetreten ist, ist die Nachfrage
nach sogenanntem ,functional food“. Darunter védrstean Nahrungsmittel, die eine positive
Wirkung auf Stoffwechselvorgange des Konsumentesiilaen und in der Folge Krankheiten
lindern oder vorbeugen koénnen (Jiménez-Colmeneroalgt 2001). So werden z. B.
Nahrungsmittel mit einem hohen Verhaltnis mehrfanlgesattigter zu gesattigten Fettséduren

oder mit einem hohen Anteil an Omega-3 Fettsduren hohem Verhaltnis von Omega-3 zu
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Omega-6 Fettsduren als ernahrungsphysiologischigiersichtet. Auch der Gehalt nans
Fettsauren sollte nicht zu hoch sein (Lawrie undward, 2006). Das Fettsauremuster des
subkutanen Fettgewebes ist aul3erdem von Bedeuiimglié Eigenschaften, z. B. die
Konsistenz, der Fettauflage auf dem Fleisch (Fe2@d6). Die Futterung von CLA fuhrt bei
allen untersuchten Spezies zur Anreicherung von @LAerschiedenen Geweben. Studien
berichten von erhthten Gehalten sowohlca® trans-11 als auch atrans-10cis-12 CLA

im subkutanen und anderen Fettgeweben, im Lendsctilaind Rickenspeck sowie in der
Leber und im Herzen von supplementierten Schweifk@amer et al., 1998; Bee, 2000;
Thiel-Cooper et al., 2001; Wiegand et al., 20021 Beiblichen Fleischrindern und Ochsen
fuhrte die Futterung pansengeschitzter CLA zur ikhexung vorcis9,trans-11 undtrans-
10cis-12 CLA in Fett- und Muskelgeweben (Gassman et 20Q0; Gillis et al., 2004a;
Poulson et al., 2004). Beim Gefligel konnte diesté@kte Inkorporation von CLA in die
Lipide verschiedener Gewebe und Teilstiicke bei Glikterung belegt werden (Simon et al.,
2000; Szymczyk et al., 2001; Suksombat et al., 0OD@&s Weiteren erhthte sich durch die
CLA-Zulage das Verhaltnis von gesattigten zu einfagngesattigten Fettsduren in
verschiedenen Geweben beim Schwein (Thiel-Coopal,e2001; Wiegand et al., 2002; Bee,
2000; Kramer et al., 1998), beim Geflugel (Simomlet2000; Szymczyk et al., 2001; Aletor
et al., 2003; Badinga et al., 2003) sowie beim Ri@dlis et al., 2004a; Fl6rez-Diaz et al.,
2008). Florez-Diaz et al. (2008) berichteten au@mardon einem geringeren Verhéaltnis von

Omega-6 zu Omega-3 Fettsauren.

1.3  Wirkungen von CLA auf Milchfettgehalt und Genexpressionsraten

Eine herausragende Entdeckung war die Méoglichketurcld die Verabreichung
pansengeschutzter CLA (Infusion in den Labmagen pdesengeschitzte orale Gabe) an
Milchkihe eine Milchfettdepression auszulésen (Land Herbein, 1998; Chouinard et al.,
1999). Verursacher der Milchfettdepression ist ellgs3lich dadrans-10cis-12 Isomer, das
cis9trans-11 Isomer hat keinen Einfluss auf den Milchfettde(aumgard et al., 2000). Es
wurden Absenkungen des Milchfettgehalts von bis5@u% erzielt (u.a. Baumgard et al.,
2001; Perfield et al., 2002; Bauman et al., 2008;Véth et al., 2006; Sippel et al., 2009;
Moallem et al., 2010). Die Milchfettreduktion gesaifit dosisabhangig (Baumgard et al.,
2001; Peterson et al., 2002), verringert sowohl@ehalt arde novosynthetisierten als auch
an aus dem Futter aufgenommenen Fettsauren inittdr Baumgard et al., 2001; Perfield et
al., 2002; de Veth et al., 2006) und ist reversiléghouinard et al., 1999; Moallem et al.,

2010). Bei oraler Verabreichung pansengeschiitztéx @it einem Gehalt von 4 g bis zu
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Uber 50 gtrans-10cis-12 CLA pro Kuh und Tag wurden neben der Milchfept@ssion
haufig Milchleistungssteigerungen sowie zunehmeadkalte arirans-10cis-12 CLA in der
Milch ausgel6st (de Veth et al., 2006; Odens et2807; Sippel et al., 2009; Moallem et al.,
2010). Der Milchproteingehalt und die Futteraufnahder Kihe blieben unverandert (Giesy
et al., 2002; Perfield et al., 2002; Odens et241Q7; Liermann, 2008; Sippel et al., 2009). In
drei Studien wurde beobachtet, dass die CLA-Gabe ldepatischen TAG-Gehalt bei
Milchkihen nicht beeinflusst (Bernal-Santos et 2003; Selberg et al., 2004; Castafieda-
Gutiérrez et al., 2005). Ebenso wurden défDesaturase-Index in der Milch sowie die
Gehalte an NEFAB-Hydroxybutyrat (-hydroxy butyric acidBHBA), Glukose und Insulin
im Plasma der Milchkiihe durch die CLA-Gabe nicheib8usst (Baumgard et al., 2002a;
Bernal-Santos et al., 2003; Moore et al., 2004h&gl et al., 2004; Castafieda-Gutiérrez et al.,
2005; de Veth et al., 2006; Liermann, 2008). Diefgrebilanz der Kiihe nach der Abkalbung
konnte durch die CLA-FUtterung verbessert bzw. sttanausgeglichen werden (Odens et al.,
2007; Liermann, 2008; Sippel et al.,, 2009). Eingirgere negative Energiebilanz zu
Laktationsbeginn hat positive Auswirkungen auf diesundheit von Milchkihen und
reduziert z. B. das Mastitisrisiko oder Fruchtba@dstorungen (de Vries et al., 1999; de Vries
und Veerkamp, 2000), so dass die Futterung von Begonders in der Fruhlaktation Uber die
Energieeinsparung infolge der Milchfettdepressionl @wine verbesserte Energiebilanz der
Tiere auch die Fruchtbarkeit positiv beeinflussanrk (Liermann, 2008). Der Einfluss einer
CLA-Futterung von Milchkiihen auf Expressionsratem \Genen wurde bislang vorwiegend
im Eutergewebe, weniger haufig im Fett- und Lebenxg®e, untersucht. Im Eutergewebe von
laktierenden Milchkihen, dendanans-10cis-12 CLA verabreicht wurde, wurde mehrfach
eine geringere mMRNA-Expression verschiedener Gese.gidstoffwechsels nachgewiesen,
die mit der reduzierten Milchfettsynthese in Eimidazu bringen sind. Gene, die fur Enzyme
der Aufnahme und des Transports von Fettsaurenjel@ovoSynthese von Fettsauren, der
Desaturierung von Fettsauren sowie der TAG-Syetloeslieren, wurden bei Fitterung von
trans-10cis-12 CLA, nicht aber voncis9transll CLA, im Eutergewebe bzw. in
Euterepithelzellen herunterreguliert (Baumgardl.e2801; Baumgard et al., 2002b; Peterson
et al.,, 2004; Kay et al., 2007). Die Regulationsdielipogenen Schliisselenzyme im Euter
erfolgt durch den Peroxisomenproliferator-aktiveertRezeptor (PPARy oder das terol
regulatory element binding proteifSREBP) 1, so dass davon auszugehen ist, tdass-
10cis-12 CLA auf mindestens einen dieser Transkriptickisf@n wirkt (Baumgard et al.,
2002b; Kay et al., 2007). Im Zellversuch wurde Aigivitat des SREBP-1 vermindert, ohne
dass dessen Genexpression beeinflusst wurde (Betetsal., 2004), wahrend baians-
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10,is-12 CLA-Infusion in den Labmagen auch die mRNA-Exsien des GenSREBF1das
fur SREBP-1 codiert, im Eutergewebe reduziert wufigarvatine und Bauman, 2006). Im
Fettgewebe wurde hingegen die mRNA-Expression épeg Enzyme sowie deéSREBF1
durch die Infusion vontrans-10cis-12 CLA gesteigert (Harvatine et al.,, 2009). Die
Expression von Genen des Lipidstoffwechsels inladrer wurde bislang nur in geringem
Umfang untersucht und schien bei laktierenden Milidten durch die Futterung vdrans-
10cis-12 CLA nicht beeinflusst zu werden (Selberg et2005; Sigl et al., 2010). Auch die
Expression einiger Gene, die fur Enzyme der Glukgeaese codieren, blieb unveréandert bei
CLA-Futterung (Selberg et al., 2004). Die detaitke Aufklarung der Wirkung
pansengeschitzter CLA auf den hepatischen Lipitgdchsel bei der Milchkuh hinsichtlich
der Einflisse auf Genexpressionsraten und moglictegativer Nebeneffekte erfordert

weitere Untersuchungen.

1.4  Bedeutung des Lipidstoffwechsels in der Transitphasder Milchkuh

Um die Transitphase der Milchkuh mdglichst optigastalten zu kénnen, ist es erforderlich,
die Stoffwechselvorgange und Anpassungsmechanisndén, in dieser physiologisch
kritischen Phase ablaufen, zu verstehen. In dettelet20 Jahren hat die Forschung auf
diesem Gebiet stark zugenommen. Die Etablierung@rvetrmedizinischer Eingriffe zur
Probenentnahme am lebenden Tier sowie die weit iekdlte Anwendung
molekularbiologischer Methoden wie der Genexpressitessung erlauben heutzutage die
Untersuchung und den Vergleich phano- wie genotyyeis Veranderungen in verschiedenen
Phasen des Laktationszyklus. Der Lipidstoffwechiseder Leber leistet in der Transitphase
einen entscheidenden Beitrag zur Anpassung dedw@tdfsels der Milchkuh an die
Laktation, weshalb seine detaillierte Aufklarungesi Grundpfeiler fur die Optimierung des

Managements der Transitphase der hochleistendaisdih darstellt (Drackley, 1999).

Die Carnitinsynthese der Milchkuh

Die vitamindhnliche Substanz L-Carnitin (L-3-Hydye#-N,N,N-Trimethylaminobutyrat)
spielt eine bedeutende Rolle im Intermediar- unpidstoffwechsel eukaryotischer Zellen.
Die wichtigste Aufgabe des Carnitins (im Folgendéeht der Begriff Carnitin stets fur das
stoffwechselaktive L-Carnitin) im Fettsaurestoffilusel ist die Beteiligung am Transport
mittel- und langkettiger Fettsduren (> C10) in dasere der Mitochondrien, wo dip-
Oxidation der Fettsduren zur Energiegewinnung fetdét. Zunachst erfolgen die Bildung

von Acylcarnitin und die Freisetzung von Coenzyn{?oA) durch die Carnitin-Palmitoyl-
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Transferase (CPT) 1 an der aul3eren Mitochondrierbream Die Carnitin-Acylcarnitin-
Translokase (CACT) sorgt fiir den Ubertritt des Aeyhitins in den mitochondrialen Matrix-
Raum, wo die CPT-2 Acylcarnitin spaltet und die &egterung des CoA mit der Fettsaure
katalysiert. Carnitin kann durch die CACT das Mitondrium verlassen und erneut den
Transport von Fettsduren in den Matrix-Raum vegtnt{McGarry und Brown, 1997; Vaz
und Wanders, 2002). Der CoA-Ester der Fettsaure lsghliel3lich der mitochondriale
Oxidation zugefuhrt werden, die der Energiegewimnun Form von ATP dient. Die
Oxidation von Fettsauren in der Leber ist besonaeEnergiemangel- oder Fastenzustanden
von Bedeutung. Durch die Mobilisierung von Korpérieerden NEFA freigesetzt, die in der
Leber anfluten und verstoffwechselt werden muisdes. liegt folglich nahe, dass die
Verfugbarkeit von Carnitin in der Leber von Milchién in der Transitphase von Interesse ist.
Carnitin kann Uber die Nahrung aufgenommen oderogerd synthetisiert werden. Im
Milchviehfutter ist typischerweise wenig Carnitintbalten, so dass die endogene Synthese
den gro3eren Beitrag zur Versorgung leistet. Auggstoffe fir die Carnitinsynthese sind die
Aminosduren Lysin und Methionin. Im ersten Schritifolgt die Bildung von N°-
Trimethyllysin (TML), das im weiteren Verlauf durctie Trimethyllysin-Dioxygenase
(TMLD) hydroxyliert wird, gefolgt von der aldolytthen Spaltung durch die 3-Hydroki-
TML-Aldolase  (HTMLA) und der Dehydrogenierung  durch die  4N-
Trimethylaminobutyraldehyd-Dehydrogenase (TMABA-DH)die schlieBlich in der
Entstehung von-Butyrobetain (BB) resultiert (Vaz und Wanders, 208trijbis et al., 2010).
Wahrend die Synthese des BB in vielen Gewebengsigann an die Blutbahn abgeben,
stattfinden kann, lauft der letzte Schritt der Gtamaynthese, die Hydroxylierung von BB zu
Carnitin durch die-Butyrobetain-Dioxygenase (BBD) bei der Milchkuhsaahlie3lich in der
Leber und der Niere ab (Vaz und Wanders, 2002).diiCarnitinaufnahme in die Gewebe
sind spezifische Transporter notwendig, dael organic cation transportef®©CTNSs), die
der solute carrier family (SLC) 22A zugeordnet werden. Die Regulation demnéseler
Carnitinsynthese und des Carnitintransports erfalgich den PPA& einen nuklearen
Kernrezeptor mit essentieller Stellung im Energiad Lipidstoffwechsel (van Vlies et al.,
2007; Koch et al., 2008; Ringseis und Eder, 2008n\at al., 2010; Wen et al., 2011; Wen et
al.,, 2012). Dieser Transkriptionsfaktor beeinflusstsbesondere die Adaption des
Stoffwechsels an Energiemangelsituationen und klumoh verschiedene Liganden aktiviert
werden, zu denen die aus der Mobilisierung von Kdgit stammenden NEFA gehdren
(Desvergne und Wabhli, 1999; Kersten et al., 19%arie et al., 1999). Bei Milchkiihen wurde

bereits der Anstieg der Carnitinkonzentration in deber (Grum et al., 1996; Carlson et al.,
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2007a) sowie die Hochregulation des PRBARd verschiedener seiner Zielgene (Loor et al.,
2005) in der Fruhlaktation beschrieben - ob sicle dixpression der Gene des
Carnitinstoffwechsels veréandert, ist jedoch bislaiant bekannt. Carlson et al. (2006; 2007a,;
2007b) untersuchten in mehreren Studien die Effekter Supplementierung mit Carnitin bei
Milchkihen. Die Infusion von Carnitin bei laktieden Kihen wahrend einer
Futterrestriktion wirkt stimulierend auf die Fetts@oxidation in der Leber und senkt die
TAG-Akkumulation in der Leber (Carlson et al., 200Pie orale Zulage von Carnitin zur
Ration von Milchkiihen in der Transitperiode fluhaa verringerten Lipid- und TAG-
Gehalten, einem hoheren Glykogengehalt und zutérgten Oxidation von Palmitat in der
Leber (Carlson et al., 2007a). Ein limitierendenfkiss der Carnitinverfigbarkeit in der
Leber auf die Kapazitat der Fettsdureoxidation fahglich die Begiinstigung der Entstehung
der Leberverfettung und der Ketose bei der Trankitann aus diesen Ergebnissen abgeleitet
werden (Carlson et al., 2006; 2007a), was die Bedguund die Notwendigkeit der weiteren
Aufklarung des Carnitinstoffwechsels in der Trapis@se der Milchkuh unterstreicht.

Bedeutung des FGF21 im Energiemangelzustand

In jingsten Studien wurde der Fibroblasten-Wachstaktor 21 {ibroblast growth factor 21
FGF21) als wichtiger Transkriptionsfaktor, der aar &egulation der Anpassungsreaktionen
des Stoffwechsels an Energiemangelzustande betisijgdentifiziert (Kharitonenkov et al.,
2005; Badman et al., 2007; Inagaki et al., 200fdasen et al., 2007). Der FGF21 gehort zu
einer Unterfamilie der Fibroblasten-Wachstumsfadorderen Mitglieder wie Hormone in
die Zirkulation abgegeben werden und endokrin wirkér wurde bislang vorwiegend bei
Mausen und Menschen erforscht, wobei die genaueknvéchanismen dieses Proteins noch
ungeklart sind (Kharitonenkov, 2009; Kliewer und dalsdorf, 2010). Die Expression des
FGF21erfolgt in der Leber, dem Pankreas, dem weiRetgy&webe sowie dem Skelettmuskel
(Nishimura et al., 2000; Izumiya et al., 2008; Kler und Mangelsdorf, 2010). Sie ist bei
Mausen im Fastenzustand sowie bei der Ftterureg &gtogenen Diat stark erhoht (Badman
et al., 2007). Im Fasten spielt die Leber eine rdssdée Rolle fur die Aufrechterhaltung der
Energieversorgung des Organismus. Zunachst wergeiGlgkogenreserven der Leber als
Energiequelle genutzt, nach deren Erschopfung imevem Verlauf des Energiemangels die
Energiegewinnung durch die Glukoneogenese und d@i®déenese im Vordergrund steht.
Ketonkorper sind insbesondere ndétig, um die Eneegsorgung des Gehirns im
Fastenzustand sicherzustellen (Badman et al., 2BO®hoff et al., 2009). Die erhdhte

Expression deBGF21im Energiemangel fihrt zur Steigerung der Ketopkdbildung in der
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Leber sowie der Lipolyse im weil3en Fettgewebe,dszi NEFA freigesetzt werden, die als
Vorstufe fur die Ketonkorpersynthese dienen (Badetaal., 2007; Inagaki et al., 2007). Des
Weiteren stimuliert FGF21 im Fasten die Fettsaudadion, den Citratzyklus sowie die
Glukoneogenese in der Leber von Mausen (Potthotil.et2009). Bei FGF21-Knockout-
Mausen funktionieren diese Mechanismen nicht mefar. signifikant schlechter, so dass die
essentielle  Beteiligung des FGF21 an der Regulatiates Lipid- und
Kohlenhydratstoffwechsels in der Leber und demdesiebe bei Mausen im Fastenzustand
zweifelsfrei nachgewiesen ist (Badman et al., 2@atthoff et al., 2009; Domouzoglou und
Maratos-Flier, 2011). Die Regulation der Expressi@sFGF21 erfolgt Uber verschiedene
Wege. Der Transkriptionsfaktor PPARder eine wichtige Rolle in der Regulation der
Lipidhomd@ostase spielt, reguliert die Expressios B&F21 in der Leber (Badman et al.,
2007; Inagaki et al., 2007; Lundasen et al., 200Vihrend sie bei hungernden PRAR
Knockout-Mausen vollstandig ausblieb, erfolgte IB#ARy-Knockout-Mausen, die eine
ketogene Diat erhielten, dennoch eine geringe Bsgmwa des=GF21 in der Leber. Somit
liegen  zumindest bei Auftreten einer Ketose auch ARRunabhangige
Regulationsmechanismen vor (Inagaki et al., 200@mBuzoglou und Maratos-Flier, 2011).
Im Skelettmuskel und im Fettgewebe wird die Expoessdes FGF21 Uber den PI3-
Kinase/Aktl-Stoffwechselweg bzw. Uber den Tranglonsfaktor PPAR reguliert (Izumiya
et al., 2008; Muise et al., 2008; Wang et al., 208&fgrund der Bedeutung des FGF21 fir
den hepatischen Lipid- und Kohlenhydratstoffwechisel Energiemangelzustand bei der
Maus kann man seine Beteiligung am hepatischenfwgiofisel in der Frihlaktation der
Milchkuh ebenfalls annehmen. Erhdhte Gehalte anHAGR Plasma laktierender Milchkiihe
in der Frihlaktation sowie ein Anstieg dg6F21-mRNA-Expression in der Leber kurz nach
der Abkalbung wurden beobachtet (Carriquiry et 2009; Schoenberg et al., 2011). Dass
FGF21 eine Rolle in der Regulation des Lipidstoffieels im Rahmen der
Anpassungsmechanismen und des Energiedefizits deinkilhe zu Laktationsbeginn spielt,
scheint folglich belegt, die genaue Aufklarung edtat jedoch weiterfliihrende Studien.

11



Zielstellung

2. Zielstellung
2.1  Untersuchungen zur Wirkung von pansengeschutzter CA auf Leistungsdaten
und Fleischqualitat beim weiblichen Jungrind
In vorangegangenen Studien konnte gezeigt werdess dler Einsatz von CLA bei
verschiedenen Labortieren sowie bei Nutztieren Flssauremuster verschiedener Gewebe,
die Kérperzusammensetzung und die Fleischqualgatsbilung beeinflusst (u.a. Park et al.,
1999; Thiel-Cooper et al., 2001; Du und Ahn, 20B2lis et al., 2004a). Die Veranderung der
Kdrperzusammensetzung zugunsten von Muskelmasseeh@igertem Korperfettgehalt ist
beim Nutztier von Vorteil, da Schlachttiere nach dddleischanteil bezahlt werden
(Ostrowska et al., 1999; Tischendorf et al., 20@9i dem landwirtschaftlichen Nutztier
Schwein konnte auch ein positiver Einfluss auf eleiesdene Leistungsparameter beschrieben
werden (Eggert et al., 2001; Thiel-Cooper et al01). Verbesserte Leistungsparameter
stellen immer eine wirtschaftlichere Tierproduktidar. Die Verabreichung von CLA an
Mastrinder in der Endmast flhrte zu verbessertew. bunveranderter Leistung ohne
Auswirkungen auf die Fleischqualitat (Gillis et,&004b; Florez-Diaz et al., 2006). In der
Phase der Anfangsmast erreichen die Tiere jedoctiicte hbhere tagliche Zunahmen als in
der Endmast. Eine Supplementierung in diesem Mssketitt konnte folglich interessant sein
und zu anderen Ergebnisse fuhren als bereits gerige Studien. I6tudie Iwurden deshalb
36 Fleckviehfarsen im Alter von etwa finf Monateuf @ine Kontrollgruppe ohne CLA-
Supplementierung und zwei Behandlungsgruppen, dansengeschitzte CLA in
unterschiedlichen Dosen erhielten, verteilt. Dier€éiwurden nach 16 Wochen Fltterung mit
einem Lebendgewicht von etwa 325 kg geschlachted. idirden tierindividuelle
Leistungsdaten aufgezeichnet sowie die Schlachékbgurteilung im Schlachthof
durchgefuhrt. Weiterhin wurden Organe und Fettgewvebrwogen, Proben dédusculus
longissimus dorsjLM) und des subkutanen Fettgewebes entnommeifituridhtersuchungen
hinsichtlich Fleischqualitat und Fettsaurezusammensg aufbereitet. Weitere Einzelheiten
zur Versuchsdurchfihrung, Material und Methodik sodie ausfuhrliche Darstellung und

Diskussion der Ergebnisse dieser Studie sind dligichn:

Studie 1:

Schlegel G, Ringseis R, Shibani M, Most E, SchudferSchwarz FJ, Eder K (2012)
Influence of a rumen-protected conjugated linokoed mixture on carcass traits and meat
quality in young simmental heiferdournal of Animal Scienc80: 1532-1540. Reproduced

with permission of the American Society of Animai&hce.
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2.2 Untersuchungen zur Wirkung von pansengeschutzter CA auf den hepatischen
Lipidstoffwechsel bei der Milchkuh

Der Einsatz von CLA zeigte besonders bei Nagern Labortieren zahlreiche positive
Auswirkungen auf Stoffwechsel und Gesundheit. Sonken der CLA-Futterung zum
Beispiel antikanzerogene, antiatherogene und afkdogene Effekte nachgewiesen werden
(Ha et al., 1987; Lee et al., 1994; Yamasaki ¢t28103). Allerdings wurden ebenso negative
Nebenwirkungen beim CLA-Einsatz bei Labortierendbeigben. Insbesondere bei Mausen
beeintrachtigt die Fuitterung dedrans10cis12 CLA-Isomers den hepatischen
Lipidstoffwechsel. Es kommt zur massiven Akkumuatvon TAG in der Leber — schwere
Leberverfettungen entstehen (Belury und Kempa-8®ck997; Clément et al., 2002). CLA
werden in der praktischen Nutztierfltterung bereitgesetzt, insbesondere beim Rind. Die
Futterung von pansengeschutzten CLA an laktierdtitiinkiihe resultiert in einer effektiven
Reduzierung des Fettgehaltes der Milch, eine saoggeaVilchfettdepression kann ausgelost
werden (Loor und Herbein, 1998). Die Absenkung Nekhfettgehaltes betragt in einer
dosisabhangigen Weise bis zu 50 % (Baumgard et 241Q1). Da Milchfett der
energiereichste Nahrstoff in der Milch ist, ist di@duzierung des Milchfettgehaltes eine
potente Mdglichkeit, den Energieoutput der lakielen Milchkuh zu verringern (Bauman
und Davis, 1974; Drackley, 1999). Dies hat besamd@sdeutung in der Fruhlaktation, in der
Milchkihe haufig in eine negative Energiebilanzagen (Drackley, 1999). Allerdings gibt es
kaum Studien, die untersuchen, ob moéglicherweisddreMilchkuh wie bei Mausen negative
Auswirkungen der CLA-Supplementierung auf den hsephen Lipidstoffwechsel zu
beobachten sind. Deshalb wurde &itidie 2ein Versuch mit 40 Milchkihen durchgefihrt,
die auf eine Kontroll- und eine Behandlungsgrupfecgmanig aufgeteilt wurden. Davon
erhielten die 20 Milchkihe in der Behandlungsgrumiee pansengeschitzte Mischung
konjugierter Linolsauren, die zur Aufnahme von 8,8lestrans-10cis-12 CLA-Isomers je
Tier und Tag fiuhrte. Diese Menge reprasentiert eingksame Dosis, um eine
Milchfettdepression bei den Tieren auszulésen, sbenit auch praxisnahe Verhéltnisse
widerspiegelt. Den Tieren wurden zu vier ausgeve@ihEeitpunkten — drei Wochen vor der
Abkalbung sowie in der ersten, finften und 14. hdkhswoche — Leberbiopsieproben sowie
Blutproben entnommen. Die Leberbiopsieproben derftéia Laktationswoche wurden
mithilfe der Microarray-Technik hinsichtlich des anskriptprofils der Leber in der
Hochlaktation untersucht und dieses im Hinblick &afranderungen im Lipidstoffwechsel

ausgewertet. Die ausfiuhrliche Versuchsbeschreibiwiaterial und Methodik sowie die
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Darstellung und Diskussion der Ergebnisse @&udie 2 kdnnen in der folgenden

Veroffentlichung nachgelesen werden:

Studie 2:

Schlegel G, Ringseis R, Windisch W, Schwarz FJ,rB¢g2012) Effects of a rumen-

protected mixture of conjugated linoleic acids epdtic expression of genes involved in lipid
metabolism in dairy cowsJournal of Dairy Scienced5: 3905-3918. Reproduced with

permission of Elsevier.

2.3  Untersuchungen zum hepatischen Carnitinstoffwechseivon Milchkihen zu
Laktationsbeginn
Vorangegangene Studien konnten beobachten, dasSadigtinkonzentration in der Leber
von Milchkihen zu Laktationsbeginn im Vergleich zUrachtigkeit oder zur spateren
Laktation erhoht ist (Grum et al., 1996; Carlsorakt 2007a). Carnitin ist ein bedeutender
Metabolit mit weitreichenden Aufgaben im Intermediaffwechsel. Seine wichtigste
Funktion liegt im Transport mittel- und langkettigektivierter Fettsduren aus dem Cytosol in
die Mitochondrien, wo diep-Oxidation der Fettsauren stattfindet. Die endogene
Carnitinsynthese ist neben der geringen nutritivAofnahme notwendig, um den
Carnitinbedarf des Organismus zu decken (Vaz unddafs, 2002). Beim Nager und beim
Schwein konnte nachgewiesen werden, dass die @agmthese sowie die Aufnahme von
Carnitin in die Gewebe direkt durch den PRARQguliert werden, der eine grof3e Rolle bei
der Adaption des Stoffwechsels an Energiemangatsitnen spielt (van Vlies et al., 2007,
Wen et al., 2010; Wen et al., 2011; Wen et al.,220Bei Aktivierung des PPARIM
Fastenzustand kommt es durch eine Stimulierun@demitinsynthese und der Aufnahme von
Carnitin aus dem Blut zu gesteigerten Carnitinkotrationen in verschiedenen Geweben
(van Vlies et al., 2007; Ringseis et al., 2009)i &&r Milchkuh wurde der PPARDbislang
kaum, die Regulation der Carnitinhomoostase noahngzht untersucht. Die vorliegende
Studie sollte deshalb klaren, ob die Gene der @asygnthese und der Carnitinaufnahme in
die Gewebe in der Frihlaktation bei hochleisteriddohkiihen infolge einer Aktivierung des
PPARx hochreguliert werden. Weitere Details zur Versdadnshfihrung, Material und
Methodik sowie die Ergebnisse und deren Diskussiod ersichtlich in:

Studie 3:
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Schlegel G, Keller J, Hirche F, Geil3ler S, SchwaizRingseis R, Stangl Gl, Eder K (2012)
Expression of genes involved in hepatic carnitipetisesis and uptake in dairy cows in the
transition period and at different stages of lactaBMC Veterinary Researdbt 28.

2.4  Untersuchungen zur hepatischen Expression des FGF2fiei Milchkihen zu
Laktationsbeginn

In der negativen Energiebilanz muss im Stoffwechs®i Milchkihen eine Vielzahl von
Anpassungsreaktionen ablaufen, um die Versorgung @gganismus mit Energie
sicherzustellen. Dazu gehéren zunachst die Mobilisig von Energie aus in der Leber
gespeichertem Glykogen und schlieBlich die Molghsng von Fettsdauren aus den
Fettgeweben, durch deren Oxidation Acetyl-CoA eiistdas wiederum im Citratzyklus oder
der Ketogenese genutzt werden kann (Drackley, 108fhoff et al., 2009). Eines der an der
Regulation der Stoffwechselvorgange im Energiemiabgeiligten Hormone ist der FGF21,
der in Leber, Pankreas, weillem Fettgewebe und tBkelskelgewebe exprimiert wird
(Kliewer und Mangelsdorf, 2010). FGF21 ist in deage, Stoffwechselwege wie die
hepatische Lipidoxidation, die Ketogenese oder @kikoneogenese zu stimulieren.
Aulerdem wurde nachgewiesen, dass FGF21 durchRigRdPreguliert wird (Badman et al.,
2007; Inagaki et al., 2007). Da Btudie 3belegt werden konnte, dass bei Milchkihen, die
sich in der Frihlaktation in einer negativen Enelbganz befinden, der PPARaktiviert wird
und eine Reihe seiner Zielgene hochreguliert werdemde die Hypothese aufgestellt, dass
auch die Expression dé$5F21in der Leber der Milchkihe in den ersten Laktatiwsochen
im Vergleich zur Trachtigkeit erhoht sein muss. Uhese Fragestellung zu bearbeiten,
wurden im Lebergewebe der Milchkiihe disidie 3die relativen mRNA-Konzentrationen
desFGF21 sowie verschiedener Gene des Fettsaurestoffwechdsl Glukoneogenese und
der Ketogenese bestimmt. Um die Bedeutung des FG#2die Anpassungsvorgange des
hepatischen Lipidstoffwechsels zu Laktationsbeginerauszustellen, wurde auf3erdem
untersucht, ob Beziehungen zwischen der relativBNAKonzentration de§GF21 in der
Leber und verschiedenen Parametern des Lipidstoffseds bestanden. Die detaillierte
Beschreibung des Versuchs, Material und Methodikiesalie Diskussion der Ergebnisse sind
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tDepartment of Quality Assurance and Analysis, Bavarian State Research Center for Agriculture, 85586 Poing, Germany;
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ABSTRACT: The aim of the present study was to
investigate the influence of feeding rumen-protected
CLA during the early growing period on physical and
chemical beef properties in young Simmental heifers.
A total of 36 heifers (5 mo old; initial BW 185 + 21
kg) were fed 250 g of different rumen-protected fats
daily for 16 wk in 1 of 3 treatment groups: 250 g of
a CLA-free control fat; 100 g of a CLA fat containing
2.4% of cis-9,trans-11 CLA and 2.1% of trans-10,cis-12
CLA and 150 g control fat; or 250 g of the CLA fat.
Heifer growth performance variables as well as car-
cass weight, classification (conformation and fatness),
and weights of organs and fat depots were not affected
(P > 0.05) by CLA supplementation. Concentration of
trans-10,cis-12 CLA in tissues (LM and subcutane-
ous fat) was dose-dependently increased (P < 0.01) by

CLA supplementation, whereas that of cis-9,trans-11
CLA in these tissues did not differ (P > 0.05) between
groups. The ratio of SFA to MUFA was increased (P <
0.01) in tissues of CLA-fed heifers compared with con-
trol heifers. Concentration of a-tocopherol in LM was
greater (P = 0.01) in heifers of the 2 CLA groups than
in control heifers. Other quality characteristics such as
drip loss during storage, cooking loss, intramuscular fat
content, and color variables in LM did not differ (P >
0.05) between groups. In conclusion, the present study
demonstrates that feeding rumen-protected CLA dur-
ing the early growing period changes tissue fatty acid
composition but does not influence beef quality vari-
ables. Performance variables and carcass traits in young
heifers, unlike in pigs and laboratory animals, are not
influenced by CLA feeding.

Keywords: beef, cattle, conjugated linoleic acid, meat quality

© American Society of Animal Science. All rights reserved.

INTRODUCTION

Conjugated linoleic acids have attracted great sci-
entific interest because they possess several benefi-
cial properties, most of which have been observed in
laboratory animals (Ha et al., 1987; Lee et al., 1994;
Houseknecht et al., 1998). Research in laboratory ani-
mals moreover demonstrated that CLA supplementa-
tion affects growth and body composition of animals
(Chin et al., 1994; Park et al., 1997, 1999). Similar re-
sults of CLA supplementation in swine (Dugan et al.,
1997; Thiel-Cooper et al., 2001; Wiegand et al., 2001)
and improvements of the quality of pork products were
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observed (Wiegand et al., 2001; Tischendorf et al.,
2002; Larsen et al., 2009).

In contrast to information on laboratory animals
and swine, limited information is available in the lit-
erature about the effects of CLA in beef cattle. The
few published studies conducted with beef cattle focus
mainly on the effects of rumen-protected CLA on cattle
performance, fatty acid composition and CLA content
of muscle and adipose tissue, lipid oxidation, and pal-
atability of beef (Gillis et al., 2004a, 2007; Poulson et
al., 2004). These studies revealed that feeding rumen-
protected CLA did not alter cattle performance or fat
and muscle accretion but did cause an increase in CLA
content in tissues, altered fatty acid composition of tis-
sues, and influenced sensory attributes of steaks and
ground beef. In these recent studies with beef cattle,
CLA was fed during the late finishing period and cattle
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were slaughtered at a finish BW typically seen in the US
cattle industry. In contrast, no data are available regard-
ing the influence of CLA on growing cattle fed CLA dur-
ing the early growing period, in which ADG is greater
than it is in the late growing period. Therefore, the aim of
the present study was to investigate the hypothesis that
feeding rumen-protected CLA during the early growing
period influences physical and chemical beef properties
in young heifers.

MATERIALS AND METHODS

All experimental procedures described followed
established guidelines for the care and handling of
cattle and were approved by the Animal Care and Use
Committee of the Bavarian government.

Animals and Feeding System

A total of 36 Simmental heifers (~5 mo of age) with
an initial BW of 185 + 21 kg were divided into 3 treat-
ment groups (n = 12/group): 250 g of a CLA-free con-
trol fat (control); 100 g of a CLA fat containing 2.4%
of cis-9,trans-11 CLA and 2.1% of trans-10,cis-12 CLA
and 150 g control fat (CLA100); or 250 g of the CLA
fat (CLLA250). Heifers in each group had similar mean
BW. The heifers were allotted to a total of 6 pens; each
pen provided 6 lying and 6 feeding places and fully slat-
ted floors. Because of the limited capacity of 1 pen, the
heifers of each group (n = 12) were housed in 2 pens
with 6 heifers per pen. Heifers were individually granted
access to feed by 6 electronically operated Calan gates
(American Calan, New Hampshire, USA) per pen. By the
use of transponder technique each heifer was matched to
1 individual feeding trough in which a defined amount
of maize silage was provided every morning. Individual
feed intake was calculated by reweighing the remaining
feed. Every pen was equipped with 1 automatic drinking
trough, thus ensuring that all heifers had free access to
fresh water.

Throughout the experimental period, all heifers re-
ceived a similar ration consisting of maize silage and
concentrate. The concentrate was offered in the morn-
ing (0800 h) at a constant amount of 1.5 kg/d during
the whole experiment. The 1.5-kg portion of concen-
trate provided 1,000 g of soybean meal, 250 g of rumen-
protected fat, 110 g of wheat, 100 g of vitamin-mineral
premix, and 40 g of lime. After consumption of the con-
centrate, the heifers were provided with their daily al-
lotment of maize silage. The allocation of maize silage
was increased during the experiment according to the
increase of BW. In the first week of the experiment, the
amount of maize silage offered was 3 kg of DM/d. Each
2 to 3 wk, the amount of maize silage was increased by
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approximately 0.35 kg of DM/d. The final allocation of
maize silage was 5 kg of DM/d. The supply of the heif-
ers with nutrients and energy was in accordance with the
recommendations of the German Society of Nutrition
Physiology (GfE, 1995). The nutrient composition and
energy content of the maize silage and concentrate is
reported in Table 1. Concentrations of crude nutrients
were determined according to Naumann and Bassler
(2003). Using the analyzed crude nutrients and the di-
gestibility data of the single feedstuff (DLG, 1997), the
ME was calculated (GfE, 1995). Mean intended calcu-
lated intakes throughout the trial were 5.38 kg/d for DM,
662 g/d for CP, 833 g/d for MP, 326 g/d for crude ash,
794 g/d for crude fiber, 483 g/d for crude fat, and 65 MJ
of ME/d for energy.

Administration of CLA

Dietary fats were supplied by the daily portions
of concentrate. The control group received 250 g of
LactoPlus 2000 (Bewital, Siidlohn, Germany)/d, the
CLA100 group received 150 g of LactoPlus 2000
and 100 g of LactoPlus CLA 100 (Bewital)/d, and
the CLA250 group received 250 g of LactoPlus CLA
100/d. The composition of the major fatty acids in the
fat supplements is reported in Table 2. Absolute daily
intake of cis-9,trans-11 CLA and ftrans-10,cis-12 CLA
were 2.2 and 1.9 g, respectively, in the CLA100 heif-
ers and 5.5 and 4.8 g, respectively, in the CLA250 heif-
ers. According to Bewital (2009), both CLA isomers of
LactoPlus CLA 100 are protected against ruminal hydro-
genation processes as evaluated by an in situ technique
using duodenally cannulated sheep. Experiments using
this technique revealed a bypass value of approximately
70% for both CLA isomers when testing the rumen sta-
bility of LactoPlus CLA 100 (Bewital, 2009).

Table 1. Nutrient composition and energy content of the
basal feed components (maize silage and concentrates)
fed to heifers (n = 12/treatment) during the early grow-
ing period!

Item Maize silage Concentrates
DM, % 36.5 92.1

CP, % of DM 6.9 28.0

MP, % of DM 13.5 21.2

Ash, % of DM 3.4 13.8

Crude fiber, % of DM 18.1 5.1

Crude fat, % of DM 3.9 23.7

ME, MJ/kg of DM 11.2 14.6

IThe vitamin-mineral premix provided the following micronutrients per
kilogram of concentrate: calcium, 12 g; phosphorus, 2.7 g; sodium, 5.3 g;
magnesium, 3.3 g; zinc, 670 mg; manganese, 300 mg; copper, 67 mg; iodine, 6.7
mg; cobalt, 2 mg; selenium, 2.7 mg; vitamin A, 67,000 IU; vitamin D5, 6,700 IU;
vitamin E, 200 mg; vitamin B, 0.8 mg; vitamin B,, 2.3 mg; vitamin By, 1.7 mg;
vitamin B,, 10 pg; nicotinic acid, 11.3 pg; pantothenic acid, 6.7 mg.
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Individual feed intake was evaluated daily, whereas
BW was determined every 14 d in the morning before
feed was administered. Intakes of DM (kg/d) and CP
(g/d), energy intake (MJ of ME/d), and ADG (kg) were
calculated as measurements of animal performance.

Carcass Data Collection

After 16 wk of feeding the experimental diets, the
heifers were slaughtered at the abattoir of the Bavarian
State Research Center for Agriculture (Poing, Germany)
at a final BW (mean + SD) of 322 + 13 kg, 328 = 17
kg, and 325 + 15 kg for control, CLA100, and CLA250
heifers, respectively (n = 12/treatment). Carcasses were
trimmed and split into 2 halves according to EU legis-
lation. Weights of visceral organs and fat depots were
recorded. Weights of hot and chilled carcasses were
determined to calculate dressing percentage and 24-h
shrinkage percentage. Conformation and fatness scores
for each carcass were evaluated by an authorized staff
member of the abattoir according to the EUROP carcass
classification system. The pH in LM at the 9th rib was
determined 45 min and 24 h postmortem using a pH Star
6.05 (Matthdus, Nobitz, Germany).

Meat Quality

One day after slaughter, each left carcass half was
ribbed to collect 1 steak (2.5-cm-thick) from LM at the
9th rib for color evaluation and determination of drip
loss and cooking loss. Additional samples from LM and
subcutaneous adipose tissue were taken at the 11th rib
and stored at —20°C for determination of intramuscu-
lar fat content, fatty acid composition and a-tocopherol
concentration. On the internal surface of the steak, the
CIE L*a*b* color space (L* = lightness, a* = redness,

* = yellowness) was evaluated by surface reflectance
using a ChromaMeter CM-508i (Minolta, Tokyo, Japan).

Table 2. Fatty acid composition (g/100 g of total fatty
acids) of the fat supplements! administered to heifers
during the early growing period

Item LactoPlus 2000 LactoPlus CLA 100
Cl14:0 1.9 1.7
C16:0 59.7 51.4
C18:0 36.4 28.5
Cl18:1 0.8 9.7
C18:2 n-6 0.1 3.0
C18:3n-3 0.1 0.2
cis-9,trans-11 CLA — 2.4
trans-10,cis-12 CLA — 2.1
C20:0 0.4 0.4
C20:1 0.6 0.6

LactoPlus 2000 and LactoPlus CLA 100 (Bewital, Siidlohn, Germany).

Schlegel et al

Five measurements of each attribute were taken across
the surface of each sample and averaged. Greater L*, a*,
and b* values correspond to lighter, redder, and more
yellow meat, respectively. Chroma (color intensity) and
hue angle (0° =red; 90° = yellow) were calculated as fol-
lows: chroma = \(a*? + b*2); hue angle = tan~!(b*/a*)
(Macdougall and Rhodes, 1972).

For the determination of drip loss, every steak was
weighed, suspended in a plastic pouch to prevent contact
with the released exudates, and stored at 4°C in a refrig-
erator. Samples were reweighed on d 14 postslaughter
to determine drip loss during storage as a percentage of
initial weight. After the 14-d storage period, the 2.5-cm-
thick steak was placed in a polyethylene bag and cooked
for 40 min to a core temperature of 70°C using a water
bath. The core temperature was controlled using Testo
926 thermocouples (Testo, Lenzkirch, Germany). After
cooking, the fluid was poured from the bags and, after
being chilled, the samples were patted dry with a paper
towel and reweighed to determine cooking loss, which
was expressed as a percentage of uncooked sample
weight. The intramuscular fat content was determined
gravimetrically in homogenized LM samples after hy-
drolysis with 4 N HCI at 185°C for 45 min and subse-
quent Soxhlet extraction of the neutral hydrolysate with
petroleum ether for 7 h.

Concentration of a-tocopherol in LM was deter-
mined by means of HPLC with fluorescence detection
according to Catignani and Bieri (1983) and Cort et al.
(1983). To saponify a-tocopherylacetate, LM samples
were mixed with 1 mL of ethanol (absolute) contain-
ing 0.05% butylated hydroxy toluene and 150 pL of
saturated sodium hydroxide solution. This mixture was
heated for 30 min at 70°C, and tocopherols were ex-
tracted with n-hexane. The n-hexane phase was evapo-
rated under a stream of nitrogen, and tocopherols were
redissolved in methanol containing 0.05% butylated
hydroxy toluene. Individual tocopherols of the extracts
were separated isocratically using methanol as mobile
phase at a flow rate of 1.7 mL/min and a C-18-reversed
phase column (Purospher 100 RP-18; Merck-Hitachi,
Darmstadt, Germany) and detected by fluorescence (ex-
citation wavelength: 295 nm; emission wavelength: 325
nm). Concentration of a-tocopherol was calculated by
an external calibration curve.

For determination of fatty acid composition of LM
and subcutaneous adipose tissue lipids, total lipids from
homogenized LM and subcutaneous adipose tissue were
extracted with a mixture of hexane and isopropanol (3:2
vol/vol; Hara and Radin, 1978) and methylated with tri-
methylsulfonium hydroxide (Butte, 1983). Fatty acid
methyl esters were separated by gas chromatography us-
ing a Chrompack 9000 system (Waldbronn, Germany)
equipped with an automatic split injector, a polar capil-
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Table 3. Performance variables of young Simmental heifers (n = 12/treatment) receiving 1 of 3 treatments

Treatment!
Item Control CLA100 CLA250 SEM P-value
Total BW gain, kg 138 141 140 4.0 0.80
ADG, kg/d 1.18 1.21 1.21 0.031 0.75
DMI, kg/d 5.55 5.56 5.47 0.033 0.12
CP intake, g/d 798 798 791 2.6 0.10
MP intake, g/d 854 855 842 4.5 0.10
Energy intake, MJ of ME/d 68.3 68.4 67.4 0.37 0.10
Feed conversion, kg of DM/kg of BW gain 4.75 4.63 4.56 0.136 0.62

IControl = 250 g of a rumen-protected control fat/d; CLA100 = 150 g of rumen-protected control fat and 100 g of a rumen-protected CLA fat/d; CLA250 =

250 g of a rumen-protected CLA fat/d.

lary column (60 m free fatty acid phase, 0.25 mm i.d.,
0.25 pm film thickness; Macherey and Nagel, Diiren,
Germany), and a flame ionization detector. Hydrogen
was used as the carrier gas with a flow rate of 1 mL/
min. Individual fatty acid methyl esters were identified
by comparing their retention times with those of indi-
vidually purified standards.

Statistical Analysis

Data were subjected to 1-way ANOVA using the
Minitab Statistical Software Release 13.0 (Minitab, State
College, PA) according to the 1-factorial design of the
study with treatment (control vs. CLA100 vs. CLA250)
as experimental factor. All data presented are means and
SEM (n = 12 heifers/group). For statistically significant
F-values, individual means of the treatment groups were
compared by Fisher’s multiple range test. Means were
considered significantly different at P < 0.05.

RESULTS

Animal Performance, Carcass Traits, and Meat Quality

All heifer performance variables investigated, such
as total BW gain, ADG, DMI, CP intake, MP intake,
energy intake, and feed conversion, were not affected
(P > 0.05) by CLA supplementation (Table 3). Hot and
chilled carcass weight, dressing percentage, carcass
classification scores, pH 45 min postmortem, LM area,
and weights of organs and fat depots were not affect-
ed (P > 0.05) by CLA supplementation (Table 4). The
pH 24 h postmortem was less (P = 0.05) in the 2 CLA
groups than in the control group (Table 5).

Drip loss, cooking loss, intramuscular fat content,
and color variables in LM did not differ (P > 0.05) be-
tween heifers of the control group and both CLA groups
(Table 5). The concentration of a-tocopherol in LM
was greater (P = 0.014) in heifers of the 2 CLA groups
than in those of the control group. The concentration of

a-tocopherol in LM did not differ (P = 0.08) between
CLA100 and CLA250.

Fatty Acid Composition of LM

Inclusion of CLA in the diets increased (P = 0.005)
the proportion of trans-10,cis-12 CLA in LM lipids in
a dose-dependent manner. In contrast to trans-10,cis-12
CLA, the proportion of cis-9,trans-11 CLA in LM lipids
was not influenced (P = 0.13) by inclusion of CLA in the
diets (Table 6). The proportions of the individual SFA
C18:0 and C20:0 in LM lipids were increased (P < 0.05)
but the proportions of the individual MUFA C18:1 n-9
and total MUFA in LM lipids were decreased (P < 0.05)
in heifers from the CLA250 group compared with those
fed the control diet (Table 6). In the CLA100 heifers, the
proportions of individual and total MUFA in LM lipids

Table 4. Carcass characteristics and weights of fat
depots of selected visceral organs of young Simmental
heifers (n = 12/treatment) receiving 1 of 3 treatments

Treatment!

Item Control CLA100 CLA250 SEM P-value
HCW, kg 162 163 160 2.7 0.78
Chilled carcass weight, kg~ 159 159 157 2.6 0.77
Dressing percentage, % 52.4 51.8 51.2 0.38 0.10
Carcass classification

Conformation? 3.17 3.42 3.58 0.137 0.11

Fatness? 225 225 2.08 0.153 0.68
pH 45 min postmortem 6.90 6.88 6.92 0.022 0.56
pH 24 h postmortem 563 557 558> 0017  0.05
LM area, cm 35.2 345 34.8 1.39 0.95
Liver weight, kg 3.76 3.72 3.81 0.079 0.72
Kidney weight, kg 0.69 0.73 0.71 0.026 0.65
Kidney tallow, kg 4.24 3.54 4.64 0.336 0.08
Pelvic tallow, kg 0.43 0.41 0.46 0.039 0.62

a.bMeans within a row without a common superscript differ (P < 0.05).

IControl = 250 g of a rumen-protected control fat/d; CLA100 = 150 g
of rumen-protected control fat and 100 g of a rumen-protected CLA fat/d;
CLA250 =250 g of a rumen-protected CLA fat/d.

2] = excellent; 5 = poor.
31 = very low fat; 5 = very high fat.
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Table 5. Meat quality variables of LM of young Simmental
heifers (n = 12/treatment) receiving 1 of 3 treatments

Treatment!

Item Control CLA100 CLA250 SEM  P-value
Drip loss, % 3.93 4.18 4.19 0382  0.86
Cooking loss, % 23.6 24.5 25.1 1.03 0.60
Intramuscular fat, % 1.65 1.54 1.54 0.116 0.77
a-Tocopherol, mg/kg 0.55b 0.802 0.822 0.066  0.014
Color measurement value

Lightness (L*) 39.5 39.9 40.0 0.34 0.61

Redness (a*) 8.75 8.44 8.37 0.308  0.66

Yellowness (b*) 3.97 4.03 3.83 0206  0.78

Saturation 9.59 9.37 9.34 0.351 0.87

Hue angle 24.1 24.8 24.5 1.00 0.89

a.bMeans within a row without a common superscript differ (P < 0.05).

IControl = 250 g of a rumen-protected control fat/d; CLA100 = 150 g
of rumen-protected control fat and 100 g of a rumen-protected CLA fat/d;
CLA250 =250 g of a rumen-protected CLA fat/d.

did not differ from those in the control heifers (Table 6).
Proportions of all the individual PUFA and total PUFA
in LM lipids did not differ (P > 0.05) between treat-
ment groups. The A%-desaturase index (total SFA:total
MUFA) in LM lipids was greater (P = 0.009) in heifers
from the CLA250 group than in control heifers. Other
fatty acids did not differ (P > 0.05) between groups.

Fatty Acid Composition
of Subcutaneous Adipose Tissue

As in LM lipids, inclusion of CLA in the diets in-
creased (P < 0.001) the proportion of trans-10,cis-12
CLA in subcutaneous adipose tissue (Table 7). The
increase in the proportion of trans-10,cis-12 CLA in
subcutaneous adipose tissue by CLA was dose depen-
dent. Heifers in the CLA250 treatment group had a
greater (P = 0.004) proportion of trans-10,cis-12 CLA
than the CLA100 heifers (Table 7). The proportion of
cis-9,trans-11 CLA in subcutaneous adipose tissue did
not differ (P > 0.05) between the 3 treatment groups.
The proportions of the individual SFA C16:0 and total
SFA in subcutaneous adipose tissue were increased (P <
0.05) but the proportions of the individual MUFA C14:1
and C18:1 n-9 and total MUFA in subcutaneous adipose
tissue were decreased (P < 0.05) in heifers fed the CLA
diets compared with heifers fed the control diet (Table
7). The proportions of these fatty acids in subcutaneous
adipose tissue did not differ (P > 0.05) between CLA250
and CLA100 groups. Proportions of all the individual
PUFA and total PUFA in subcutaneous adipose tissue
did not differ (P > 0.05) between treatment groups. The
A%-desaturase index (total SFA:total MUFA) and the to-
tal SFA:total PUFA in subcutaneous adipose tissue were
greater (P < 0.05) in heifers fed the CLA diets than in
heifers fed the control diet (Table 7).

Schlegel et al

Table 6. Fatty acid composition of LM lipids of
young Simmental heifers (n = 12/treatment) receiving
1 of 3 treatments

Ttem,! % of total fatty acid Treatment?

methyl esters Control CLA100 CLA250 SEM  P-value
C14:0 221 212 211 0.101  0.77
Cl4:1 0.41 040 035  0.026 028
C15:0 032 032 033 0012 079
C15:1 013 0.3 015  0.008 026
C16:0 264 262 272 0.58 047
C16:1 n-7 3.16 294 282 0.100 0.08
C17:0 080  0.82 086  0.024 020
C17:1 0.48 048 046 0017 0.62
C18:0 17.0b  17.8% 1952 0.63 0.026
C18:1n-9 3472 332w 3] b 0.70 0.006
C18:2n-6 627 705 669  0.645 0.70
cis-9,trans-11 CLA 044 038 035  0.028 0.3
trans-10,cis-12 CLA 0.08®  0.13*  0.16* 0.014  0.005
C18:3n-3 032 037 035  0.024 048
C20:0 0.15>  0.16% 0.18  0.009 0.023
C20:1 0.18 018 0.8  0.010 091
C20:3 n-6 075 076 072 0.100 0.97
C20:4 n-6 283 3.09 298 0317 086
C22:1 013 016 016  0.025 0.74
C24:0 0.41 047 051 0.047 032
Total SFA 498 505 534 1.08  0.08
Total MUFA 3932 3758 352b 0.72  0.004
Total PUFA 10.9 12.0 115 1.11 0.79
Total SFA:total MUFA 129 136% 1522 0.047  0.009
Total SFA:total PUFA 536 450 517 0518 049

a.bMeans within a row without a common superscript differ (P < 0.05).
IFatty acids <0.1% of total fatty acid methyl esters are not reported.

2Control = 250 g of a rumen-protected control fat/d; CLA100 = 150 g
of rumen-protected control fat and 100 g of a rumen-protected CLA fat/d;
CLA250 =250 g of a rumen-protected CLA fat/d.

DISCUSSION

The present study aimed to investigate the influ-
ence of feeding rumen-protected CLA during the early
growing period on physical and chemical beef proper-
ties of young heifers. For this purpose, heifers were
fed diets supplemented with 100 or 250 g of rumen-
protected CLA supplements. For technical reasons, we
were not able to determine the amounts of the CLA
isomers reaching the small intestine. According to the
supplier of this supplement, approximately 70% of
both CLA isomers are protected against rumen biohy-
drogenation (Bewital, 2009). Assuming a bypass value
of 70%, daily amounts reaching the small intestine
were 1.5 and 3.9 g for cis-9,trans-10 CLA and 1.3 and
3.4 g for trans-10,cis-12 CLA in the groups receiving
100 or 250 g of rumen-protected CLA supplements, re-
spectively. The duodenal flow of CLA isomer from the
basal diet depends on the composition of the diet. It
has been shown that an increase of the proportion of
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Table 7. Fatty acid composition of subcutaneous adi-
pose tissue lipids of young Simmental heifers (n = 12/
treatment) receiving 1 of 3 treatments

Item,1 % of total fatty acid Treatment”

methyl esters Control CLA100 CLA250 SEM  P-value
C14:0 3.00 310 321 0.131  0.53
Cl4:1 0982  0.822 0.69®  0.078  0.047
C15:0 029 031 033 0012 0.11
C15:1 0.18 018 020 0011 052
C16:0 255 27.0°0  27.6° 046  0.010
C16:1 n-7 518 483 4091 0246 0.59
C17:0 068 069  0.71 0.027 0.76
C17:1 0.65 059 0.6l 0.025 036
C18:0 14.8 16.2 163 053 012
Cl18:1 n-9 4522 428> 42.1b 057 0.002
C18:2n-6 1.67 1.70 152 0.08 028
cis-9,trans-11 CLA 046 033 031 0.025  0.06
trans-10,cis-12 CLA 0.02>  0.05> 0.08  0.005 <0.001
C18:3n-3 0.15 015 014  0.007 029
C20:0 0.11 0.13 013 0.009 028
C20:1 030 026 027  0.018 0.40
C24:0 0.18 020 019 0017 0.71
Total SFA 450  48.0* 489"  0.67  <0.001
Total MUFA 52,58 49.6°  489P  0.64 <0.001
Total PUFA 249 242 223 0117 028
Total SFA:total MUFA 0.86°  0.97°  1.00°  0.025 <0.001
Total SFA:total PUFA 18.8°  20.126 2260 1.14 0.049

a.bMeans within a row without a common superscript differ (P < 0.05).
IFatty acids <0.1% of total fatty acid methyl esters are not reported.

2Control = 250 g of a rumen-protected control fat/d; CLA100 = 150 g
of rumen-protected control fat and 100 g of a rumen-protected CLA fat/d;
CLA250 =250 g of a rumen-protected CLA fat/d.

concentrate and supplementation of vegetable oils in-
creases duodenal flow of CLA (Piperova et al., 2002;
Sackmann et al., 2003; Loor et al., 2004). Nevertheless,
duodenal flow of CLA from basal diets is generally
low. Sackmann et al. (2003), using diets consisting of
various amounts of forage, supplemented with sun-
flower oil, found that <0.23% of the total linoleic acid
is converted into the rumen in beef steers regardless of
dietary forage or oil content. In their study, duodenal
flow of cis-9,trans-10 CLA and trans-10,cis-12 CLA
was 0.22 and 0.07 g/d, respectively, at a forage content
of 36% and a DMI of 5.5 kg/d. Similar low duodenal
flows of these 2 CLA isomers from the basal diet were
found in other studies in dairy cows or steers (Duckett
et al., 2002; Piperova et al., 2002; Loor et al., 2004).
Average DMI of the heifers in this study was similar to
that in the study of Sackmann et al. (2003). However,
because the proportion of concentrate in the total diet
was low and no vegetable oil was supplemented, we as-
sume that the duodenal flow of cis-9,trans-10 CLA and
trans-10,cis-12 CLA in the control group of the present
study might have been even less than in the study of
Sackmann et al. (2003).
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According to the experimental design, age and BW
of heifers at slaughter were markedly less than that re-
ported in recent studies in which cattle were slaugh-
tered in the United States, where cattle are slaugh-
tered at greater age (~12-24 mo of age) and greater
BW (499-590 kg; Gillis et al., 2004b, 2007; Poulson
et al., 2004). Thus, it was not surprising that dressing
percentage, fatness, weights of kidney and pelvic tal-
low, and intramuscular fat content, which are known
to be less in young cattle (Levi et al., 1967), were less
than those reported in recent studies with beef cattle of
heavy BW. The concentrations of trans-10,cis-12 CLA
in LM were 63 and 100% greater (P < 0.05) in heifers
from the CLA100 and CLA250 groups, respectively,
than in control heifers. In subcutaneous adipose tissue,
concentrations of trans-10,cis-12 CLA were 150 and
300% greater (P < 0.05) in heifers from the CLA100
and CLA250 groups, respectively, than in control heif-
ers. Increased tissue concentrations of trans-10,cis-12
CLA were also observed in several other studies with
cattle (Gillis et al., 2004a, 2007; Poulson et al., 2004),
broilers (Suksombat et al., 2007), and pigs (Eggert et
al., 2001; White et al., 2009) receiving supplemental
CLA. Our findings therefore confirm these recent ob-
servations that CLA feeding is an effective strategy for
increasing tissue CLA content in ruminants, like in non-
ruminants, provided that the CLA supplement is pro-
tected against ruminal biohydrogenation. Nevertheless,
the absolute concentration of frans-10,cis-12 CLA in
LM from CLA-fed heifers was insignificant, indicat-
ing that CLA uptake resulting from consumption of
CLA-enriched beef is very limited when compared
with CLA uptake from consumption of CLA supple-
ments designated for human nutrition. It is therefore
unlikely that consumption of such beef would result
in any metabolic effects. In contrast to trans-10,cis-12
CLA, the concentration of cis-9,trans-11 CLA, which
was the main CLA isomer in LM and subcutaneous adi-
pose tissue of the heifers, was not increased (P = 0.13)
by the CLA supplement. This is in contrast to find-
ings in nonruminants (Eggert et al., 2001; Suksombat
et al., 2007; White et al., 2009). However, the lack of
increase of cis-9,trans-11 CLA after supplementation
of CLA within the present study is in agreement with
other studies with cattle (Gillis et al., 2004a; Poulson
et al., 2004) demonstrating either no or marginal in-
creases of tissue concentration of cis-9,frans-11 CLA
by CLA supplementation. The cis-9,trans-11 CLA can
be formed endogenously by A%-desaturation of trans-
vaccenic acid that is catalyzed by A%-desaturase. This
enzyme is present in several bovine tissues, including
mammary gland, skeletal muscle, and adipose tissue
(Griinari et al., 2000; Jiang et al., 2008), and is pri-
marily responsible for the desaturation of stearic acid
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(C18:0) to oleic acid (C18:1), the predominant fatty
acid in bovine tissues. Research in dairy cattle has re-
ported that up to 80% of the CLA in milk fat originates
from desaturation of transvaccenic acid (Griinari et al.,
2000; Corl et al., 2001). In beef cattle, approximately
90% of total CLA in tissues were estimated to originate
from A%-desaturation (Gillis et al., 2004a). Because
CLA feeding was reported to inhibit A%-desaturation,
it is likely that endogenous formation of cis-9,trans-11
CLA in tissues was reduced in the CLA-fed heifers
because of a decreased conversion of transvaccenic
acid to cis-9,trans-11 CLA. This and other studies with
cattle (Gillis et al., 2004a; Poulson et al., 2004) found
that concentrations of cis-9,frans-11 CLA in tissues
were either not or marginally altered by supplemental
CLA. Probably, an increased uptake of cis-9,trans-11
CLA from the CLA supplement and its incorporation
into the tissue lipids compensated for the reduced en-
dogenous formation of cis-9,trans-11 CLA. A strong
indication that A%-desaturase in LM and adipose tis-
sues of heifers was indeed reduced by CLA feeding
was the observation that the proportions of C18:1 and
total MUFA were reduced (P < 0.05) whereas those
of C18:0 and total SFA were increased (P < 0.05) in
LM and subcutaneous adipose tissue in CLA-fed heif-
ers. Similar changes in fatty acid composition of tissue
lipids by CLA feeding were also reported in several
other studies with cattle (Gillis et al., 2004a), pigs (Bee,
2000; Eggert et al., 2001; Smith et al., 2002), broilers
(Suksombat et al., 2007), and rats (Eder et al., 2005)
and have been explained by inhibition of A%-desaturase
activity by CLA, which was reported in CLA-fed pigs
(Smith et al., 2002). In the present study, the A%-de-
saturase index (total SFA:total MUFA) in LM and sub-
cutaneous adipose tissue was also greater (P < 0.05) in
CLA-fed heifers than in control heifers, which is also
indicative of inhibition of A%-desaturase. Nevertheless,
recent studies in steers revealed that indices of A%-de-
saturase activity based on fatty acid concentrations do
not accurately reflect A”-desaturase enzyme activity
(Archibeque et al., 2005). Thus, future studies have
to demonstrate whether CLA feeding indeed inhibits
A%-desaturase activity in tissues of young heifers.

The main finding of the present study is that dietary
CLA fed during the early growing period has limited to
no influence on physical beef properties in young beef
cattle, which is in contrast to findings in pigs (Wiegand
et al., 2001; Joo et al., 2002; Larsen et al., 2009) and
broilers (Suksombat et al., 2007). The only alteration in
beef quality variables was related to pH 24 h postmor-
tem. The reason for this, however, remains unexplained.
Regardless, the pH 24 h postslaughter was within the
normal range in all treatment groups. So far, compara-
ble data regarding physical beef quality variables from
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CLA-fed beef cattle are not available in the literature.
There are only data from sensory analysis of steaks and
ground beef from CLA-fed heifers (Gillis et al., 2007).
According to the latter study, juiciness and initial tender-
ness of ground beef were decreased by CLA supplemen-
tation (Gillis et al., 2007).

Drip loss is an indicator of the amount of free water
in fresh meat, whereas cooking loss describes the extent
to which bound water is lost after heating. It has been re-
ported that water-holding capacity and intramuscular fat
content of meat are positively correlated (Joo etal., 2000).
Drip loss was reported to be decreased in highly marbled
pork when compared with pork with less marbling (Joo
et al., 2000). Our observation that intramuscular fat con-
tent was not influenced by feeding rumen-protected CLA
supplement compared with the control fat is therefore in
line with the unaltered water-holding capacity of LM in
CLA-fed heifers. Similar findings were also reported in
feeding experiments with pigs where CLA supplementa-
tion did not influence these measures of water-holding
capacity in meat (Eggert et al., 2001; Janz et al., 2008;
White et al., 2009). Thus, our findings suggest that CLA
supplementation in young heifers, like in pigs, has no
influence on the water-holding capacity of the meat.

In addition, the CLA supplement had no influence
on 24 h-postslaughter beef color variables in the LM.
This finding in young heifers is also consistent with ob-
servations in steer calves (Poulson et al., 2004) and pigs
(Wiegand et al., 2002; Dugan et al., 2003; Janz et al.,
2008), where meat color variables 24 h postslaughter were
not influenced by CLA supplementation. However, in the
study with steer calves (Poulson et al., 2004) it could be
reported that supplementation of rumen-protected CLA
during the finishing period decreased the red and yellow
color of vacuum-packed steaks during a 15-d storage pe-
riod at 3°C, indicating that that CLA supplementation in-
fluences color stability. The reduced yellow color stability
could not be explained in a study conducted by Poulson
et al. (2004); however, the decrease in red color by CLA
supplementation during storage has been proposed to be
attributable to increased intramuscular lipid oxidation
(Poulson et al., 2004).

In the present study, concentrations of a-tocopherol
in LM were increased (P = 0.014) in heifers fed rumen-
protected CLA compared with control heifers. However,
a-tocopherol concentrations in LM were less than in
other studies (Arnold et al., 1993; Vega et al., 1997,
Lynch et al., 1999). It is possible that the increased LM
vitamin E concentrations in CLA-fed heifers in our study
were attributable to an induction of hepatic a-tocopherol
transfer protein as observed recently in mice (Chao et al.,
2010) because this would protect a-tocopherol from deg-
radation in the liver and thereby contribute to increased
extrahepatic a-tocopherol concentrations. Future stud-
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ies must clarify whether induction of a-tocopherol
transfer protein in response to CLA also occurs in cattle.
Regardless, the increase in LM vitamin E concentration
of CLA-fed heifers indicates that protective mecha-
nisms against lipid oxidation were improved by CLA
supplementation. In addition, the proportions of PUFA
in tissue lipids, which reduce oxidative stability of tissue
lipids, were not altered by CLA supplementation.

Finally, the present study demonstrates that CLA
supplementation has no influence on performance vari-
ables such as BW gain or feed conversion efficiency
or on carcass traits such as conformation or fatness in
young heifers. These findings in heifers are in strong
contrast to observations in mice, rats, and pigs where
CLA supplementation caused a marked improvement
of feed efficiency, increased whole-body protein, and
strongly reduced body fat accretion (Park et al., 1997,
Azain et al., 2000; Sugano et al., 2001). However, our
results are in line with those from other studies show-
ing that rumen-protected CLA has either no or marginal
effects on performance characteristics in beef cattle
(Gassman et al., 2000; Gillis et al., 2004b).

In conclusion, the present study shows that feeding
rumen-protected CLA to heifers during the early grow-
ing period alters fatty acid composition (increase of SFA,
decrease of MUFA) of LM and subcutaneous adipose
tissue. These CLA-induced changes in fatty acid com-
position were not accompanied by alterations of beef
quality variables. Results indicated that performance
variables and carcass traits in young heifers of light BW,
like in older heifers of heavy BW, are not influenced by
CLA feeding.
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“Administration of estradiol, trenbolone acetate, and trenbolone acetate/estradiol implants alters adipogenic and myogenic gene expres-
sion in bovine skeletal muscle” (J. Anim. Sci 90:1421-1427). Correct DOI is as follows: doi:10.2527/jas2010-3496.

“Phosphorus requirements for 60 to 100 kg pigs selected for high lean deposition under different thermal environments” (J. Anim. Sci
90:1499-1505). Correct DOI is as follows: doi:10.2527/jas2010-3623.

“Effect of the administration program of two beta-adrenergic agonists on growth performance, carcass, and meat characteristics of
feedlot ram lambs” (J. Anim. Sci 90:1521-1531). Correct DOI is as follows: doi:10.2527/jas2010-3513.

“Influence of a rumen-protected conjugated linoleic acid mixture on carcass traits and meat quality in young Simmental heifers” (J.
Anim. Sci 90:1532-1540). Correct DOI is as follows: doi:10.2527/jas2010-3617.

doi:10.2527/jas2011-4571
“Obesity in dogs and cats: What is wrong with being fat?” (J. Anim. Sci. 90:1653—1662). There is an incorrect statement saying that

obesity increases the risk for diabetes in cats 8 fold. This is stated in both the text on page 5, and in the abstract. The text and abstract
should read that obesity increases the risk for diabetes in cats 4 fold, rather than 8 fold. The author regrets the error.
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ABSTRACT

Supplementation of conjugated linoleic acids (CLA)
reduces milk fat content in dairy cows and, thus, may
be a useful dietary strategy to improve energy bal-
ance during early lactation. The present study was
performed to investigate whether supplementation of
CLA could have adverse effects on hepatic lipid me-
tabolism such as observed in rodents. For this aim, 40
Holstein cows were allotted to 2 groups, which were
fed daily 172 g of either a CLA-free, rumen-protected
control fat (control group) or a rumen-protected CLA
fat supplying 4.3 g of c¢is-9,trans-11 CLA and 3.8 g
of trans-10,cis-12 CLA per day (CLA group). To
identify potential changes of lipid metabolism, expres-
sion of several genes involved in lipid metabolism was
determined in liver biopsy samples taken at wk 5 of
lactation, using a whole-genome gene chip. In the CLA
group, milk fat content and daily milk fat yield were
lower than in the control group. Milk yield was higher,
whereas fat-corrected milk and energy-corrected milk
were lower in the CLA group than in the control group.
The CLA group, moreover, had an improved energy
balance. To study potential effects of CLA on hepatic
lipid metabolism, we considered 6 genes encoding fatty
acid transporters, 7 genes involved in intracellular fatty
acid transport, 21 and 7 genes, respectively, involved in
mitochondrial and peroxisomal 3-oxidation, 6 genes of
carnitine metabolism, 3 genes of ketogenesis, 21 genes
involved in fatty acid and triacylglycerol synthesis, 17
genes involved in cholesterol metabolism, and 20 genes
involved in lipoprotein metabolism. None of these genes
was differentially regulated between the CLA group
and the control group. Gene chip data were confirmed
by quantitative PCR analysis, which revealed no differ-
ence in the expression of key enzymes of various path-
ways such as lipogenesis, 3-oxidation, and ketogenesis
between the 2 groups of cows. In line with those find-
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ings, concentrations of triacylglycerols and cholesterol
in liver and plasma were not different between the 2
groups of cows. In conclusion, the present study shows
that CLA supplementation at a dose effective for milk
fat depression does not induce adverse effects on he-
patic lipid metabolism in dairy cows.

Key words: conjugated linoleic acid, dairy cow, gene
expression, hepatic lipid metabolism

INTRODUCTION

During early lactation, dairy cows are typically in a
negative energy balance (NEB) as food intake capacity
is limited and the amount of energy consumed does not
meet the high energy requirement for maintenance and
milk production (Drackley, 1999). As NEB in dairy cows
is associated with metabolic disorders and reproductive
failures, attempts are made to reduce the gap between
energy intake and energy requirement. One of them
is to increase energy intake by elevating the amounts
of concentrates or by addition of fats. However, these
dietary strategies have several drawbacks such as a re-
duction of DMI or an increased risk of rumen acidosis
(Hayirli and Grummer, 2004; Kay et al., 2006). Thus,
a more promising attempt to improve NEB is to lower
energy output via the milk (e.g., by reduction of the
content of fat, the nutrient which is most variable and
moreover represents the major energy cost in milk pro-
duction; Bauman and Davis, 1974; Kay et al., 2006).
The use of dietary conjugated linoleic acid (CLA)
supplements is well known to lower milk fat content,
not only in dairy cows but also in several other species
such as pigs or rats, with trans-10,cis-12 CLA being
the isomer responsible for this effect (Bauman et al.,
2008). It has been well established that trans-10,cis-12
CLA lowers milk fat content mainly by an inhibition of
de novo FA synthesis in the mammary gland, and also
by a reduction of uptake of FA from triacylglycerol-
rich lipoproteins due to inhibition of lipoprotein lipase
(Bauman et al., 2011). Recently, it has been shown that
the use of dietary CLA supplements indeed improves
NEB by decreasing energy output via the milk and,
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thus, provides a promising dietary strategy to prevent
health problems associated with NEB in dairy cows
(Kay et al., 2006; Odens et al., 2007; Schwarz et al.,
2007). However, for practical use, aspects of safety
must be considered, particularly with respect to pos-
sible adverse side effects of CLA on metabolism.

Studies in laboratory animals such as rats and mice
have shown that CLA exhibits several beneficial prop-
erties, such as anticarcinogenic, antiatherogenic, and
antidiabetogenic effects (Ha et al., 1987; Lee et al.,
1994; Houseknecht et al., 1998). However, besides these
beneficial effects, some serious adverse side effects were
observed. In mice, supplementation of trans-10,cis-12
CLA led to dramatic changes in hepatic lipid metabo-
lism, resulting in the development of fatty liver (Belury
and Kempa-Steczko, 1997; Tsuboyama-Kasaoka et al.,
2000; Clément et al., 2002). Interestingly, this phenom-
enon was not observed in other species such as rats or
hamsters (Stangl, 2000; Giudetti et al., 2005; Miranda
et al., 2009), indicating that the response to CLA on
hepatic lipid metabolism is species specific.

During early lactation, hepatic lipid metabolism is
generally stressed by a great amount of FA released
from adipose tissue and subsequently taken up into
the liver. These FA cannot be completely oxidized or
released into the blood as triacylglycerols (TAG) via
very low-density lipoproteins (VLDL). Thus, during
early lactation, TAG accumulate in the liver (Katoh,
2002). Therefore, a potential adverse effect of CLA
on hepatic lipid metabolism during this critical phase
requires particular attention in dairy cows. In dairy
cows, many studies have been performed to investigate
metabolic effects of dietary CLA. Most of these studies
focused on the effects of CLA on the metabolism of
mammary gland, particularly milk fat synthesis and fat
content of milk (e.g., Baumgard et al., 2002b; Loor and
Herbein, 2003; Moore et al., 2004; Piperova et al., 2004;
Moore et al., 2005; Odens et al., 2007; Perfield et al.,
2007; Medeiros et al., 2010; Weerasinghe et al., 2012)
and the metabolism of adipose tissue (e.g., Baumgard
et al., 2002a, Harvatine et al., 2009; Akter et al., 2011).
In contrast, a few studies dealing with the effect of
CLA on hepatic metabolism show that supplementa-
tion of CLA does not influence hepatic total lipid con-
tent (Bernal-Santos et al., 2003; Selberg et al., 2004;
Castaneda-Gutiérrez et al., 2005). However, as lipid
metabolism is very complex and includes several path-
ways such as uptake, oxidation, and synthesis of FA,
assembly and secretion of lipoproteins or ketogenesis,
the finding of an unchanged hepatic TAG concentration
does not necessarily mean that CLA has no adverse
effects on specific pathways of lipid metabolism. The ef-
fect of CLA on hepatic lipid metabolism, however, has
not yet been investigated in detail. Therefore, the pres-
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ent study aimed to investigate the effect of a rumen-
protected CLA mixture at a level sufficient to achieve
decrease in milk fat on hepatic lipid metabolism. For
this purpose, the expression profile of several genes
involved in hepatic lipid metabolism was considered,
thus allowing us to detect potential changes of critical
pathways of lipid metabolism.

MATERIALS AND METHODS

The animal experiment was conducted at the Agri-
cultural Experimental Station Hirschau of the Techni-
cal University of Munich, Germany. It was approved
by the Bavarian state animal care and use committee.

Animals

Forty primi- and multiparous Holstein cows (2.6 +
1.1 parities, mean + SD) were used as experimental
animals for this study. The experimental period ranged
from wk 3 prepartum to wk 14 postpartum. The lactat-
ing herd was housed in a freestall barn with individual
feeding places. From 7 d before expected calving until
5 d postpartum, animals were fed individually in calv-
ing pens with straw bedding. The animals were allo-
cated to 2 experimental groups. The control group was
composed of 4 primiparous and 16 multiparous (2.7 +
1.1 parities) dairy cows; the treatment group (CLA)
included 5 primiparous and 15 multiparous (2.5 + 1.2
parities) dairy cows.

Feeding Regimen

Animals received a partial mixed ration (PMR) for
ad libitum intake of basic feed with separate and lim-
ited intake of concentrates. The PMR was calculated
to meet the demands for energy and protein of a cow
(650 kg of BW) producing 21 kg of milk/d with an
assumed DMI of 16 kg of DM/d. The PMR consisted
of 33.7% grass silage, 44.9% maize silage, 6.4% hay,
and 14.9% concentrate (DM basis). Partial mixed ra-
tion intake was recorded individually by using feed bins
that were connected to electronic balances. In addi-
tion to the PMR, concentrate (CONC) was offered
individually in transponder-access feeding stations by
an automatic feeding program (Alpro; DeLaval GmbH,
Glinde, Germany). Concentrate was composed of 24.8%
maize, 21.8% wheat, 20.1% soybean meal, 15.2% dried
sugar beet pulp with molasses, 14.9% barley, and 3.2%
vitamin-mineral premix (R-Lactol, Mineralfutter 2 fiir
Rinder, RKW Siid, Wiirzburg, Germany) including
limestone (DM basis). In the first 5 d of lactation, the
cows received 1.2 kg of CONC DM/d. On d 6 post-
partum, cows were fed 1.8 kg of CONC DM/d, which
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Table 1. Energy and nutrient concentrations of partial mixed ration
(PMR), supplemental concentrate (SUPP), and individually allocated
concentrate (CONC)

Item PMR SUPP CONC
Energy' (MJ of NE; /kg of DM) 6.45 12.8 8.00
Crude fiber (g/kg of DM) 214 69 67
Crude ash (g/kg of DM) 81 49 72
Crude fat (g/kg of DM) 32 303 20
CP (g/kg of DM) 129 140 184
Available CP' (g/kg of DM) 142 151 187

'Calculated values.

was increased up to 6.2 kg of DM/d in the primiparous
cows or 8.0 kg of DM/d in the multiparous cows in the
following 35 d. Thereafter, CONC was fed according
to individual extra requirements for milk production.
Nutrient concentrations and energy content of the feed
components are shown in Table 1. Calculations for en-
ergy and protein supply followed the recommendations
of the German Society of Nutrition Physiology (GfE,
2001).

Administration of Control Fat or CLA

The dietary fats (control fat or CLA) were supplied
via an extra portion of concentrate (supplemental con-
centrate, SUPP), which consisted (DM basis) of 24.4%
soybean meal, 48.3% maize, and 27.3% of rumen-pro-
tected fat supplements (control fat or CLA) for both
groups. Nutrient concentrations and energy content of
SUPP are shown in Table 1. Supplemental concentrate
was administered during the whole experimental period
from 3 wk prepartum to 14 wk postpartum at a con-
stant amount of 0.63 kg of DM/d for each cow by hand
once daily. The cows were separated after milking, fixed
in the self-locking feed fence and offered the weighed
amount of SUPP. The daily portion of SUPP offered
172 g of rumen-protected fats per day. The fat of the
control group (LactoPlus 2000; Bewital GmbH & Co.
KG, Siidlohn, Germany) was free of CLA. The fat of
the CLA group (LactoPlus CLA 100; Bewital GmbH &
Co. KG) contained 25 and 22 g of cis-9,trans-11 CLA
and trans-10,cis-12 CLA, respectively, per kilogram, re-
sulting in a daily intake of 4.3 g of cis-9,trans-11 CLA
and 3.8 g of trans-10,cis-12 CLA per animal and day.
With the exception of the 2 CLA isomers, the contents
of the major FA in the 2 fats were largely similar, with
palmitic and stearic acid being the major FA (Table
2). The amount of CLA supplemented was selected in
accordance with a recent study in dairy cows (Schwarz
et al., 2007). In that study, supplementation of 4 g of
trans-10,cis-12 CLA per animal decreased milk fat by
0.7% points.

3907
Feed Sampling and Analysis

All used forages, the PMR, and CONC were sampled
once per week, whereas SUPP was sampled once in the
experimental period. First, DM content was analyzed
by weighing fresh material, drying for 24 h at 60°C,
and reweighing. Then samples were ground (Brabender
GmbH & Co. KG, Duisburg, Germany; filter width
1.1 mm) and PMR samples were combined to 2-wk
pools and CONC samples to 4-wk pools. In these pools,
the concentrations of crude nutrients crude ash, crude
fiber, and crude fat were determined according to Nau-
mann et al. (2000), whereas CP was analyzed using the
Dumas method. The net energy content (MJ of NEy)
and the available CP at the duodenum were calculated
according to GfE (2001).

Sample Collection

Lactating cows were milked twice daily (0500 and
1500 h) in a 2 x 6 herringbone milking parlor (DeLaval
GmbH). Milk yields of each cow were recorded auto-
matically and stored in data files. Twice weekly, repre-
sentative milk samples (50 mL) from every individual
cow were collected by using the sampling device of the
milking parlor. One sampling comprised 2 consecutive
milking procedures (one evening and the next morning
milking). Milk that could not be sold (colostrum, milk
from ill cows) was collected in buckets with a scale with
which the exact yield could be read.

At wk 1, 5, and 14 of lactation, blood samples of the
dammed vena jugularis were taken using sterile 20G
cannulas and lithium heparin tubes (Greiner Bio-One
GmbH, Kremsmiinster, Austria). Blood sampling took
place before morning feeding between 0730 and 0900
h. Tubes were kept on ice until subsequent centrifuga-
tion (2,000 x ¢ for 15 min). Plasma was pipetted into
1.5-mL tubes (Greiner Bio-One GmbH, Frickenhausen,
Germany) and stored in aliquots at —20°C until analy-
sis.

Table 2. Contents of major FA in the experimental fat supplements
(8/kg)

FA Control fat CLA fat!
C14:0 17 16
C16:0 543 467
C18:0 331 259
C18:1 7 88
C18:2 n-6 1 27
C18:3 n-3 1 2
cis-9,trans-11 CLA — 25
trans-10,cis-12 CLA — 22
C20:0 4 4
C20:1 6 6

'CLA = conjugated linoleic acid.
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At wk 1, 5, and 14 of lactation, liver biopsies were
taken. Biopsies were conducted before feeding between
0700 and 0900 h. Cows were separated and fixed. After
shaving and disinfecting the liver biopsy site on the
right side of the cow between the 11th and 12th ribs
on a line between the olecranon and the tuber coxae,
a local subcutaneous anesthesia with 5 mL of Isocaine
2% (procaine hydrochloride/epinephrine; Selectavet
Dr. Otto Fischer GmbH, Weyarn/Holzolling, Germany)
was performed. Biopsies were taken with sterile 14G
biopsy needles (Dispomed Witt oHG, Gelnhausen,
Germany) after introducing an autoclaved cannula as
a duct for the needle. About 50 mg of liver tissue were
immediately snap frozen in liquid nitrogen. Storage fol-
lowed at —80°C until further analysis. The biopsy site
was treated with wound spray and animals were kept
separately until the next day.

Sample Analysis

Milk samples were analyzed for protein, fat, and
lactose by infrared spectrophotometry (MilkoScan FT
6000; Foss Analytical A/S, Hillerad, Denmark) at the
laboratory of Milchpriifring Bayern e.V., Wolnzach,
Germany. Plasma samples were thawed and analyzed
for NEFA, BHBA, TAG, and cholesterol content using
commercial available kits [NEFA-HR(2) and Autokit
3-HB, obtained from Wako Chemicals GmbH, Neuss,
Germany; Fluitest TG and Fluitest CHOL, obtained
from Analyticon Biotechnologies AG, Lichtenfels, Ger-
many]|. Lipids from liver biopsy samples were extracted
with a mixture of n-hexane and isopropanol (3:2, vol/
vol; Hara and Radin, 1978). For lipid analyses, aliquots
of the lipid extracts were dried and the lipids were dis-
solved using a 1:1-mixture of chloroform and Triton
X-100 (De Hoff et al., 1978). Liver TAG and cholesterol
content were measured using enzymatic reagent Kkits
(Fluitest TG and Fluitest CHOL, respectively; Ana-
lyticon Biotechnologies AG).

Energy Balance

Average daily energy balance of every individual cow
was calculated. For this purpose, energy intake was
calculated from the mean daily intake of PMR, SUPP,
and CONC and the corresponding energy contents (MJ
of NE;). Energy requirements for maintenance were
calculated using the mean BW of the cows according to
GfE (2001). Body weights were automatically recorded
daily by electronic scales installed in the feeding sta-
tions and used to calculate the weekly mean BW of
every individual cow. Energy requirements for milk pro-
duction were calculated based on weekly means of daily
milk yield, milk protein content, and milk fat content
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according to GfE (2001). Changes in body composition
were not considered in energy balance evaluation.

RNA Isolation and Quality Control

Total RNA was isolated from liver biopsies using
Trizol reagent (Invitrogen, Karlsruhe, Germany) ac-
cording to the manufacturer’s protocol. Ribonucleic
acid from 15 mg of each sample was isolated within 1
wk after finishing the trial. Isolated RNA was preserved
at —80°C until use. Ribonucleic acid concentration and
purity were estimated from the optical density at 260
and 280 nm, respectively, using an Infinite 200M micro-
plate reader and a NanoQuant Plate (both from Tecan
Group Ltd., Méannedorf, Switzerland). The A260/
A280 ratios were 2.02 £+ 0.05. The integrity of the total
RNA was checked by 1% agarose gel electrophoresis.
Ribonucleic acid was judged as suitable for array hy-
bridization only if the samples exhibited intact bands
corresponding to the 18S and 28S ribosomal RNA sub-
units. Subsequently, 5 RNA pools each for the control
and for the CLA group, were prepared. Each RNA pool
comprised RNA from 4 animals.

Microarray Analysis

For microarray analyses, the RNA pools were sent
to the Center of Excellence for Fluorescent Bioanalyt-
ics (KFB) at the University of Regensburg (Regens-
burg, Germany) for hybridization to the Affymetrix
GeneChip bovine genome arrays (Affymetrix UK Ltd.,
High Wycombe, UK). The Affymetrix GeneChip bo-
vine genome array is based on content from UniGene
(http://www.ncbi.nlm.nih.gov/unigene) and GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) mRNA.
It contains 24,027 probe sets representing more than
23,000 transcripts and includes approximately 19,000
UniGene clusters. In brief, total RNA was checked
for quality and quantity using an Agilent Bioanalyzer
2100 instrument (Agilent Technologies, Waldbronn,
Germany) and total RNA was transcribed to first- and
second-strand c¢cDNA. After purification and testing
on an Agilent Bioanalyzer 2100, the double-stranded
cDNA served as a template for the in vitro transcription
reaction for cRNA synthesis. The cRNA was labeled
with biotin using the Affymetrix GeneChip labeling kit.
After checking the quality and quantity of the labeled
cRNA, ¢cRNA was fractionated and hybridized with
Affymetrix GeneChips. The GeneChips were washed
and stained with the Affymetrix GeneChip Fluidics
Station 450. The GeneChips were then scanned with
an Affymetrix GeneChip Scanner 3000. All procedures
were performed according to Affymetrix protocols
(GeneChip expression analysis, technical manual from
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Figure 1. Box plots displaying the average normalized log (base 2) expression signal (y-axis) of all 10 Affymetrix GeneChip (Affymetrix UK

Ltd., High Wycombe, UK) bovine genome arrays.

Affymetrix). The quality of hybridization was assessed
in all samples following the manufacturer’s recommen-
dations. After scanning the arrays, cell intensity files
containing a single-intensity value for each probe cell
were computed from the image data with the Affyme-
trix GeneChip Operating Software (GCOS). Probe cell
intensity data were further analyzed in the Affymetrix
Expression Console 1.1 software using the Affymetrix
Microarray Suite Version 5.0 (MAS 5.0) algorithm to
create chip files. In the MAS 5.0 algorithm, a global
scaling strategy is applied for normalization where the
average signal intensity of all probe sets is scaled to a
default target signal. The box plots of log (base 2) ex-
pression signals of the 10 arrays show that GeneChips
were adequately normalized (Figure 1). The fold chang-
es (FC) in gene expression were calculated from the
signal log ratios (SLR) using the following equation:
FC = 2SLR for SLR > 0 and FC = (—1) x 276
for SLR < 0. An SLR of zero means no change. The
SLR algorithm estimates the magnitude and direction
of change of a gene when 2 arrays are compared (CLA
versus control). It is calculated by comparing each gene
on the CLA array to the corresponding gene on the
control array. The log scale used is base 2, making it

intuitive to interpret the SLR in terms of multiples of
2. Thus, an SLR of 1 indicates a 2-fold increase of the
transcript level, and an SLR of —1.0 indicates a 2-fold
decrease. Correspondingly, an FC of 2.0 indicates an
increase in the transcript level of 100%, and an FC of
—2.0 indicates a decrease of 50%.

Real-Time Quantitative PCR

Differential expression data of selected genes obtained
from Affymetrix GeneChip analysis were validated by
real-time quantitative PCR (qPCR). For this purpose,
cDNA was synthesized in less than a week after RNA
extraction from 1.2 pg of total RNA from all individ-
ual samples (n = 20/group) contributing to the RNA
pools for microarray analysis using 100 pmol of dT18
primer (Eurofins MWG Operon, Ebersberg, Germany),
1.25 pL 10 mmol/L of ANTP mix (GeneCraft GmbH,
Liidinghausen, Germany), 5 pL of buffer (Fermentas
GmbH, St. Leon-Rot, Deutschland), and 60 units of M-
MuLV Reverse Transcriptase (MBI Fermentas GmbH,
St. Leon-Rot, Germany) at 42°C for 60 min, and a final
inactivating step at 70°C for 10 min in a Biometra Ther-
mal Cycler (Whatman Biometra GmbH, Gottingen,
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Germany). Subsequently, cDNA was stored in aliquots
at —20°C. For the standard curve, a ¢cDNA pool of all
samples was made. Quantitative PCR was performed
using 2 pL of ¢cDNA combined with 18 pL of a mix-
ture composed of 10 pL of KAPA SYBR FAST qPCR
Universal Master Mix (Peqlab Biotechnologie GmbH,
Erlangen, Germany), 0.4 wL each of 10 pM forward and
reverse primers, and 7.2 pL of DNase/RNase-free wa-
ter in 0.1-mL tubes (LTF Labortechnik GmbH & Co.
KG, Wasserburg, Germany). Gene-specific primer pairs
obtained from Eurofins MWG Operon were designed
using Primer3 (http://frodo.wi.mit.edu/) and BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Features of
primer pairs are listed in Table 3. All primer pairs were
designed to have melting temperatures of about 60°C
and, if possible, both primers of a primer pair were
designed to be located in different exons. Quantitative
PCR runs were performed using a Rotor-Gene 2000
system (Corbett Research Pty Ltd., Mortlake, Austra-
lia), and included all samples and a 5-point relative
standard curve plus the nontemplate control (NTC).
The qPCR protocol was as follows: 3 min at 95°C, fol-
lowed by 40 cycles of a 2-step PCR consisting of 5 s at
95°C (denaturation) and 20 s at 60°C (annealing and
extension). Subsequently, melting curve analysis was
performed from 50 to 95°C to verify the presence of a
single PCR product. In addition, the amplification of
a single product of the expected size was confirmed us-
ing 2% agarose gel electrophoresis stained with GelRed
nucleic acid gel stain (Biotium Inc., Hayward, CA).
Data on qPCR performance for each genes measured
are also shown in Table 3. For determination of relative
expression levels relative quantities were calculated us-
ing GeNorm normalization factor. To calculate the nor-
malization factor, all cycle threshold (Ct) values were
transformed into relative quantification data by using
the 272" equation (Livak and Schmittgen, 2001), and
the highest relative quantities for each gene were set to
1. From these values the normalization factor was cal-
culated as the geometric mean of expression data of the
3 most stable out of 6 tested potential reference genes.
Reference gene stability across samples was determined
by performing GeNorm analysis (Vandesompele et al.,
2002), which is based on calculation of a reference gene-
stability measure M. Genes with the lowest M values
have the most stable expression. After normalization
of gene expression data using the calculated GeNorm
normalization factor, means and SD were calculated
from normalized expression data for samples of the
same treatment group. The mean of the control group
was set to 1 and mean and SD of the CLA group was
scaled proportionally. After normalization, means and
SD were calculated from normalized expression data
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for samples of the same treatment group. Relative ex-
pression ratios of the CLA group are expressed as fold
changes compared with the control group.

Statistics

Data are presented as means + standard errors of the
means. The individual cow serves as experimental unit.
Statistical analysis of performance and metabolic data
was performed using the MIXED procedure of SAS
version 9.2 (SAS Institute Inc., Cary, NC). For each
performance parameter, the model included lactation
week, treatment group, parity of the cow (primiparous
and multiparous), and the lactation week x treatment
group interaction. The repeated subject was the indi-
vidual cow. The significances of differences between the
groups over time were analyzed using the Bonferroni
t-test. Differences were regarded as significant at P <
0.05.

RESULTS

Feed Intake, Energy Balance, Milk Yield,
and Milk Composition

As expected, the DMI of the cows rose from wk 1 to
14. Dry matter intake was not significantly different
between the CLA group and the control group, but
a tendency (P = 0.075) existed toward an increase in
DMI (+ 0.4 kg) in the cows supplemented with CLA
during the period from wk 1 to 14 (Table 4). Daily
milk yield during the whole period was higher in the
CLA group than in the control group (P < 0.001). In
wk 1 of lactation, milk fat was not different between
the 2 groups of cows. However, during the whole pe-
riod, milk fat and daily amount of milk fat were 0.6
percentage points and 0.17 kg, respectively, lower in
the CLA group than in the control group (P < 0.001;
Table 4). For milk protein concentration, an interaction
between treatment and time (P = 0.028) was observed:
in wk 1 and 5, no difference in milk protein content was
observed; in wk 14, milk protein content was decreased
in the CLA group compared with the control group (P
< 0.05). During the whole period, milk protein content
was decreased by 0.15 percentage points in the CLA
group (P < 0.001), whereas daily milk protein yield was
not different between the 2 groups of cows (Table 4).
The concentration of lactose in the milk was not differ-
ent between the 2 groups of cows. Due to the decreased
milk fat content, amounts of FCM and ECM were lower
in the CLA group than in the control group (P = 0.002
and P = 0.005, respectively; Table 4). The energy bal-
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Table 3. Characteristics and performance data of the primers used for quantitative PCR analysis and reference gene-stability measure M

PCR
Forward primer (from 5’ to 3'); product NCBI GenBank
Gene Reverse primer (from 5’ to 3) size (bp) accession number Slope R? Efficiency M
Reference gene
ACTB ACTTGCGCAGAAAACGAGAT 120 AY141970 —0.29 0.99 1.94 0.135
CACCTTCACCGTTCCAGTTT
SDHA GCAGAACCTGATGCTTTGTG 185 NM_174178 —0.23 0.99 1.69 0.085
CGTAGGAGAGCGTGTGCTT
ATP5B GGACTCAGCCCTTCAGCGCC 229 NM_175796 —0.24 0.93 1.74 0.135
GCCTGGTCTCCCTGCCTTGC
RPS9 GTGAGGTCTGGAGGGTCAAA 108 BC148016 —0.30 0.99 2.00 0.080
GGGCATTACCTTCGAACAGA
PPIA GGCAAATGCTGGCCCCAACACA 87 NM_178320 —0.29 0.99 1.95 0.091
AGTACCACGTGCTTGCCATCCA
RPL12 CACCAGCCGCCTCCACCATG 84 NM_205797 —0.35 0.99 2.25 0.078
CGACTTCCCCACCGGTGCAC
Target gene
SREBP-1 CCGAGGCCAAGTTGAATAAA 136 AB355703 —0.29 0.99 1.93 —
TTCAGCGATTTGCTTTTGTG
FASN GCTGAGCCTGATGCGTCTGAGC 138 NM_001012669 —0.30 0.99 1.97 —
GGATGGCAGTGAGGCTCACGAA
ACACA CTCTTCCGACAGGTTCAAGC 270 NM_174224 —-0.22  -0.22 1.000 —
AGTCCCCGCACTCACATAAC
SREBP-2 CTGGCTCCAGGGAGATGAC 120 XM_583656 -0.31 031 0.995 —
GCTCTGCAGGTGTGGAAGAC
HMGCR GAGTGGCAGGACCTCTGTGC 121 BC153262 -0.29 -0.29 0.999 —
GCACCTCCACCAAGGCCTAT
CPTI1A CAAAACCATGTTGTACAGCTTCCA 111 FJ415874 —-0.31 —-0.31 0.928 —
GCTTCCTTCATCAGAGGCTTCA
HMGCS2 GCCCAATATGTGGACCAAAC 209 NM_001045883 -0.29 -0.29 0.997 —
ATGGTCTCAGTGCCCACTTC
SLC27A1 CTGAAGGAGACCTCCACAGC 208 NM_001033625 —-0.24 —-0.24 0.882 —
GTGGTACAGGGGCAGACAGT
CD36/FAT GCATTCTGAAAGTGCGTTGA 179 BC103112 —-0.31 —-0.31 0.928 —

CGGGTCTGATGAAAGTGGTT

'ACTB = actin 8; SDHA = succinate dehydrogenase complex, subunit A, flavoprotein (Fp); ATP5B = ATP synthase, H" transporting, mito-
chondrial F1 complex, 3 polypeptide; RPS9 = ribosomal protein S9; PPIA = peptidylprolyl isomerase A (cyclophilin A); RPL12 = ribosomal
protein L12; SREBP-1 = sterol regulatory element-binding protein 1; FASN= FA synthase; ACACA = acetyl-CoA carboxylase a; SREBP-2 =
sterol regulatory element-binding protein 2; HMGCR = 3-hydroxy-3-methylglutaryl-CoA reductase; CPT1A = carnitine palmitoyltransferase 1A
(liver); HMGCS2 = 3-hydroxy-3-methylglutaryl-CoA synthase 2 (mitochondrial); SLC27A1 = solute carrier family 27 (FA transporter), member
1; CD36/FAT = CD36/FA translocase; NCBI = National Center for Biotechnology Information.

ance during the whole period was improved in the CLA
group compared with the control group (P = 0.024).

Concentrations of NEFA and BHBA in Plasma

In wk 1, plasma concentration of NEFA in the CLA
group was lower than in the control group (P < 0.05;
Table 5). In wk 5 and 14, no difference was observed
in plasma NEFA concentration between both groups of
cows. Plasma BHBA concentration was not different

between the 2 groups of cows during the whole period
(Table 5).

Concentrations of TAG and Cholesterol in Liver
and Plasma

Hepatic TAG showed the expected dependence on
lactation week, being highest in wk 5 of lactation. Con-
jugated linoleic acid supplementation, however, did not

change hepatic TAG concentration (Table 5). Hepatic
cholesterol concentration was also not different between
the 2 groups of cows. Plasma TAG and cholesterol con-
centrations at wk 5 were not different between the 2
groups of cows (Table 5).

Expression of Genes Involved in Hepatic FA Uptake
and Intracellular FA Transport

To assess the effect of CLA on hepatic FA uptake
and intracellular transport, we considered the expres-
sion of a total of 6 genes encoding FA transporters
(SLC27A1, SLC27A2, SLC27A4, SLC27A5, SLC27AG,
and CD36/FAT) and 7 genes encoding FA-binding pro-
teins (FABPI to 7; Table 6). The expression of these
genes was not differentially regulated between the CLA
group and the control group, indicating that CLA did
not affect FA uptake into the liver and FA binding and
transport in the liver. This indication is supported by

Journal of Dairy Science Vol. 95 No. 7, 2012
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Table 6. Effect of conjugated linoleic acid (CLA) on the expression of genes involved in hepatic FA uptake, intracellular FA transport,
mitochondrial and peroxisomal 3-oxidation, carnitine metabolism, and ketogenesis in Holstein cows at wk 5

Gene Description FC!
FA uptake
SLC27A1 Solute carrier family 27 (FA transporter), member 1 1.03
SLC27A2 Solute carrier family 27 (FA transporter), member 2 1.15
SLC27A4 Solute carrier family 27 (FA transporter), member 4 1.20
SLC27A5 Solute carrier family 27 (FA transporter), member 5 —1.05
SLC27A6 Solute carrier family 27 (FA transporter), member 6 1.04
CD36/FAT CD36/FA translocase —1.01
Intracellular FA transport
FABP1 FA-binding protein 1 1.00
FABP2 FA-binding protein 2 1.02
FABPS3 FA-binding protein 3 —1.03
FABPJ FA-binding protein 4 1.31
FABPS5 FA-binding protein 5 —1.01
FABPG6 FA-binding protein 6 —1.07
FABP7 FA-binding protein 7 1.02
Mitochondrial FA oxidation
CPT1A Carnitine palmitoyltransferase 1A —1.04
CPT1B Carnitine palmitoyltransferase 1B —1.03
CPT1C Carnitine palmitoyltransferase 1C —1.15
CPT2 Carnitine palmitoyltransferase 2 1.05
CACT Carnitine/acylcarnitine translocase 1.05
MLYCD Malonyl-CoA decarboxylase 1.07
ACADS Acyl-CoA dehydrogenase, C-2 to C-3 short chain 1.01
HADHA Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/ —1.17
enoyl-CoA hydratase (trifunctional protein), o subunit
HADHB Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/ 1.06
enoyl-CoA hydratase (trifunctional protein), 3 subunit
ACADVL Acyl-CoA dehydrogenase, very long chain —1.02
ACADM Acyl-CoA dehydrogenase, C-4 to C-12 straight chain 1.11
ACADL Acyl-CoA dehydrogenase, long chain —1.09
ACADSB Acyl-CoA dehydrogenase, short/branched chain 1.00
ACADY9 Acyl-CoA dehydrogenase family, member 9 —1.07
ACADI10 Acyl-CoA dehydrogenase family, member 10 —1.04
ACADI11 Acyl-CoA dehydrogenase family, member 11 1.07
ECHS1 Enoyl CoA hydratase, short chain, 1, mitochondrial 1.05
ACAA2 Acetyl-CoA acyltransferase 2 1.15
PCCA Propionyl CoA carboxylase, o polypeptide 1.04
PCCB Propionyl CoA carboxylase, 3 polypeptide 1.03
MUT Methylmalonyl CoA mutase 1.12
Peroxisomal FA oxidation
ACOX1 Acyl-CoA oxidase 1, palmitoyl 1.06
ACOX2 Acyl-CoA oxidase 2, branched chain —1.04
ACOXS3 Acyl-CoA oxidase 3, pristanoyl —1.08
ECH1 Enoyl CoA hydratase 1, peroxisomal 1.03
ECHDC1 Enoyl CoA hydratase domain containing 1 1.27
ECHDC?2 Enoyl CoA hydratase domain containing 2 1.00
ECHDCS Enoyl CoA hydratase domain containing 3 —1.09
Carnitine synthesis, transport, and esterification
ALDH9A1 Aldehyde dehydrogenase 9 family, member Al 1.07
BBOX1 Butyrobetaine (v), 2-oxoglutarate dioxygenase 1.14
TMLHE Trimethyllysine hydroxylase, 1.06
SLC22A5 Organic cation/carnitine transporter 2 1.11
CRAT Carnitine O-acetyltransferase —1.07
CROT Carnitine O-octanoyltransferase 1.14
Ketogenesis
HMGCL 3-Hydroxymethyl-3-methylglutaryl-CoA lyase 1.04
HMGCS2 3-Hydroxy-3-methylglutaryl-CoA synthase 2 (mitochondrial) 1.07
ACATI Acetyl-CoA acetyltransferase 1 1.20

'Fold change in the CLA group versus the control group. For example, an FC of 2.0 indicates an increase in the transcript level of 100%, and
an FC of —2.0 indicates a decrease of 50%.

qPCR analysis of CD36 and FATP1, 2 important FA  vs. control group: CD36: 0.73 4+ 0.64 vs. 1.00 £+ 0.69;
transporters, which revealed no difference in relative FATPI1: 0.85 + 0.51 vs. 1.00 £+ 0.57; P > 0.05 for both
mRNA concentrations of these genes (CLA group genes).
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Expression of Genes Involved in Mitochondrial
and Peroxisomal B-Oxidation of FA, Carnitine
Metabolism, and Ketogenesis

To assess the effect of CLA on hepatic mitochondrial
and peroxisomal (3-oxidation, we considered the expres-
sion of 21 and 7 genes, respectively, involved in those
pathways (Table 6). None of the genes considered was
differentially regulated in the CLA group compared with
the control group. Carnitine is required for the transport
of acyl-CoA into the mitochondrion and, thus, is an es-
sential cofactor in 3-oxidation. To assess whether CLA
influenced carnitine metabolism, we determined the
expression of 5 genes involved in synthesis (ALDH9A1,
BBOX1, and TMLHE), transport (SLC22A5), and es-
terification (CRAT and CROT) of carnitine (Table 6).
The expression of all of these genes was not different
between the 2 groups of cows. Moreover, expression of 3
genes involved in ketogenesis was not different between
cows supplemented with CLA and cows of the control
group. The consideration of all of the genes involved
in 3-oxidation, carnitine metabolism, and ketogenesis
indicates that hepatic mitochondrial and peroxisomal
B-oxidation, metabolism of carnitine, and ketogen-
esis were not influenced by supplementation of CLA.
This indication was confirmed by determining relative
mRNA concentrations of CPTIA and HMGCS2, key
enzymes of mitochondrial 3-oxidation and ketogenesis,
respectively, by qPCR (CLA group vs. control group:
CPT1A:0.93 £ 0.68 vs. 1.00 &+ 0.56; HMGCS2: 0.84 +
0.41 vs. 1.00 £ 0.57; P > 0.05 for both genes).

Expression of Genes Involved in Lipid Synthesis

To assess the effect of CLA on lipid synthesis, we
considered the expression of 7 genes involved in FA
synthesis, 4 genes involved in TAG synthesis, 5 genes
involved in the synthesis of unsaturated FA (desatu-
rases), b genes involved in elongation of FA (elongases),
and 17 genes involved in cholesterol synthesis (Table
7). None of these genes was differentially regulated in
the CLA group in comparison to the control group,
indicating that CLA had no influence on hepatic lipid
synthesis. This indication was confirmed by determin-
ing relative mRNA concentrations of ACC and FASN
(2 enzymes of FA synthesis), HMGCR (the key enzyme
of cholesterol synthesis), and SREBP-1 and SREBP-2
(2 transcription factors controlling the transcription of
genes involved in lipogenesis and cholesterol synthesis).
Relative mRNA concentrations of these genes in the
CLA group versus control group were as follows: ACC:
1.25 + 0.66 vs. 1.00 + 0.56; FASN: 0.73 £+ 0.64 vs.
1.00 &+ 0.69; HMGCR: 1.04 £ 0.62 vs. 1.00 £ 0.51;
SREBP-1: 0.89 + 0.59 vs. 1.00 &+ 0.52; SREBP-2: 0.90
+ 0.57 vs. 1.00 £ 0.52 (P > 0.05 for all genes).
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Expression of Genes Involved in Lipoprotein Uptake
and Metabolism

To assess the effect of CLA on hepatic lipoprotein
metabolism, we considered the expression of 2 genes
involved in lipoprotein uptake (VLDLR and LDLR), 6
genes involved in lipoprotein metabolism, and 12 genes
involved in lipoprotein secretion (Table 7). All of these
genes were not differentially regulated between cows of
the CLA group and cows of the control group, indicat-
ing that uptake, metabolism, as well as assembly and
secretion of lipoproteins were not affected by supple-
mentation of CLA.

DISCUSSION

The present study aimed to investigate the influ-
ence of feeding rumen-protected CLA on liver lipid
metabolism in dairy cows. For this purpose, dairy cows
received a rumen-protected CLA mixture supplying 3.8
g of trans-10,cis-12 CLA per day as milk fat-depressing
compound from late pregnancy to wk 14 of lactation.
The finding that such a moderate amount of trans-
10,cis-12 CLA caused a considerable decrease in milk
fat of around 0.6% points from wk 1 to 14 of lactation
agrees with several other studies (Giesy et al., 2002;
Piperova et al., 2004; Odens et al., 2007; Schwarz et al.,
2007), confirming that trans-10,cis-12 CLA is highly
efficient in decreasing milk fat. The finding that milk
fat was not decreased in wk 1 of lactation by CLA
agrees with several other studies that used moderate
doses of CLA (Bernal-Santos et al., 2003; Selberg et al.,
2004; Kay et al., 2006; Pappritz et al., 2011). Kay et al.
(2006) hypothesized that the lack of effect in the first
week of lactation could be due to a decreased uptake
of CLA into the mammary gland immediately post-
partum. During the transition period, plasma NEFA
concentrations are very high, and these NEFA deriving
from adipose tissue might compete with CLA for their
uptake into mammary gland epithelial cells.

In the present study, CLA supplementation tended
to increase DMI (P = 0.075) and increased milk
yield but lowered energy output via milk due to the
decreased milk fat content, resulting in an improved
energy balance during lactation. The finding of an im-
proved energy balance agrees with some other studies
and confirms that supplementation of CLA may be a
dietary strategy to prevent health problems associated
with NEB in dairy cows (Kay et al., 2006; Odens et
al., 2007; Schwarz et al., 2007). It has been shown that
plasma NEFA concentration is a reliable index of the
magnitude of adipose fat mobilization (Bauman et
al., 1988). Thus, an improvement of NEB is expected
to lower plasma NEFA concentration. Indeed, CLA-
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Table 7. Effect of conjugated linoleic acid (CLA) on the expression of genes involved in hepatic FA synthesis, triacylglycerol (TAG) synthesis,
synthesis of unsaturated FA, elongation of FA, cholesterol synthesis, lipoprotein uptake, lipoprotein metabolism, and lipoprotein secretion in

Holstein cows at wk 5

Gene Description FC!
FA synthesis
SREBP-1 Sterol regulatory element-binding protein-1 —1.07
FASN FA synthase 1.01
ACLY ATP citrate lyase 1.00
ME1 Malic enzyme 1, NADP*-dependent, cytosolic —1.06
ME2 Malic enzyme 2, NAD"-dependent, mitochondrial 1.04
ME3 Malic enzyme 3, NADP *-dependent, mitochondrial —1.03
ACACA Acetyl-CoA carboxylase o —1.11
TAG synthesis
DGAT?2 Diacylglycerol O-acyltransferase homolog 2 1.04
AGPAT? 1-Acylglycerol-3-phosphate O-acyltransferase 2 —1.11
AGPAT3 1-Acylglycerol-3-phosphate O-acyltransferase 3 1.05
LPIN2 Lipin 2 1.11
Synthesis of unsaturated FA
FADS6 FA desaturase domain family, member 6 —1.02
FADS3 FA desaturase 3 1.14
FADS2 FA desaturase 2 —1.15
SCD Stearoyl-CoA desaturase (A’-desaturase) —1.01
SCD5 Stearoyl-CoA desaturase 5 1.08
FA elongation
ELOVL1 Elongation of very long chain FA-like 1 —1.09
ELOVLY Elongation of very long chain FA-like 4 —1.09
ELOVLS ELOVL family member 5, elongation of long chain FA 1.05
ELOVL6 ELOVL family member 6, elongation of long chain FA 1.11
ELOVL7 ELOVL family member 7, elongation of long chain FA 1.10
Cholesterol synthesis
SREBP-2 Sterol regulatory element-binding protein-2 —1.08
SCAP SREBP chaperone —1.07
MVK Mevalonate kinase 1.07
PMVK Phosphomevalonate kinase —1.04
MVD Mevalonate (diphospho) decarboxylase 1.01
FDPS Farnesyl diphosphate synthase —1.10
FDFT1 Farnesyl-diphosphate farnesyltransferase 1 —1.10
IDI1 Isopentenyl-diphosphate A-isomerase 1 1.05
SQLE Squalene epoxidase 1.03
LSS Lanosterol synthase 1.14
CYP51A1 Cytochrome P450, family 51, subfamily A, polypeptide 1 —1.03
SC4MOL Sterol-C4-methyl oxidase-like —1.08
NSDHL NAD(P)-dependent steroid dehydrogenase-like 1.00
DHCR7 7-Dehydrocholesterol reductase 1.02
INSIG1 Insulin induced gene 1 1.27
HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase 1.12
INSIG2 Insulin induced gene 2 1.16
Lipoprotein uptake
VLDLR Very low density lipoprotein receptor —1.08
LDLR Low density lipoprotein receptor —1.02
Lipoprotein metabolism
LIPC Lipase, hepatic 1.14
LIPG Lipase, endothelial 1.08
LPL Lipoprotein lipase 1.12
PCTP Phosphatidylcholine transfer protein 1.05
HDLBP High density lipoprotein-binding protein —1.02
ANGPTLY Angiopoietin-like 4 1.19
Lipoprotein secretion
MTTP Microsomal triglyceride transfer protein 1.07
APOA1 Apolipoprotein A-T 1.07
APOA2 Apolipoprotein A-TT —1.01
APOA Apolipoprotein A-IV 1.00
APOAS Apolipoprotein A-V 1.13
APOB Apolipoprotein B —1.06
APOC2 Apolipoprotein C-1T 1.05
APOC3 Apolipoprotein C-1IT 1.04
APOCY Apolipoprotein C-IV 1.00
APOM Apolipoprotein M 1.06
APON Apolipoprotein N —1.02
SAAY Serum amyloid A4, constitutive 1.12

"Fold change in the CLA group versus the control group. For example, an FC of 2.0 indicates an increase in the transcript level of 100%, and
an FC of —2.0 indicates a decrease of 50%.
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supplemented cows exerted a decreased plasma NEFA
concentration in wk 1 of lactation, the time point of
the strongest improvement of NEB by CLA. In con-
trast, NEFA concentrations at wk 5 and 14 were not
different between both groups of cows, although energy
balance was also improved at those time points. We
assume that the differences in energy balance at those
time points were not great enough to cause a significant
alteration in plasma NEFA concentration. Notably, our
study disagrees with a study of Selberg et al. (2004)
who found an increased plasma NEFA concentration
in cows supplemented with CLA in wk 1 of lactation.
Their finding indicated that CLA supplementation
transiently enhances lipolysis shortly after calving. The
observation of unchanged plasma NEFA concentrations
in wk 5 and 14 of lactation agrees with most other stud-
ies showing that CLA does not influence plasma NEFA
concentration (Perfield et al., 2002; Bernal-Santos et
al., 2003; Castaneda-Gutiérrez et al., 2005; Pappritz et
al., 2011).

The primary aim of this study was to elucidate
whether CLA could exert adverse effects on hepatic
lipid metabolism. Therefore, we determined hepatic
concentrations of TAG and cholesterol in liver biopsy
samples and performed a GeneChip analysis in samples
obtained at wk 5 of lactation, representing the phase
in which hepatic lipid concentrations are highest dur-
ing lactation. Although GeneChip analysis generates
rather semiquantitative data, the use of this technique
has the great advantage that a great number of genes
involved in several pathways of lipid metabolism can
be detected simultaneously in a small sample amount.
This is especially important when using small biopsy
samples, such as in the present study. Nevertheless, we
also determined mRNA concentrations of key enzymes
of the relevant pathways by means of gPCR to confirm
the validity of GeneChip data.

Fatty acid uptake, FA binding, FA oxidation, keto-
genesis, as well as carnitine synthesis and uptake are
pathways that are mainly controlled by peroxisome
proliferator-activated receptor (PPAR)q, a transcrip-
tion factor that acts as an important regulator of lipid
metabolism and energy homeostasis (Desvergne and
Wahli, 1999). It has been found that CLA are able to
bind to and activate PPAR« (Moya-Camarena et al.,
1999a). In addition, several feeding studies in rodents
have shown that feeding of CLA causes an activation
of PPARa in vivo and, thus, stimulates pathways
controlled by PPARa such as mitochondrial and
peroxisomal (-oxidation (Belury et al., 1996; Moya-
Camarena et al., 1999b; Ringseis et al., 2004). The
finding that mRNA concentrations of many genes di-
rectly controlled by PPAR«, such as ACO, CPT1A, or
HMG(CS2, were unchanged in cows supplemented with
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CLA clearly indicates that CLA supplementation did
not cause an activation of PPA R« in the liver. It is well
known that NEFA deriving from adipose tissue, taken
up into the liver, are acting as endogenous ligands of
PPAR«. Therefore, increased plasma concentrations of
NEFA cause an activation of PPAR«a (Mandard et al.,
2004). Thus, the finding that plasma NEFA concen-
trations were not influenced by CLA is in line with
the observation that no activation of PPARa occurred
in the cows supplemented with CLA. The observation
that expression of HMGCS2, the key enzyme of he-
patic ketogenesis, was not altered is in agreement with
the finding of an unchanged concentration of plasma
BHBA. Several other studies in dairy cows also ob-
served that supplementation of CLA does not change
plasma BHBA concentration in dairy cows (Perfield
et al., 2002; Bernal-Santos et al., 2003; Selberg et al.,
2004; Pappritz et al., 2011).

Synthesis of FA (including FA elongation and de-
saturation) and cholesterol is mainly controlled by
SREBP-1c and SREBP-2, respectively. In the liver of
mice, supplementation of CLA caused an activation of
SREBP-1c associated with an upregulation of several
enzymes involved in de novo synthesis of FA and TAG
(Clément et al., 2002). In the present study, genes in-
volved in FA and cholesterol synthesis were not differ-
ent in their expression between CLA and control cows.
This indicates that both SREBP-1c¢ and SREBP-2
were not activated by supplementation of CLA in dairy
COWS.

Hepatic TAG concentration is the result of various
pathways of lipid metabolism, including uptake of FA
from plasma, oxidation of FA, de novo synthesis of FA,
and secretion of TAG via VLDL (Katoh, 2002). Early
lactation is a critical phase with respect to hepatic
lipid metabolism as the amount of FA taken up from
plasma into the liver normally exceeds the capacity
of FA oxidation and secretion of TAG via VLDL. For
this reason, hepatic TAG concentration in dairy cows
is normally highest in early lactation. Accordingly,
hepatic TAG concentration in the present study was
highest in wk 5 and decreased until wk 14. The finding
that genes involved in uptake, oxidation, and de novo
synthesis of FA as well as secretion of TAG via VLDL
were not differentially regulated by CLA matches with
the unchanged hepatic TAG concentration in cows
supplemented with CLA compared with control cows.
The finding that CLA does not influence hepatic TAG
concentration in dairy cows is in agreement with 3
other studies (Bernal-Santos et al., 2003; Selberg et
al., 2004; Castanieda-Gutiérrez et al., 2005). Our study,
moreover, shows that CLA does not influence hepatic
cholesterol concentration. This observation is in line
with the findings of unchanged expression of genes in-



CONJUGATED LINOLEIC ACID AND HEPATIC LIPID METABOLISM IN DAIRY COWS

volved in cholesterol synthesis, cholesterol uptake via
LDL, and cholesterol secretion via VLDL.

Concentrations of lipids in plasma are the result of
1) assembly of lipoproteins in tissues and secretion into
the blood, 2) decomposition of circulating lipoproteins,
and 3) uptake of lipoproteins into tissues by receptors.
The GeneChip analysis showed that CLA did not alter
the expression of genes involved in hepatic uptake of
lipoproteins such as VLDL or LDL receptor, genes in-
volved in decomposition of lipoproteins such as hepatic
lipase or lipoprotein lipase, or genes involved in hepatic
assembly of VLDL such as microsomal triglyceride
transfer protein (MTTP) and several apolipoproteins.
According to these observations, indicating that CLA
had no effect on hepatic lipoprotein metabolism, it was
not unexpected that plasma concentrations of TAG
and cholesterol were not altered in cows supplemented
with CLA.

Notably, the effects observed in this study are simi-
lar to those of a recent study performed with growing
beef cattle. In that study, daily supplementation of 5 g
of rumen-protected trans-10,cis-12 CLA in cattle also
had less effect on expression of genes involved in he-
patic lipid metabolism and did not change plasma and
liver concentrations of TAG and cholesterol (Shibani
et al., 2011). However, the findings of the present
study strongly differ from those observed in rodents.
In mice, trans-10,cis-12 CLA caused the development
of severe fatty liver. The differences between the 2
species can be either due to species specificity of the
effects or to differences in supplementation levels. In
mice, development of fatty liver was observed in studies
using diets with 0.25 to 1% trans-10,cis-12 CLA (Be-
lury and Kempa-Steczko, 1997; Tsuboyama-Kasaoka et
al.,; 2000; Clément et al., 2002). In contrast, the daily
supplementation of 3.8 g of trans-10,cis-12 CLA per
day in dairy cows was equivalent to a concentration of
only 0.02% of total DMI.

CONCLUSIONS

The present study confirms previous studies in show-
ing that supplementation of a rumen-protected CLA
mixture is an effective way to lower milk fat concentra-
tion and to improve energy balance during early lacta-
tion in dairy cows. The study moreover shows, using a
GeneChip as a tool to detect the expression of a broad
range of genes involved in various pathways, that a dose
of CLA effective for milk fat depression does not influ-
ence the metabolism of lipids (uptake, oxidation, and
synthesis of FA, including synthesis of carnitine; uptake,
synthesis, and secretion of cholesterol; metabolism and
secretion of lipoproteins; or ketogenesis) and hepatic
and plasma concentrations of TAG and cholesterol.
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Thus, based on these data, adverse effects of CLA—at
a level sufficient for depression of milk fat—on hepatic
lipid metabolism in dairy cows can be excluded.
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Abstract

Background: In rodents and pigs, it has shown that carnitine synthesis and uptake of carnitine into cells are
regulated by peroxisome proliferator-activated receptor oo (PPARA), a transcription factor which is physiologically
activated during fasting or energy deprivation. Dairy cows are typically in a negative energy balance during early
lactation. We investigated the hypothesis that genes of carnitine synthesis and uptake in dairy cows are enhanced
during early lactation.

Results: mRNA abundances of PPARA and some of its classical target genes and genes involved in carnitine
biosynthesis [trimethyllysine dioxygenase (TMLHE), 4-N-trimethylaminobutyraldehyde dehydrogenase (ALDH9AT1), v-
butyrobetaine dioxygenase (BBOX1)] and uptake of carnitine [novel organic cation transporter 2 (SLC22A5)] as well
as carnitine concentrations in liver biopsy samples of 20 dairy cows in late pregnancy (3 wk prepartum) and early
lactation (1 wk, 5 wk, 14 wk postpartum) were determined. From 3 wk prepartum to 1 wk postpartum, mRNA
abundances of PPARA and several PPARA target genes involved in fatty acid uptake, fatty acid oxidation and
ketogenesis in the liver were strongly increased. Simultaneously, mMRNA abundances of enzymes of carnitine
synthesis (TMLHE: 10-fold; ALDHO9A1: 6-fold; BBOX1: 1.8-fold) and carnitine uptake (SLC22A5: 13-fold) and the
concentration of carnitine in the liver were increased from 3 wk prepartum to 1 wk postpartum (P < 0.05). From 1
wk to 5 and 14 wk postpartum, mRNA abundances of these genes and hepatic carnitine concentrations were
declining (P < 0.05). There were moreover positive correlations between plasma concentrations of non-esterified
fatty acids (NEFA) and hepatic carnitine concentrations at 1 wk, 5 wk and 14 wk postpartum (P < 0.05).

Conclusions: The results of this study show for the first time that the expression of hepatic genes of carnitine
synthesis and cellular uptake of carnitine is enhanced in dairy cows during early lactation. These changes might
provide an explanation for increased hepatic carnitine concentrations observed in 1 wk postpartum and might be
regarded as a physiologic means to provide liver cells with sufficient carnitine required for transport of excessive
amounts of NEFA during a negative energy balance.

Background
Carnitine (3-hydroxy-4-N, N, N-trimethylaminobutyric

takes place [1]. Carnitine is derived from dietary sources
and synthesized endogenously from trimethyllysine

acid) is an essential metabolite that has a number of
indispensable functions in intermediary metabolism. The
most important function lies in its role in the transport
of activated long-chain fatty acids (acyl groups) from the
cytosol into the mitochondrial matrix where -oxidation
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(TML), which is released upon protein degradation. The
released TML is further oxidized to y-butyrobetaine
(BB) by the action of trimethyllysine dioxygenase
(TMLHE), 3-hydroxy-N-TML aldolase and 4-N-tri-
methylaminobutyraldehyde dehydrogenase (ALDH9A1).
In the final biosynthetic step, BB is hydroxylated by vy-
butyrobetaine dioxygenase (BBOX1) to form carnitine.
In cattle this last step occurs only in liver and kidney
[2]. Tissues which are not capable of producing

© 2012 Schlegel 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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carnitine depend on the uptake of carnitine from blood
by novel organic cation transporters (OCTN), particu-
larly novel organic cation transporter 2 (SLC22A5)
which is the physiologically most important carnitine
transporter [3,4]. Studies in rodents and pigs demon-
strated that carnitine biosynthesis and uptake of carni-
tine from blood into cells by SLC22A5 are directly
regulated by peroxisome proliferator-activated receptor
o (PPARA), a transcription factor which plays a central
role in the adaptation of metabolism to energy defi-
ciency [5]. In these species, activation of PPARA such as
induced by fasting or treatment with synthetic agonists
led to increased tissue carnitine concentrations due to
an increased rate of biosynthesis and an increased
uptake of carnitine from blood into tissues [6-10].

In dairy cows, the transition from late pregnancy to
early lactation is associated with severe metabolic adap-
tations. Production of milk leads to a strong increase of
the energy requirement, which however cannot be met
as the food intake capacity is limited. Thus, during early
lactation, dairy cows are typically in a negative energy
balance which is compensated by the mobilization of
non-esterified fatty acids (NEFA) from adipose tissue.
NEFA are transported by binding with serum albumin
and are taken up by fatty acid transporters into tissues,
mainly the liver [11]. Studies in rodents have clearly
established that NEFA taken up into the liver are able
to bind to and activate PPARA [12,13]. In contrast to
the large body of literature in non-ruminants, very little
work has been conducted to define the specific effects
or mechanisms of PPARA in cattle liver so far. However,
a recent study using clofibrate as a synthetic agonist in
weaned calves showed that PPARA is functional in cat-
tle liver [14]. Moreover, it has been shown that long
chain fatty acids are able to activate PPARA also in
bovine cells [15]. In accordance with this finding, a
negative energy balance in dairy cattle, either occurring
physiologically during early lactation or induced by feed
restriction, was associated with an up-regulation of sev-
eral PPARA target genes involved in fatty acid oxidation
or ketosis in the liver, indicative of an activation of
PPARA [16,17].

To our knowledge, the regulation of carnitine home-
ostasis in dairy cattle has been less investigated. How-
ever, it has been found that hepatic carnitine
concentration in dairy cows is increasing during the
transition from late pregnancy to early lactation [18,19].
That finding and the assumption that genes involved in
carnitine homeostasis in dairy cows might be regulated
by PPARA such as in other species, prompted us to the
hypothesis that hepatic genes of carnitine synthesis and
uptake of carnitine are up-regulated during early lacta-
tion in dairy cows. To investigate this hypothesis, we
determined mRNA abundances of the relevant genes
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involved in carnitine synthesis as well as carnitine con-
centrations in liver biopsy samples of dairy cows in late
pregnancy and early lactation.

Methods

The animal experiment was conducted at the Agricul-
tural Experimental Station Hirschau of the Technical
University of Munich, Germany. It was approved by the
Bavarian state animal care and use committee.

Animals and feeding

This study included twenty Holstein cows (four primi-
and sixteen multiparous, 2.7 + 0.3 parities, mean *+ SE)
as experimental animals with an experimental period
from 3 wk prepartum until 14 wk postpartum. The ani-
mals were housed in a playpen. Feeding was composed
of a partial mixed ration (PMR) for ad libitum intake of
basic feed and separately allocated concentrates [supple-
mental concentrate (SUPP), 0.63 kg DM/d for each cow;
individual concentrate (CONC), individual access]. PMR
consisted (dry matter, DM, basis) of 33.7% grass silage,
44.9% maize silage, 6.4% hay and 14.9% concentrate
while SUPP contained (DM basis) 24.4% soybean meal,
48.3% grain maize and 27.3% rumen-protected fat sup-
plement. With an assumed dry matter intake of 16 kg of
PMR/d and the alloted amount of SUPP, the calculated
nutrient supply covered the energy and protein require-
ments for 23 kg of milk/d. CONC was individually allo-
cated at four computer-operated feeding stations with
an automatic feeding program (DeLaval Alpro, Glinde,
Germany). CONC was composed of 24.8% grain maize,
21.8% wheat, 20.1% soybean meal, 15.2% dried sugar
beet pulp with molasses, 14.9% barley and 3.2% vitamin-
mineral premix including limestone (DM basis). The
allocation of CONC was increased from 1.2 to 8.0 kg of
DM/d during the first 42 d of lactation, and thereafter,
it was dependent on the milk performance of the indivi-
dual cow. Daily intakes of PMR and CONC were
recorded for each individual cow. The cows were gener-
ally in a good health condition, although four cows had
slight metabolic diseases (subclinical ketosis, subclinical
acidosis) and nine cows suffered temporarily from mas-
titis. All used feed components were sampled and ana-
lyzed for DM content, for crude nutrients, crude ash,
crude fibre and crude fat according to [20], and crude
protein by Dumas method. According to the German
Society of Nutrition Physiology [21], the net energy con-
tent (M] NEL) and the available CP at the duodenum
were calculated. Nutrient concentrations and energy
content of all feed components are shown in Table 1.

Sample collection
Milking of lactating cows occured twice daily (0500 and
1500 h) in a 2 x 6 herringbone milking parlor (DeLaval).
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Table 1 Nutrient values of experimental feedstuff

PMR CONC SUPP
Energy* (MJ NE_/kg of DM) 6.45 8.00 12.8
Crude fibre (g/kg of DM) 214 67 69
Crude ash (g/kg of DM) 81 72 49
Crude fat (g/kg of DM) 32 20 303
CP (g/kg of DM) 129 184 140
Available CP (g/kg of DM)* 142 187 151

*calculated values

Milk yields of each cow were recorded automatically
and stored in data files. Representative milk samples (50
mL) from every individual cow comprised two consecu-
tive milking procedures (one evening and next morning
milking) and were collected twice weekly. Milk sampling
at 1, 5 and 14 wk postpartum occurred at days 5.1 +
1.6, 29.7 £ 1.9, and 92.7 + 1.9 (means + SE), respec-
tively. At 3 wk prepartum (21.1 + 6.0 d prepartum) and
1, 5 and 14 wk postpartum (3.7 + 1.5, 30.9 + 1.9 and
94.2 + 2.6 d postpartum), blood samples of the dammed
vena jugularis were drawn using sterile 20 G canulas
and lithium heparin tubes (Greiner bio-one, Kremsmun-
ster, Austria). Blood sampling happened before morning
feeding between 0730 and 0900 h. Tubes were kept on
ice until subsequent centrifugation (2000 x g; 15 min).
Then, plasma was transferred into 1.5 mL tubes (Grei-
ner bio-one, Frickenhausen, Germany) and stored in ali-
quots at -20°C until analysis. Furthermore, liver biopsies
were taken at 3 wk prepartum (20.4 + 5.8 d prepartum),
and 1, 5 and 14 wk postpartum (3.8 + 1.4, 31.5 + 2.1
and 94.9 + 2.9 d postpartum). For this purpose, cows
were separated and fixed after morning milking before
feeding between 0700 and 0900 h. The liver biopsy site
on the right side of the cow between the 11th and 12th
ribs on a line between the olecranon and the tuber
coxae was shaved and disinfected before a local subcuta-
neous anesthesia with 5 mL Isocaine 2% (Procainhy-
drochloride/Epinephrin, Selectavet, Weyarn/Holzolling,
Germany) was performed. Then an autoclaved canula
was introduced as a duct for the sterile 14 G biopsy
needle (Dispomed Witt oHG, Gelnhausen, Germany)
and about 50 mg of liver tissue were removed and
immediately snap-frozen in liquid nitrogen. Samples
were stored at -80°C until further analysis. The biopsy
site was treated with wound spray and animals were
kept separated for one day.

Sample analysis

Milk protein and milk fat contents were analyzed by
infrared spectrophotometry (MilkoScan-FT-6000, Foss
Analytical A/S, Hillerod, Denmark) at the laboratory of
Milchpriifring Bayern e.V., Wolnzach, Germany. NEFA
and BHBA were determined in the thawed plasma
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samples using commercial available kits [NEFA-HR(2)
and Autokit 3-HB, obtained from Wako Chemicals
GmbH, Neuss, Germany]. Lipids from liver biopsy sam-
ples were extracted with a mixture of n-hexane and iso-
propanol (3:2, vol/vol) [22]. An aliquot of the extracts
containing 25-50 nmoles of TAG was pipetted into a
glass vial (1.5 ml), and the solvent was evaporated by
vacuum. The lipids were resolved in a 20 pl portion of a
1:1-mixture of chloroform and Triton X-100 [23], and
again the solvent was evaporated. Then 1 ml of com-
mercially available enzymatic TAG kit reagent (Fluitest
TG, Analyticon Biotechnologies AG, Lichtenfels, Ger-
many) was added, and after incubation-according to the
instruction of the manufacturer-the TAG content was
determined by colorimetry.

Energy balance

For calculation of the average daily energy balance of
every individual cow, energy intake was calculated from
the mean daily intake of PMR, SUPP and CONC and
the corresponding energy contents (M] NEL). Body
weights (BW) of the cows were automatically recorded
daily by electronic scales installed in the feeding sta-
tions. Using the weekly mean BW of the cows, energy
requirements for maintenance were calculated according
to the German Society of Nutrition Physiology [21].
Those for milk production were calculated on the basis
of weekly means of daily milk yield, milk protein con-
tent and milk fat content [21]. Changes in body compo-
sition were not considered in energy balance evaluation.

Carnitine analysis

Concentrations of total carnitine, free carnitine, acetyl-
carnitine and propionylcarnitine in plasma, milk and
liver tissue were determined by tandem mass spectro-
metry [24,25]. In brief, freeze dried tissue samples were
extracted with methanol:water (2:1 v/v) by homogeniza-
tion (Tissue Lyser, Qiagen, Hilden, Germany), followed
by sonification for 20 min and incubation at 50°C for 30
min in a shaker. After centrifugation (13000 x g, 10
min) 20 pL of the supernatant were added with 100 pL
methanol containing the internal standards, mixed, incu-
bated for 10 min, and centrifuged (13000 x g, 10 min).
Plasma and milk samples were handled at 4°C in the
same manner as the supernatant after tissue extraction.
The final supernatants were used for quantification of
the compounds by a 1100 series HPLC (Agilent Tech-
nologies, Waldbronn, Germany) equipped with a Kro-
masil 100 column (125 mm x 2 mm, 5 pm particle size,
CS-Chromatographie Service Langerwehe, Germany)
and an API 2000 LC-MS/MS-System (Applied Biosys-
tems, Darmstadt, Germany). As eluents, methanol and a
methanol:water:ACN:acetic acid mixture (100:90:9:1 v/v/
v/v) were used.
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RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated from liver biopsies using Trizol
reagent (Invitrogen, Karlsruhe, Germany) according to
the manufacturer’s protocol. RNA from 10 mg of each
sample was isolated within one week after finishing the
trial. Isolated RNA was preserved at -80°C until use. To
estimate RNA concentration and purity, the optical den-
sity at 260 and 280 nm, respectively, was determined
using an Infinite 200 M microplate reader and a Nano-
Quant Plate (both from Tecan, Mannedorf, Switzerland).
The A260/A280 ratios were 1.96 + 0.05. In addition, the
optical density at 230 nm was determined and the
A260/A230 ratios were calculated to control for the pre-
sence of contaminations such as guanidine thiocyanate.
Although the A260/A230 ratio of some samples was
below 2.0 indicating the presence of guanidine thiocya-
nate, it has been shown that guanidine thiocyanate has
no measurable effect on downstream applications such
as RT-qPCR until concentrations of more than 100 mM
[26] Moreover, RNA quality was assessed by 1% agarose
gel electrophoresis. RNA was judged as suitable for only
if the samples exhibited intact bands corresponding to
the 18S and 28S ribosomal RNA subunits. cDNA was
synthesized after RNA extraction from 1.2 pg of total
RNA using 100 pmol dT18 primer (Eurofins MWG
Operon, Ebersberg, Germany), 1.25 pL 10 mmol/L
dNTP mix (GeneCraft, Ludinghausen, Germany), 5 pL
buffer (Fermentas, St. Leon-Rot, Deutschland), and 60
units M-MuLV Reverse Transcriptase (MBI Fermentas,
St. Leon-Rot, Germany) at 42°C for 60 min, and a final
inactivating step at 70°C for 10 min in Biometra Ther-
mal Cycler (Whatman BiometraR, Gottingen, Germany).
Subsequently, cDNA was stored in aliquots at -20°C.
For the standard curve a cDNA pool of all samples was
made. qPCR was performed using 2 uL. cDNA combined
with 18 pL of a mixture composed of 10 uL KAPA
SYBR FAST qPCR Universal Mastermix (Peqlab, Erlan-
gen, Germany), 0.4 pL each of 10 pM forward and
reverse primers and 7.2 pL DNase/RNase free water in
0.1 mL tubes (Ltf Labortechnik, Wasserburg, Germany).
Gene-specific primer pairs obtained from Eurofins
MWG Operon (Ebersberg, Germany) were designed
using Primer3 and BLAST. Features of primer pairs are
listed in Table 2. All primer pairs were designed to have
annealing temperatures of about 60°C, and, if possible,
both primers of a primer pair were designed to be
located in different exons. qPCR runs were performed
with a Rotorgene 2000 system (Corbett Research, Mor-
tlake, Australia), and included all samples and a 5 point
relative standard curve plus the non-template control
(NTC). The qPCR protocol was as follows: 3 min at 95°
C, followed by 40 cycles of a two-step PCR consisting of
5 sec at 95°C (denaturation) and 20 sec at 60°C (anneal-
ing and extension). Subsequently, melting curve analysis
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was performed from 50°C to 95°C to verify the presence
of a single PCR product. In addition, the amplification
of a single product of the expected size was confirmed
using 2% agarose gel electrophoresis stained with Gel-
RedTM nucleic acid gel stain (Biotium, California,
USA). Data on qPCR performance for each genes mea-
sured are also shown in Table 2. Reference gene stability
was determined by performing GeNorm analysis [27]
which is based on calculation of a reference gene-stabi-
lity measure M. Out of six tested potential reference
genes, the three reference genes with the lowest M
values have the most stable expression and are used to
calculate the GeNorm normalization factor. Therefore,
all Ct values were transformed into relative quantifica-
tion data by using the 244" equation [28]. Using the
GeNorm normalization factor, relative expression levels
were calculated, and from normalized expression data,
means and SE were computed for samples of the same
lactation week. The mean of 3 wk prepartum was set to
1 and relative expression ratios of 1, 5 and 14 wk post-
partum are expressed as fold changes compared to 3 wk
prepartum.

Statistics

Data were statistically evaluated by a generalized linear
model, including the factors time point of sampling, ani-
mal, parity number and the interactions between these
factors, using the Minitab Statistical Software Release
13.0 (Minitab, State College, PA, USA). Prior to statisti-
cal analysis, all data were checked for normality and
outliers before statistical analysis. As there was no sig-
nificant effect of animal and parity number on the para-
meters investigated, only the effects of time point of
sampling are reported in the results section. Linear
regression models for relationships of carnitine concen-
trations in liver tissue with metabolic parameters at the
different time points were subjected to analysis by fitted
line plots. The significances of differences between the
groups over time were analyzed by Fisher’s multiple
range test. Differences were regarded as significant for P
< 0.05.

Results

Dry matter intake, performance and energy balance in
dairy cows in the transition period and at different stages
of lactation

Dry matter intake of the cows 1 wk postpartum was
similar to that 3 wk prepartum and increased thereafter
towards 5 and 14 wk postpartum (Table 3). The onset
of lactation led to a strong negative energy balance
(Table 3). Energy balance that was strongest negative in
1 wk postpartum was then improving. At 14 wk post-
partum, the cows returned to a slight positive energy
balance (Table 3). Milk yield was increasing from 1 to 5
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Table 2 Characteristics and performance data of the primers used for reference gene-stability measure M and

quantitative real-time PCR analysis

Gene Forward primer (from 5’ to 3) PCR product NCBI GenBank Slope R? Efficiency M
Reverse primer (from 5’ to 3)

Reference genes

ACTB ACTTGCGCAGAAAACGAGAT 120 AY141970 -0.30 0.99 1.99 0.039
CACCTTCACCGTTCCAGTTT

SDHA GCAGAACCTGATGCTTTGTG 185 NM_174178 -0.24 0.99 1.74 0.048
CGTAGGAGAGCGTGTGCTT

ATP5B GGACTCAGCCCTTCAGCGCC 229 NM_175796.2 -0.16 099 1.44 0.039
GCCTGGTCTCCCTGCCTTGC

RPS9 GTGAGGTCTGGAGGGTCAAA 108 BC148016 -0.31 0.99 204 0.040
GGGCATTACCTTCGAACAGA

PPIA GGCAAATGCTGGCCCCAACACA 87 NM_178320.2 -0.34 0.99 213 0034
AGTACCACGTGCTTGCCATCCA

RPL12 CACCAGCCGCCTCCACCATG 84 NM_205797.1 -0.35 0.99 225 0.036
CGACTTCCCCACCGGTGCAC

Target genes

ACADM GCGAGTACCCTGTCCCATTA 243 NM_001075235 -029 0.99 1.93
CCTCAGTCATTCTCCCCAAA

ACOX1 CCATTGCCGTCCGATACAGT 99 BC102761 -0.27 0.96 1.88
GTTTATATTGCTGGGTTTGATAATCCA

ALDHO9A1 CAGGATTCGGCAGAGAGAAC 229 NM_001046423 -0.28 0.99 1.90
TGAGCCATGAAGAGCATCAC

BBOX1 TCCAGCTGCCTACTCTGGAT 292 BC149884.1 -0.28 0.99 191
AGCTGAACCTTACCCCAGGT

CD36 GCATTCTGAAAGTGCGTTGA 179 BC103112 -0.28 098 191
CGGGTCTGATGAAAGTGGTT

CPT1A CAAAACCATGTTGTACAGCTTCCA m FJ415874 -0.32 0.99 2.09
GCTTCCTTCATCAGAGGCTTCA

HMGCS2 GCCCAATATGTGGACCAAAC 209 NM_001045883 -0.29 0.99 1.96
ATGGTCTCAGTGCCCACTTC

PPARA GGTGGAGAGTTTGGCAGAACCAGA 168 BT020756.1 -0.23 0.99 1.70
TCCCACTGCCCAGCTCCGATC

SLC22A5 CACAGTGGTCAGGAACATGG 181 BC105377 -0.28 0.99 1.89
AATGGTGTCTGGGAGTGGAG

SLC27A1 CTGAAGGAGACCTCCACAGC 208 NM_001033625.2 -0.30 0.99 1.99
GTGGTACAGGGGCAGACAGT

TMLHE TGGCAGGACACTGCTAGTTG 222 NM_001076064.1 -0.31 0.99 2.05
GACAGCCCGGTCATAGTTGT

wk postpartum and was thereafter declining towards 14
wk postpartum (Table 3). Milk fat and milk protein con-
tents were highest at 1 wk postpartum and were there-
after declining (Table 3).

Relative mRNA abundances of PPARA and genes involved
in fatty acid uptake, fatty acid oxidation and ketogenesis
in the liver of dairy cows in the transition period and at
different stages of lactation

The relative mRNA abundance of PPARA in the liver
was increased from 3 wk prepartum to 1 wk postpartum
(P < 0.05) and was thereafter declining, reaching values

at 5 wk and 14 wk postpartum similar with that of 3 wk
prepartum (Figure 1). In accordance with the expression
pattern of PPARA, target genes involved in fatty acid
uptake (SLC27A1, CD36), mitochondrial and peroxiso-
mal B-oxidation (ACOX1, CPT1A, ACADM) and keto-
genesis (HMGCS2) were rising from 3 wk prepartum to
1 wk postpartum (P < 0.05, Figure 1). From 1 to 5 and
14 wk postpartum, mRNA abundances of these genes,
with the only exception of CD36, were declining (P <
0.05, Figure 1). mRNA abundances of ACOXI1,
SLC27A1 and HMGCS2 remained at a higher level at 5
and 14 wk postpartum than at 3 wk prepartum (P <
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Table 3 Performance of dairy cows in the transition period and at different stages of lactation
Variable 3 wk 1 wk 5 wk 14 wk wks 1 to 14 P-
prepartum postpartum postpartum postpartum postpartum value
Dry matter intake (kg/d) 134°+£033 1345 £ 048 184° + 062 204% £ 053 185 + 049 < 0.001
Milk yield (kg/d) - 286+ 0.76 3757+ 090 32.0° + 081 32.7 £ 067 < 0.001
FCM* (kg/d) - 392% + 139 4097 + 151 33.0° + 1.03 37.7 £ 087 < 0.001
Milk fat (%) - 6.40° + 025 451° + 020 411° £ 013 500 = 0.17 < 0.001
Milk protein (%) - 409" + 0.09 2.85° + 0.05 3.13° + 0,06 3.35 £ 0.08 < 0.001
Energy balance’ (MJ NEL/d) 4697 + 242 6499 + 5.15 -304° + 3.05 3.89° + 211 =125+ 552 < 0.001
Energy intake" (% of 2151 £ 792 589 + 245 823+ 222 102.1 + 210 81.1 £ 263 < 0.001

requirement)

Values are mean =+ SE (n = 20)

b < d Means with different superscripts differ significantly (P < 0.05)
* Corrected for 4% milk fat content

T Calculated value

0.05, Figure 1). In contrast, mRNA abundances of
CPT1A and ACADM, two enzymes of mitochondrial -
oxidation, returned to levels similar to those at 3 wk
prepartum (Figure 1).

Relative mRNA abundances of genes involved in carnitine
synthesis and carnitine uptake in the liver of dairy cows
in the transition period and at different stages of
lactation

mRNA abundances of the two genes involved in the for-
mation of y-butyrobetaine-the precursor of carnitine-
TMLHE and ALDH9A1, were strongly (10-, and 6-fold,
resp.) increased from 3 wk prepartum to 1 wk postpar-
tum (P < 0.05, Figure 2). mRNA abundance of BBOX1,
the enzyme which converts y-butyrobetaine into carni-
tine, was moderately (1.8-fold) increased from 3 wk pre-
partum to 1 wk postpartum (P < 0.05, Figure 2). mRNA
abundance of SLC22A5, the most important carnitine
transporter, was strongly (13-fold) increased from 3 wk
prepartum to 1 wk postpartum (P < 0.05, Figure 2).
With the exception of BBOX1, mRNA abundances of all
these genes involved in carnitine synthesis pathway and
carnitine uptake were declining from 1 wk to 5 and 14
wk postpartum. Nevertheless, mRNA abundances of
these genes in 5 and 14 wk postpartum remained at
levels higher than those at 3 wk prepartum (P < 0.05,
Figure 2).

Concentrations of carnitine in liver, plasma and milk of
dairy cows in the transition period and at different stages
of lactation

In the liver, free carnitine was nearly the exclusive form
of carnitine whereas concentrations of carnitine esters
(< 1 nmol/g) were only slightly above the detection limit
and are therefore not reported. Liver free carnitine con-
centration was rising from 3 wk prepartum to 1 wk
postpartum (P < 0.05) and was thereafter falling to levels
below those observed at 3 wk prepartum (Table 4). In

plasma, the concentration of free carnitine was strongly
decreasing from 3 wk prepartum to 1 wk postpartum
and was thereafter rising to values which remained how-
ever below those observed 3 wk prepartum (P < 0.05,
Table 4). In contrast, the concentration of carnitine
esters in plasma was increasing from 3 wk prepartum to
1 wk postpartum (P < 0.05) and was thereafter decreas-
ing; plasma concentration of carnitine esters at 14 wk
postpartum was even lower than that 3 wk prepartum
(P < 0.05, Table 4). Plasma concentration of total carni-
tine decreased from 3 wk prepartum to 1 wk postpar-
tum (P < 0.05) and remained thereafter at a constant
level (Table 4). Concentrations of free, esterified and
total carnitine in milk were highest at 1 wk postpartum;
concentrations were thereafter decreasing and were
similar at 5 wk and 14 wk postpartum (Table 4).

Correlations between liver carnitine concentration and
phenotypic measures (plasma NEFA and BHBA, hepatic
concentration of TAG)

In order to assess whether plasma NEFA concentrations
influence liver carnitine concentrations, we calculated a
linear regression between plasma NEFA and liver carni-
tine concentrations. As expected, plasma NEFA concen-
trations were strongly increasing from 3 wk prepartum
to 1 wk postpartum and were thereafter declining
(Table 5). At all the three time points considered during
lactation (1 wk, 5 wk, 14 wk postpartum), a significant
positive correlation between plasma NEFA concentra-
tion and liver carnitine concentration was observed (P <
0.05, Table 6). In contrast, an inverse correlation
between plasma NEFA concentration and liver carnitine
concentration was observed at 3 wk prepartum. In order
to elucidate whether liver carnitine status influences
hepatic TAG accumulation or ketone body formation,
we calculated linear regressions between liver carnitine
concentrations and liver TAG concentrations or plasma
BHBA concentrations. As expected, liver TAG
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Figure 1 Relative mRNA abundances of PPARA and genes involved in fatty acid uptake, fatty acid oxidation and ketogenesis. Relative
mRNA abundances of PPARA and genes involved in fatty acid uptake (SLC27A1, CD36), fatty acid oxidation (ACOX1, CPT1A, ACADM) and
ketogenesis (HMGCS2) in the liver of dairy cows in the transition period and at different stages of lactation; bars represent means + SE (n = 20)
and are expressed relative to the mRNA abundance at 3 wk prepartum. @ ® € Bars with different superscripts differ significantly (P < 0.05).
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Figure 2 Relative mRNA abundances of genes involved in carnitine synthesis and carnitine uptake. Relative mRNA abundances of genes
involved in carnitine synthesis (TMLHE, ALDH9A1, BBOX1) and carnitine uptake (SLC22A5) in the liver of dairy cows in the transition period and
at different stages of lactation; bars represent means + SE (n = 20) and are expressed relative to the mRNA abundance at 3 wk prepartum. > ™ ©
Bars with different superscripts differ significantly (P < 0.05).

Table 4 Concentrations of carnitine in liver biopsy, plasma and milk samples of dairy cows in the transition period
and at different stages of lactation

3 wk prepartum 1 wk postpartum 5 wk postpartum 14 wk postpartum P-value
Liver tissue
free carnitine, nmol/g wet weight 374° + 453 556 + 4.09 260°+ 176 18.2° + 1.26 < 0001
Plasma
free carnitine, umol/L 3.82° £ 025 140° + 0.10 218 + 020 235°+0.17 < 0.001
carnitine esters*, umol/L 207° £ 0.10 254 +0.12 245% 1018 1.64° + 0.11 < 0.001
total carnitine’, umol/L 589° + 033 3.94° + 017 464° + 032 3.99° + 0.26 < 0001
Milk
free carnitine, mol/L - 84.5% + 592 50.3° + 434 60.2° + 265 < 0001
carnitine esters*, umol/L - 13119 £ 121 659° + 6.23 413+ 260 < 0.001
total carnitine”, umol/L - 2155% + 166 116.2° + 7.92 101.5° + 393 < 0.001

Values are mean * SE (n = 20)
b < Means with different superscripts differ significantly (P < 0.05)
*Sum of acetyl- and propionyl carnitine, 'Sum of free carnitine and carnitine esters
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concentration was highest at 5 wk postpartum and
BHBA concentrations were highest at 1 wk and 5 wk
postpartum (Table 5). However, no significant correla-
tions between liver carnitine concentrations and liver
TAG or plasma BHBA concentrations emerged, both
pre- and postpartum (Table 6).

Discussion

This study was performed to investigate the hypothesis
that the onset of lactation in dairy cows leads to an up-
regulation of genes involved in hepatic carnitine synth-
esis and uptake of carnitine. As expected, the transition
from late pregnancy to early lactation was associated
with a strong negative energy balance resulting in
increased concentrations of NEFA and BHBA in plasma
and an increase in hepatic TAG concentration. Similar
metabolic changes during the periparturient period in
cows have been observed in many other studies [e.g.
[16,18,29]]. In agreement with a recent study [16], we
observed that the negative energy balance occurring at
early lactation was associated with an increased expres-
sion of several PPARA target genes involved in fatty
acid uptake, mitochondrial and peroxisomal fatty acid
oxidation and ketogenesis. Although we were not able
to give direct proof of PPARA activation due to small
liver sample amount available, an up-regulation of var-
ious PPARA target genes is indicative of an activation of
that transcription factor in the liver. While there is less
research about activation of PPARA in cattle, studies in
other species such as rodents or pigs have clearly shown
that increased plasma NEFA concentrations, induced by
energy deprivation, are leading to an activation of
PPARA in liver and other tissues [12,13,30]. As long-
chain fatty acids are also acting as agonists of PPARA in
bovine cells [15], it seems justified to speculate that high
plasma NEFA concentrations in dairy cows during early
lactation were causing an activation of PPARA in the
liver. It should be noted, however, that in opposite to
our study and the study of Loor et al. [16], there are
also studies which did not observe an up-regulation of
PPARA and PPARA target genes in the liver of dairy
cattle during early lactation, particularly when cows had
prepartum a caloric intake in excess of 100% of their
energy requirement [31,32]. The lack of up-regulation of
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PPARA during early lactation in these studies has been
explained by a hepatic inflammatory response, induced
by an excessive prepartum caloric intake, which
decreased pre- and postpartum hepatic expression of
expression of PPARA [32].

In accordance with the hypothesis of this study, we
observed for the first time that the transition from late
pregnancy to early lactation leads to an up-regulation of
various genes involved in carnitine synthesis
(ALDH9A1, TMLHE, BBOX1) and carnitine uptake
(SLC22A5) in the liver of cows at 1 wk postpartum. As
all these genes are PPARA target genes with functional
PPREs identified in their promoters or first introns
[32-35], we assume that the up-regulation of these genes
in the liver of dairy cows at 1 wk postpartum was
caused by a potential activation of PPARA. The finding
of positive correlations between plasma concentrations
of NEFA, which might be regarded as natural agonists,
and hepatic carnitine concentrations during lactation
supports a role of PPARA in the regulation of genes of
carnitine synthesis and uptake.

The present study confirms previous studies in show-
ing that liver carnitine concentration is increasing dur-
ing the transition from late pregnancy to lactation and
is thereafter continuously decreasing to values similar or
even below those observed in pregnancy [18,19]. In the
study of Carlson et al. [19], hepatic total carnitine con-
centrations were around 1.6-fold higher on 2 d of lacta-
tion compared to 3 wk prepartum, while values at d 28
were even lower than those 3 wk prepartum. In the
study of Grum et al. [18], concentrations of acid-soluble
carnitine (free carnitine plus short-chain acyl carnitine)
sharply increased from 3 wk prepartum to 1 d postpar-
tum and returned to prepartum values at d 21 postpar-
tum. As carnitine is synthesized from trimethyllysine
released primarily from turnover of skeletal muscle pro-
teins, Grum et al. [18] suggested that an increased hepa-
tic carnitine concentration at 1 d postpartum might be
due to an enhanced catabolism of muscle protein in this
early stage of lactation. Although we have not directly
measured carnitine synthesis and uptake into cells, the
findings of increased mRNA expression of genes of car-
nitine synthesis and uptake suggest that increased hepa-
tic carnitine concentrations at early lactation could also

Table 5 Metabolic parameters in liver biopsy and plasma samples of dairy cows in the transition period and at

different stages of lactation

3 wk prepartum 1 wk postpartum 5 wk postpartum 14 wk postpartum P-value
Plasma NEFA (umol/L) 1039 + 10 864° + 47 276° + 16 1719+ 11 < 0001
Liver triglyceride (mg/g wet weight) 456° + 045 235° + 26 64.3% + 103 318+ 028 < 0001
Plasma BHBA (umol/L) 484" + 23 707% + 42 7247 + 46 5215 + 24 <0001

Values are mean * SE (n = 20).
b < d Means with different superscripts differ significantly (P < 0.05)
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Table 6 Linear regression parameters for the relationship of concentration of free carnitine in liver biopsy samples
(nmol/g wet weight) as predictor variable with different metabolic parameters of dairy cows in the transition period

and at different stages of lactation as response variables

Response variable

3 wk prepartum

1 wk postpartum 5 wk postpartum 14 wk postpartum

Plasma NEFA (umol/L) Intercept 152.7 285.7 115.7 814
Slope -1.17 10.2 5.86 4.66
R’ 029 064 038 026
P-value 0.015 < 0.001 0.008 0.035

Liver triglyceride (mg/g wet weight) Intercept 3.07 305 44.1 381
Slope 0.04 -0.14 0.65 -0.05
R 0.15 0.09 001 0.09
P-value 0.112 0.291 0673 0.305

Plasma BHBA (umol/L) Intercept 562.8 605.3 603.7 5033
Slope -1.84 143 4.56 0.60
R’ 0.13 0.02 003 0.00
P-value 0.113 0.621 0.505 0.907

be due, at least in part, to an increased carnitine synth-
esis in the liver and an increased uptake of carnitine
from blood into the liver. This suggestion is supported
by studies in rodents and pigs which found that an up-
regulation of enzymes of carnitine synthesis in the liver,
caused either by treatment with PPARA agonists or by
energy deprivation, leads to an increased hepatic carni-
tine concentration without changing the concentrations
of BB or TML, the precursors of carnitine synthesis
[7,8,36,37]. The finding that the concentration of free
carnitine in plasma is strongly decreasing from 3 wk
prepartum to 1 wk postpartum fits into this suggestion.
Studies in rodents have shown that an up-regulation of
SLC22A5 by treatment with PPARA agonists or by
energy deprivation leads to a reduction of plasma carni-
tine concentration, due to an increased transport of car-
nitine from plasma into tissues [6,8,36]. The decrease in
plasma carnitine concentrations during early lactation
might be in part explained by the transfer of carnitine
from plasma into the milk in mammary gland. Never-
theless, with respect to the findings in rodents, we
assume that reduced plasma carnitine concentrations in
early lactation could also be caused by an increased
uptake of free carnitine from plasma into tissues, includ-
ing the liver. In accordance with present study, Carlson
et al. [19] also observed a strong reduction of plasma
carnitine concentration from 21 d prepartum to 9 or 27
d postpartum. Those authors [19] also found that carni-
tine concentration in skeletal muscle is not changing
significantly during transition from pregnancy into lacta-
tion. This finding also agrees with studies in rodents
which show that energy deprivation does not influence
muscle carnitine concentrations [7,36].

Furthermore, we observed that milk carnitine concen-
tration is highest at 1 wk postpartum and is thereafter
decreasing to 5 wk and 14 wk postpartum. This finding

agrees with the study of Carlson et al. [19] which found
a strong reduction of milk carnitine concentration from
2 wk to 6 wk postpartum. It is possible that the high
carnitine concentration in milk at wk 1 postpartum is
due to the strong negative energy balance of the cows.
Carlson et al. [38] found that energy restriction of cows
increased milk carnitine concentrations. In the mam-
mary gland, carnitine is secreted into the milk by several
transporters (SLC22A4, SLC22A5, OCTN3, SLC6A14,
SLC6A10) [39]. Possibly, one or more of these transpor-
ters are up-regulated in a state of a negative energy bal-
ance. Studies in rats also found a reduction of milk
carnitine concentration from early to later stage of lacta-
tion, due to a down-regulation of SLC22A5, OCTN3
and SLC6A14 [39].

Ketosis and fatty liver are two diseases in dairy cows
during early lactation which are linked to hepatic fatty
acid oxidation [40]. As carnitine is involved in 3-oxida-
tion due to its role in the transport of long chain fatty
acids into the mitochondrion, it was interesting to
explore whether plasma ketone body concentrations or
hepatic TAG concentrations are correlated with hepatic
carnitine concentrations. The observation that there
were no correlations between hepatic carnitine concen-
tration and both, plasma BHBA and hepatic TAG con-
centrations, at 1, 5 and 14 wk postpartum suggests that
the availability of carnitine in the liver had no influence
on ketogenesis and TAG accumulation in the liver. The
observation that hepatic carnitine concentration does
not correlate with BHBA concentration is in accordance
with a study showing that carnitine supplementation
does not influence plasma BHBA concentration in early
lactating dairy cattle [41]. The finding that the activity
of CPT1A does not play a primary role in the etiology
of ketosis [42] is another indication that the availability
of carnitine, which acts as a cofactor of that enzyme, is
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not a key factor in the production of ketone bodies.
Accumulation of TAG in the liver is explained by the
observation that the capacity of bovine liver tissue to
convert fatty acids to esterified products is strongly
increased during the early postnatal period, whereas
fatty acid oxidation is only slightly increased, meaning
that NEFA from mobilization are directed towards con-
version to TAG [43]. The finding that there was no cor-
relation between hepatic carnitine concentration and
hepatic TAG concentration thus indicates that a higher
hepatic carnitine concentration did not stimulate hepatic
fatty acid oxidation. This indication is, however, in con-
tradiction to some in vitro and in vivo studies in dairy
cows. In vitro studies using bovine liver slices have
shown that addition of carnitine enhances the oxidation
of palmitate [44,45]. Moreover, postruminal infusion of
carnitine enhanced palmitate oxidation and decreased
liver lipid accumulation in cows with experimentally
induced negative energy balance [41]. These studies sug-
gested that carnitine might be the rate-limiting factor of
hepatic -oxidation in dairy cows during the periparturi-
ent period and that carnitine supplementation might
prevent the development of a fatty liver.

Conclusions

The present study shows for the first time that hepatic
mRNA abundances of genes involved in carnitine synth-
esis and cellular uptake of carnitine in dairy cows are
increased during the transition from late pregnancy to
lactation. An up-regulation of genes involved in carni-
tine biosynthesis and uptake could contribute to ele-
vated hepatic carnitine concentration in early lactation
observed in this and previous studies.
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Introduction

Summary

Fibroblast growth factor 21 (FGF21) has been identified as a novel
hormonal factor involved in the regulation of metabolic adaptations
during energy deprivation. The present study aimed to investigate the
expression of the FGF21 gene in the liver of dairy cows during the
transition from pregnancy to lactation. Therefore, the relative mRNA
abundance of FGF21 in liver biopsy samples of 20 dairy cows in late preg-
nancy (3 weeks pre-partum) and early lactation (1, 5, 14 weeks post-par-
tum) was determined. It was observed that hepatic mRNA abundance of
FGF21 at 1 week post-partum was dramatically increased (110-fold) com-
pared to 3 weeks pre-partum (p < 0.001). With progress of lactation,
mRNA concentration of FGF21 was declining; nevertheless, mRNA abun-
dance at 5 and 14 weeks post-partum remained 25- and 10-fold
increased compared to 3 weeks pre-partum (p < 0.001). Using a gene
array technique, it was found that many genes involved in fatty acid oxi-
dation, gluconeogenesis and ketogenesis were up-regulated during early
lactation compared to late pregnancy. Moreover, there were positive lin-
ear correlations between hepatic mRNA concentration of FGF21 and
mRNA concentrations of genes involved in ketogenesis as well as carni-
tine synthesis and carnitine uptake at various time-points during lacta-
tion, indicating that FGF21 could play a role in ketogenesis and carnitine
metabolism in the liver of dairy cows (p < 0.05). In overall, the present
study shows that expression of the FGF2I gene is strongly up-regulated
during the transition period. It is assumed that the up-regulation of
FGF21 might play an important role in the adaptation of liver metabolism
during early lactation in dairy cows such as in other species.

energy production via tricarboxylic acid cycle and
oxidative phosphorylation and for the production of

In mammals, the liver plays an important role in
maintaining systemic energy balance during energy
deprivation by coordinate regulation of lipid and car-
bohydrate metabolism. During the early stage of
energy deprivation, the liver mobilizes glucose from
its glycogen stores. As fasting progresses and glyco-
gen stores are depleted, f-oxidation of fatty acids
deriving from adipose tissue is enhanced. Oxidation
of fatty acids yields acetyl-CoA which is used for
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ketone bodies. These metabolic adaptations during
energy deprivation are controlled mainly by hor-
mones such as glucagon, catecholamines and gluco-
corticoids (Potthoff et al., 2009). Recently, fibroblast
growth factor 21 (FGF21) has been detected and
identified as an important hormonal factor involved
in the regulation of metabolic adaptations during
energy deprivation (Badman et al., 2007; Inagaki
et al.,, 2007; Lundasen et al., 2007). The FGF21 gene
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is expressed in liver, pancreas, white adipose tissue
and skeletal muscle (Nishimura et al., 2000; Izumiya
et al., 2008; Wang et al., 2008). Studies in rodents
have shown that hepatic expression of FGF2I is
strongly up-regulated during fasting and is rapidly
suppressed by refeeding, indicating a role of FGF21
in fasting-induced response (Badman et al.,, 2007;
Inagaki et al.,, 2007; Lundasen et al., 2007). Indeed,
it was demonstrated that FGF21 stimulates hepatic
lipid oxidation, ketogenesis and gluconeogenesis,
pathways required to supply the body with sufficient
energy fuels and glucose during fasting (Badman
et al., 2007). It has been found that FGF2I is up-reg-
ulated by peroxisome proliferator-activated receptor
(PPAR)-o, a transcription factor which is activated
during fasting by non-esterified fatty acids (NEFA)
released from adipose tissue (Badman et al., 2007;
Lundasen et al.,, 2007; Oishi et al., 2008; Yu et al.,
2012). The metabolic importance of FGF21 is evident
from transgenic mice overexpressing FGF21 and from
FGF21 null mice. Mice overexpressing hepatic FGF21
exhibit increased hepatic ketone body production
and an enhanced expression of key genes involved
in gluconeogenesis and fatty acid oxidation (Inagaki
et al., 2007). In contrast, transgenic FGF21 null mice
show reduced rates of gluconeogenesis, f-oxidation
and ketogenesis during fasting (Potthoff et al., 2009).
Hence, the induction of FGF21 is required for the
normal activation of hepatic lipid oxidation, gluco-
neogenesis and ketogenesis in response to nutritional
challenges (Badman et al., 2007).

During early lactation, dairy cows are typically in
a strong negative energy balance because of strong
increase in the energy requirement for milk produc-
tion, which cannot be met as the food intake capac-
ity is limited. The negative energy balance is
associated with complex metabolic changes in the
liver which includes increased expression of genes
involved in f-oxidation of fatty acids, ketogenesis
and gluconeogenesis (Loor et al., 2005; Van Dorland
et al., 2009; Graber et al., 2010, 2011). Moreover, it
is expected that the negative energy balance during
early lactation leads to an activation of PPAR« in the
liver, induced by an increased uptake of NEFA from
the blood deriving from lipolysis in the adipose tis-
sue. Indeed, there are few studies showing an up-
regulation of PPARx and PPARo target genes in the
liver of dairy cows during early lactation (Loor et al.,
2005; Schlegel et al., 2012a). Owing to the fact that
FGF21 expression is regulated by PPARa, an activa-
tion of PPARx in early lactation is expected to cause
an induction of FGF2I. Indeed, Carriquiry et al.
(2009) were the first who observed an up-regulation
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of FGF21 in the liver of dairy cows during lactation.
Interestingly, these authors did not observe an up-
regulation of PPARA in the liver, which raises the
possibility that FGF21 was up-regulated during lacta-
tion in a PPARa-independent manner.

In contrast to the study of Carriquiry et al. (2009),
we observed recently an increase of the mRNA level
of PPARA and its target genes involved in fatty acid
transport, fatty acid oxidation and carnitine synthe-
sis, indicative of PPARo activation, in the liver of
dairy cows during the transition from pregnancy to
early lactation (Schlegel et al., 2012a). As activation
of PPAR« induces expression of FGF21, we hypothe-
sized that expression of FGF2I might be strongly
increased in the liver of these cows during early lac-
tation. To investigate this hypothesis, we determined
mRNA abundance of FGF2I in liver biopsy samples
from a recently performed experiment with dairy
cows (Schlegel et al.,, 2012a). To assess the expres-
sion of genes involved in hepatic f-oxidation, gluco-
neogenesis and ketogenesis — metabolic pathways
regulated by FGF21 - we also determined relative
mRNA concentrations of several genes involved in
fatty acid metabolism, gluconeogenesis and ketogen-
esis in these samples using a gene array technique.
To investigate the role of FGF21 in metabolic adapta-
tions in hepatic lipid metabolism during lactation,
we calculated correlations between hepatic mRNA
concentration of FGF21 and phenotypic variables of
lipid metabolism as well as mRNA abundances of
genes involved in hepatic lipid metabolism.

Materials and methods

The animal experiment was conducted at the Agri-
cultural Experimental Station Hirschau of the Tech-
nical University of Munich, Germany. It was
approved by the Bavarian state animal care and use
committee (Az.: 55.2-1-54-2531-78-09).

Animals and feeding, sample collection

This study included 20 Holstein cows (four primi-
and 16 multiparous, 2.7 + 1.1 parities, mean + SD)
as experimental animals with an experimental period
from 3 weeks pre-partum until 14 weeks post-par-
tum. The animals were housed in a freestall barn.
They received a partial mixed ration (PMR) for ad /ib-
itum intake of basic feed with separate and limited
intake of concentrates [supplemental concentrate
(SUPP), 0.63 kg DM/day for each cow; individual
concentrate (CONC), individual access]. Partial mixed
ration consisted [dry matter (DM), basis] of 33.7%
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grass silage, 44.9% maize silage, 6.4% hay and
14.9% concentrate, while SUPP contained (DM basis)
24.4% soybean meal, 48.3% grain maize and 27.3%
of a rumen-protected fat supplement. With an
assumed dry matter intake of 16 kg of PMR/day and
the allotted amount of SUPP, the calculated nutrient
supply covered the energy and protein requirements
for 23 kg of milk/day. CONC was individually allo-
cated at four computer-operated feeding stations with
an automatic feeding programme (DeLaval Alpro,
Glinde, Germany). CONC was composed of 24.8%
grain maize, 21.8% wheat, 20.1% soybean meal,
15.2% dried sugar beet pulp with molasses, 14.9%
barley and 3.2% vitamin-mineral premix including
limestone (DM basis). The allocation of CONC was
increased from 1.2 to 8.0 kg of DM/day during the
first 42 days of lactation, and thereafter, it was
dependent on the milk performance of the individual
cow. Daily intakes of PMR and CONC were recorded
for each individual cow. Liver biopsies were taken
from the right liver lobe (Lobus hepatis dexter) at
3 weeks pre-partum, and 1, 5 and 14 weeks post-
partum  before feeding between 07:00 and
09:00 hours. More details about feeding and collection
of liver biopsies are given by Schlegel et al. (2012a).

RNA isolation and quality control

Total RNA was isolated from liver biopsies using
Trizol reagent (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s protocol. RNA from
15 mg of each sample was isolated within 1 week
after finishing the trial. Isolated RNA was preserved
at —80 °C until use. RNA concentration and purity
were estimated from the optical density at 260 and
280 nm, respectively, using an Infinite 200M micro-
plate reader and a NanoQuant Plate (both from
Tecan, Mannedorf, Switzerland). The A260/A280
ratios were 1.96 + 0.05 (means + SD). The integrity
of the total RNA was checked by 1% agarose gel
electrophoresis. RNA was judged as suitable for array
hybridization only if the samples exhibited intact
bands corresponding to the 18S and 28S ribosomal
RNA subunits. Subsequently, five RNA pools, each
for every time-point (3 weeks pre-partum, 1, 5 and
14 weeks post-partum), were prepared. Each RNA
pool comprised RNA from four animals.

Microarray analysis

For microarray analyses, the RNA pools were sent to
the Center of Excellence for Fluorescent Bioanalytics
(KFB) at the University of Regensburg for hybridiza-
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tion to the Affymetrix GeneChip bovine genome
arrays (Affymetrix, High Wycombe, UK). The Af-
fymetrix GeneChip bovine genome array is based on
content from UniGene and GenBank® mRNAs. It
contains 24 027 probe sets representing more than
23 000 transcripts and includes approximately
19 000 UniGene clusters. In brief, total RNA was
checked for quality and quantity using an Agilent
Bioanalyzer 2100 machine, and total RNA was tran-
scribed to first- and second-strand cDNAs. After puri-
fication and testing on an Agilent Bioanalyzer 2100
machine (Agilent Technologies, Santa Clara, CA,
USA), the double-stranded cDNA served as a template
for the in vitro transcription reaction for cRNA synthe-
sis. The cRNA was labelled with biotin using the Af-
fymetrix GeneChip labelling kit. After checking the
quality and quantity of the labelled cRNA, cRNA was
fractionated and hybridized with the Affymetrix Gene-
Chips. GeneChips were washed and stained with the
Afty-metrix GeneChip Fluidics station 450. The Gene-
Chips were then scanned with an Affymetrix GeneChip
scanner 3000. All procedures were performed accord-
ing to Affymetrix protocols (GeneChip expression anal-
ysis, Technical manual from Affymetrix). The quality
of hybridization was assessed in all samples following
the manufacturer’s recommendations. After scanning
the arrays, cell intensity files containing a single inten-
sity value for each probe cell were computed from the
image data with the Affymetrix GeneChip Operating
Software. Probe cell intensity data were further analy-
sed in the Affymetrix Expression Console 1.1 software
using the Affymetrix Microarray Suite Version 5.0 (mas
5.0, Affymetrix, High Wycombe, UK) algorithm to cre-
ate chip files. In the mas 5.0 algorithm, a global scaling
strategy is applied for normalization where the average
signal intensity of all probe sets is scaled to a default
target signal.

Quantitative real-time PCR

Relative mRNA concentration of FGF21 was deter-
mined using quantitative real-time PCR (qPCR). For
this end, cDNA was synthesized in less than a week
after RNA extraction from 1.2 ug of total RNA from
all individual samples (7 = 20/group) contributing to
the RNA pools for microarray analysis using
100 pmol dT18 primer (Eurofins MWG Operon,
Ebersberg, Germany), 1.25 ul 10 mm dNTP mix
(GeneCraft, Lidinghausen, Germany), 5 ul buffer
(Fermentas, St. Leon-Rot, Deutschland), and
60 units M-MuLV Reverse Transcriptase (MBI
Fermentas, St. Leon-Rot, Germany) at 42 °C for
60 min, and a final inactivating step at 70 °C for
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10 min in Biometra Thermal Cycler (Whatman
Biometra®, Gottingen, Germany). Subsequently,
¢DNA was stored in aliquots at =20 °C. For the stan-
dard curve, a cDNA pool of all samples was made.
qPCR was performed using 2 ul ¢cDNA combined
with 18 ul of a mixture composed of 10 ul KAPA
SYBR FAST qPCR Universal Mastermix (Peqlab,
Erlangen, Germany), 0.4 ul each of 10 um forward
and reverse primers and 7.2 ul DNase/RNase free
water in 0.1 ml tubes (Ltf Labortechnik, Wasserburg,
Germany). Gene-specific primer pairs obtained from
Eurofins MWG Operon were designed using PRIMER3
and Brast. Sequence of gene-specific primer pair for
FGF21 was as follows (forward, reverse; NCBI
Genbank): 5’-GGCATCATCCGTGTAGAGGT-3’, 5’-
TTCAAGCACTTGGGACTGTG-3"; XM_001789587.1).
Expression value of FGF21 was normalized using the
GeNorm normalization factor. Procedure of normali-
zation, the characteristics of gene-specific primers
and the average expression stability ranking of the
six potential reference genes in liver of cows were
previously described in detail (Schlegel et al.,
2012b). After normalization of gene expression data
using the calculated GeNorm normalization factor,
means and SD were calculated from normalized
expression data for samples of the same treatment
group. The mean of 3 weeks pre-partum was set to 1
and relative expression ratios of 1, 5 and 14 weeks
post-partum are expressed as fold changes compared
to 3 weeks pre-partum.

Determination of phenotypic variables and mRNA
abundances of genes used for regression analysis

Variables considered for regression analysis [Plasma
concentrations of NEFA and f-hydroxy butyrate
(BHB), hepatic concentrations of triacylglycerols
(TAG) and cholesterol, concentrations of total and
free carnitine in plasma, milk and liver and hepatic
mRNA abundances of genes involved in various
pathways of lipid metabolism] were determined as
described recently (Schlegel et al., 2012a,b).

Statistics

Data were statistically evaluated by anova with time-
point of sampling, parity of the cow (primi- vs. mul-
tiparous) and individual animal as factors, using the
MiniTaB  Statistical Software Release 13.0 (Minitab,
State College, PA, USA). Prior to statistical analysis,
all data were checked for normality and outliers
before statistical analysis. Means of mRNA concen-
trations of FGF2I between the four time-points of
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sampling were compared by Fisher’s multiple-range
test. For estimation of correlations between hepatic
FGF2] mRNA abundance and metabolic variables
and mRNA abundances of various hepatic genes,
Pearson’s correlation coefficients (r) were deter-
mined by linear regression analysis. Gene array data
were evaluated by comparing the means of 1, 5 and
14 weeks post-partum with that of 3 weeks pre-
partum using the Student’s ¢-test.

Results

Expression of FGF21 in the liver

Relative mRNA abundance of FGF21, determined by
qPCR, was dramatically increasing (110-fold,
p < 0.001) from 3 weeks pre-partum to 1 week post-
partum and was thereafter declining (Fig. 1). Never-
theless, relative mRNA abundances of FGF2I at 5
and 14 weeks post-partum were 25- and 10-fold,
respectively, higher compared to the pre-partum
level (p < 0.001, Fig. 1). There was no difference in
relative hepatic mRNA abundance of FGF21 between
primi- and pluriparous cows (p > 0.05).

Expression of hepatic genes involved in hepatic
f-oxidation

To assess the effect of lactation on hepatic mitochon-
drial f-oxidation, we considered the expression of 17
genes involved in that pathway (Table 1). In 1 week
post-partum, all the genes considered, with the only

Fi:F21

Relative mBENA abundance

o

1 5 4

Week relative to parturition

Fig. 1 Relative mRNA abundance of fibroblast growth factor 21
(FGF21) in the liver of dairy cows in the transition period and early
stages of lactation; bars represent means + SD (n=20) and are
expressed relative to the mRNA abundance at 3 weeks pre-partum
(=1.00). Bars with different superscripts differ significantly by Fisher’s
multiple-range test (p < 0.001).
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Table 1 Expression of genes involved in hepatic mitochondrial f-oxidation in Holstein cows at 1, 5 and 14 weeks post-partum (data are given as
fold change compared to 3 weeks pre-partum)

1 week 5 weeks 14 weeks

Gene Description post-partum post-partum post-partum
CPT1A Carnitine palmitoyltransferase 1A 1.66* 1.1 1.12
CPT1B Carnitine palmitoyltransferase 1B (muscle) 6.11* 2.03* 1.49*
CPTIC Carnitine palmitoyltransferase 1C 1.37% 131" 1.08
CPT2 Carnitine palmitoyltransferase 2 2.35% 1.65% 1.35
SLC25A20 Solute carrier family 25 (carnitine/acylcarnitine translocase), 1.9* 1.35% 1.12

member 20
MLYCD Malonyl-CoA decarboxylase 1.74% 1.24" 1.06
ACADS Acyl-CoA dehydrogenase, C-2 to C-3 short chain 1.40% 1.37* 1.16"
HADHA Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/ 2.61* 1.61% 1.15

enoyl-CoA hydratase (trifunctional protein), alpha subunit
HADHB Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/ 2.40* 1.65" 1.25

enoyl-CoA hydratase (trifunctional protein), beta subunit
ACADVL Acyl-coenzyme A dehydrogenase, very long chain 2.14% 1.33* 0.99
ACADM Acyl-CoA dehydrogenase, C-4-C-12 straight chain 1.34% 1.17* 1.18"
ACADL Acyl-CoA dehydrogenase, long chain 1.85" 1.31 1.13
ACADSB Acyl-CoA dehydrogenase, short/branched chain 1.32% 1.13 1.15
ECHST1 Enoyl-CoA hydratase, short chain, 1, mitochondrial 1.73* 1.68" 1.42
ACAA2 Acetyl-Coenzyme A acyltransferase 2 1.70% 1.42% 1.39%
PCCA Propionyl CoA carboxylase, alpha polypeptide 1.50* 1.39 1.27
PCCB Propionyl CoA carboxylase, beta polypeptide 1.36 1.52* 1.26

Results are means of five RNA pools per time-point considered. Significance of differences compared to 3 weeks pre-partum: *p < 0.05; *p < 0.01;

*p < 0.001.

exception of PCCB encoding propionyl CoA carboxyl-
ase, beta polypeptide were up-regulated (1.32-6.11-
fold, p < 0.05) compared to 3 weeks pre-partum
(Table 1). From 1 week post-partum to later lacta-
tion, expression of all the genes involved in mito-
chondrial f-oxidation decreased (Table 1). In
5 weeks post-partum, 13 of the genes considered
remained increased in its expression in relation to
3 weeks pre-partum (p < 0.05), while in 14 weeks
post-partum, only four of the genes considered
remained up-regulated compared to 3 weeks pre-
partum (p < 0.05, Table 1).

Expression of hepatic genes involved in hepatic
gluconeogenesis

To assess the effect of lactation on hepatic gluconeo-
genesis, we considered the expression of 12 genes
involved in that pathway (Table 2). In 1 week post-
partum, the expression of all these 12 genes was up-
regulated (1.48-4.52-fold, p < 0.05, Table 2). From
1 week post-partum to later lactation, expression of
all the genes involved in hepatic gluconeogenesis
decreased (Table 2). In 5 and 14 weeks post-partum,
8 and 4, respectively, of the 12 genes considered
remained up-regulated compared to 3 weeks
pre-partum (p < 0.05, Table 2).
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Expression of hepatic genes involved in hepatic
ketogenesis

To assess the effect of lactation on hepatic ketogene-
sis, we considered the expression of three genes
involved in that pathway (Table 3). In 1 week post-
partum, these three genes were 1.26-2.26-fold
up-regulated compared to 3 weeks pre-partum
(p < 0.05, Table 3). Although the expression of these
genes was declining from 1 week post-partum to
later lactation, the three genes involved in ketogene-
sis remained up-regulated in 5 weeks post-partum
compared to 3 weeks pre-partum (p < 0.05, Table 3).
In 14 weeks post-partum, expression of these genes
was not different compared to 3 weeks pre-partum
(Table 3).

Correlations between FGF2I mRNA abundance and
phenotypic variables or hepatic mRNA abundances of
various genes

To assess the role of hepatic FGF21 in adaptation of
hepatic lipid metabolism during lactation, linear
regression analysis between hepatic FGF2I mRNA
concentration and phenotypic variables (plasma
NEFA and BHB concentrations, hepatic TAG and
cholesterol concentrations, concentrations of total



Hepatic expression of FGF21 in dairy cows

G. Schlegel et al.

Table 2 Expression of genes involved in hepatic gluconeogenesis in Holstein cows at 1, 5 and 14 weeks post-partum (data are given as fold

change compared to 3 weeks pre-partum)

Gene Description 1 weeks post-partum 5 weeks post-partum 14 weeks post-partum
PC Pyruvate carboxylase 4.38*% 1.99* 1.35*
PCK1 Phosphoenol pyruvate carboxykinase 1 1.53" 1.61% 1.40"
PCK2 Phosphoenol pyruvate carboxykinase 2 1.60" 1.18 1.15
FBP1 Fructose-1,6-bisphosphatase 1 3.92*% 1.85% 1.35
FBP2 Fructose-1,6-bisphosphatase 2 2.48 1.72 1.23
G6PC Glucose-6-phosphatase 3.71% 2.01% 1.97%
GK Glycerol kinase 4.52*% 1.65 1.23
GPD1 Glycerol-3-phosphate dehydrogenase 1.82* 1.89* 1.52*
LDHA Lactate dehydrogenase A 3.66" 1.72 1.20
LDHB Lactate dehydrogenase B 3.45% 2.24% 1.41
MDH1 Malate dehydrogenase 1 (soluble) 1.90% 1.64% 1.39
MDH2 Malate dehydrogenase 2 (mitochondrial) 1.48*% 1.34% 1.20

Results are means of five RNA pools per time-point considered. Significance of differences compared to 3 weeks pre-partum: *p < 0.05; *p < 0.01;

*p < 0.001.

Table 3 Expression of genes involved in hepatic ketogenesis in Holstein cows at 1, 5 and 14 weeks post-partum (data are given as fold change

compared to 3 weeks pre-partum)

Gene Description 1 week post-partum 5 weeks post-partum 14 weeks post-partum
HMGCL 3-hydroxymethyl-3-methylglutaryl-CoA lyase 1.26" 1.16" 1.07
HMGCS2 3-hydroxy-3-methylglutaryl-Coenzyme 2.26* 1.78" 1.38
A synthase 2 (mitochondrial)
ACAT1 Acetyl-CoA acetyltransferase 1 1.63* 1.43" 1.23

Results are means of five RNA pools per time-point considered. Significance of differences compared to 3 weeks pre-partum: *p < 0.01;

*p < 0.001.

and free carnitine in plasma, milk and liver) and
mRNA abundances of genes involved in hepatic fatty
acid uptake and oxidation [fatty acid transporter,
member 1 (SLC27A1), CD36/fatty acid translocase
(CD36), acyl-CoA oxidase 1, (ACOXI), carnitine pal-
mitoyltransferase 1A (CPTIA), acyl-CoA dehydroge-
nase, C-4-C-12 straight chain (ACADM)], carnitine
synthesis and uptake [butyrobetaine (gamma), 2-
oxoglutarate dioxygenase (BBOXI), trimethyllysine
hydroxylase, epsilon (TMLHE), aldehyde dehydroge-
nase 9 family, member Al (ALDH9AI), organic cat-
ion/carnitine transporter 2 (SLC22A5)], fatty acid
synthesis [sterol regulatory element-binding protein-
1 (SREBFI), fatty acid synthase (FASN), acetyl-CoA
carboxylase alpha (ACACA), stearoyl-CoA desaturase
(SCD)], cholesterol synthesis [sterol regulatory ele-
ment-binding  protein-2  (SREBF2), 3-hydroxy-
3-methylglutaryl-CoA  reductase (HMGCR)] and
ketogenesis [3-hydroxy-3-methylglutaryl-Coenzyme
A synthase 2, mitochondrial (HMGC2)] was per-
formed. In overall, there were only few significant
correlations between hepatic FGF2I mRNA abun-
dance and other variables (Table 4). At 3 weeks

ante-partum, there were positive linear correlations
between hepatic FGF2I mRNA abundance and
mRNA abundances of ACOX! and genes involved in
carnitine synthesis and uptake (TMLHE, ALDH9AI,
SLC22A5) (p < 0.05, Table 4). At 1 week post-par-
tum, positive linear correlations between relative
hepatic FGF21 mRNA abundance and hepatic TAG
concentration as well as mRNA abundances of
SLC22A5, SREBFl, HMGCR and HMGCS2 were
observed (p < 0.05, Table 4). At 5 weeks post-
partum, there were positive linear correlations
between relative hepatic FGF2I mRNA abundance
and mRNA abundances of CD36, TMLHE and
HMGCS2 (p < 0.05, Table 4). In 14 weeks post-par-
tum, a positive linear correlation between hepatic
FGF2]1 mRNA abundance and concentration of free
carnitine in milk was observed (p < 0.05, Table 4).

Discussion

In the present study, we used liver biopsy samples
from dairy cows obtained at late pregnancy (3 weeks
pre-partum) and early lactation (1, 5, 14 weeks
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Table 4 Statistically significant linear positive correlations between
relative hepatic mRNA abundance of FGF21 and phenotypic parame-
ters or mRNA abundances of hepatic genes in Holstein cows at
3 weeks ante-partum and 1, 5 and 14 weeks post-partum

Parameter r p

3 weeks ante-partum

ACOX1 0.47 0.04
TMLHE 0.48 0.04
ALDH9A1 0.51 0.03
SLC22A5 0.33 0.05
1 week post-partum
Hepatic TAG concentration 0.62 0.007
SLC22A5 0.45 0.03
SREBF1 0.54 0.02
HMGCR 0.92 <0.01
HMGCS2 0.55 <0.01
5 weeks post-partum
Plasma NEFA concentration 0.45 <0.01
CD36 0.75 <0.01
TMLHE 0.54 <0.01
SLC22A5 0.31 0.04
HMGCS2 0.31 0.04
14 weeks post-partum
Concentration of free carnitine in milk 0.47 0.01

Description of genes: ACOX1, acyl-CoA oxidase 1; ALDH9AT, aldehyde
dehydrogenase 9 family, member A1; CD36, CD36/fatty acid translo-
case; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS2, 3-
hydroxy-3-methylglutaryl-Coenzyme A synthase 2, mitochondrial;
NEFA, non-esterified fatty acids; SREBF1, sterol regulatory element-
binding protein-1; SLC22A5, organic cation/carnitine transporter 2;
TMLHE, trimethyllysine hydroxylase, epsilon.

post-partum). The transition of the cows from late
pregnancy to early lactation was associated with a
strong negative energy balance (—65 MJ MJ NEL/
day at 1 week post-partum), an increase of plasma
concentrations of NEFA and BHB, and hepatic TAG
concentration. Those cows, moreover, showed
increased mRNA abundances of PPARA, and several
of its target genes involved in fatty acid metabolism
and carnitine synthesis, as determined by qPCR
analyses, in 1 week post-partum. At 14 weeks post-
partum, the cows of this study returned to a slight
positive energy balance (data are shown in Schlegel
et al., 2012a).

In the present study, we found that gene expres-
sion of FGF21 was dramatically up-regulated during
the transition from late pregnancy to early lactation.
Noteworthy, an up-regulation of FGF2I in the liver
of early lactating dairy cows has already been
observed by Carriquiry et al. (2009). In contrast to
our study (Schlegel et al.,, 2012a) and the study of
Loor et al. (2005), Carriquiry et al. (2009) — such as
few other studies (Palin and Petit, 2004; Van Dorland
et al.,, 2009; Graber et al., 2010) — did, however, not
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observe an up-regulation of PPARA during early
lactation. Carriquiry et al. (2009) suggested that the
lack of up-regulation of PPARA during early lactation
might be explained by a hepatic inflammatory
response, induced by an excessive pre-partum caloric
intake in their cows, which decreased pre- and post-
partum hepatic expression of PPARA.

Interestingly, the extent of up-regulation of hepa-
tic FGF21 mRNA concentration from late pregnancy
(3 weeks pre-partum) to early lactation (1 week
post-partum), being around 110-fold, was much
greater than in study of Carriquiry et al. (2009) in
which hepatic FGF2I mRNA abundance increased
around threefold from 12 day pre-partum to 10 days
post-partum. Although results of mRNA measure-
ments cannot be directly compared between differ-
ent studies, the stronger up-regulation of FGF2I in
our study indeed could be due to the observed acti-
vation of PPARa in the cows used in this study
(Schlegel et al., 2012a).

Very recently, a study of Schoenberg et al. (2011)
was published which investigated plasma FGF21
concentration and expression of FGF21 in various tis-
sues of high-yielding dairy cows during early lacta-
tion. Those authors observed that plasma FGF21
concentrations are nearly undetectable at late preg-
nancy, sharply increase at 3 days pre-partum, peak
at the day of parturition, and then stabilize at lower,
chronical elevated concentrations during the energy
deficit of early lactation. Their study also found that
mRNA expression of FGF2I is strongly increased
from late pregnancy (4 weeks pre-partum) to early
lactation (8 weeks post-partum) and that liver is the
major source of plasma FGF21 with little or no con-
tribution of white adipose tissue, skeletal muscle and
mammary gland. In their studies, plasma FGF21 was
also increased in non-lactating cattle when an
energy deficit state was induced by feed restriction.
Interestingly, the increase in FGF2I mRNA abun-
dance in that study (sevenfold from 4 weeks pre-
partum to 1 week post-partum) was lower than that
observed in our study. A drawback of our study is
that we were, for technical reasons, not able to
determine plasma concentrations of FGF21 and
FGF21 protein concentrations in the liver of the
cows. Nevertheless, our study confirms that study in
showing that early lactation leads to a strong induc-
tion of the FGF21 gene in the liver of dairy cows.

It has been shown that FGF21 stimulates f-oxida-
tion of fatty acids, gluconeogenesis and ketogenesis in
the liver (Badman et al., 2007). To assess the expres-
sion of hepatic genes involved in these metabolic
processes, we performed a gene array analysis in the
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liver samples. Although this technique generates
rather semi-quantitative data, the use of a gene array
has the great advantage that a great number of genes
involved in several pathways can be detected simulta-
neously in a small sample amount, such as in liver
biopsy samples. Consideration of the gene array data
clearly indicates that hepatic fatty acid oxidation, glu-
coneogenesis and ketogenesis were up-regulated in 1
and 5 weeks post-partum, in comparison with preg-
nancy and later lactation. The finding that these
pathways are stimulated in the liver of dairy cows
with a negative energy balance agrees with several
other studies, which considered the gene expression
profile in the liver (Loor et al., 2005; van Dorland
et al., 2009; Graber et al., 2010, 2011). It has been
well established that genes involved in fatty acid oxi-
dation, gluconeogenesis and ketogenesis are regu-
lated by PPARa (Mandard et al., 2004). Therefore, it
is likely that the up-regulation of these genes during
early lactation was at least in part induced by PPARua.
The finding that a knockdown of the FGF2I gene
leads to a reduction of the rates of fatty acid oxida-
tion, gluconeogenesis and ketogenesis in mice during
fasting clearly shows that FGF21 plays a crucial role
in the up-regulation of these pathways independent
of PPARu (Potthoff et al., 2009). However, the role of
FGF21 in the metabolic adaptations in the liver of
dairy cows during early lactation has not yet been
investigated so far. In the present study, we observed
a positive linear correlation between hepatic FGF21
mRNA abundance and hepatic mRNA abundance of
HMGCS2, the gene encoding the key enzyme of keto-
genesis (at 1 and 5 weeks post-partum). This finding
suggests that FGF21 could play a role in the regula-
tion of ketogenesis in dairy cows during lactation,
although there was no correlation between hepatic
FGF21 mRNA abundance and concentration of BHB
in plasma. There were moreover positive correlations
between FGF2] mRNA abundance and mRNA abun-
dances of genes involved in carnitine synthesis
(TMLHE, ALDH9A1I) and carnitine uptake (SLC22A5).
Those correlations indicate that FGF21 could play a
role in the regulation of hepatic carnitine synthesis
and uptake. This indication is supported by the find-
ing of a positive relationship between hepatic FGF21
mRNA abundance and milk carnitine concentration
at 14 weeks post-partum. However, with respect to
the correlations observed, it should be noted that in
rodents FGF21 as well as genes involved in ketogene-
sis and carnitine metabolism (including ALDH9AI
and SLC22A5) are directly regulated by PPAR« (Rodri-
guez et al., 1994; van Vlies et al., 2007; Koch et al.,
2008; Wen et al.,, 2010, 2012). The regulation of
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these genes in dairy cows has not yet been investi-
gated. Nevertheless, based on the regulation of these
genes in rodents, it cannot be excluded that the rela-
tionship between the abundances of FGF2I mRNA
and those of genes involved in ketogenesis and carni-
tine metabolism observed is not causative, but
because of the common regulation of these genes by
PPARw. Thus, further studies are warranted to investi-
gate whether FGF21 directly regulates ketogenesis
and carnitine metabolism in the liver of dairy cows.
With respect to this, it is probably of interest to
explore whether activation of FGF signalling, which
is mediated at the cell surface by ligand binding to
high affinity tyrosine kinase FGF receptors 1-4 (John-
son and Williams, 1993), leads to a PPARa-indepen-
dent induction of genes regulating ketogenesis and
carnitine metabolism.

Our regression analysis, moreover, showed corre-
lations between hepatic FGF2] mRNA abundance
and plasma NEFA concentration (5 weeks post-par-
tum) as well as hepatic TAG concentration (1 week
post-partum). Relationships between hepatic FGF21
mRNA concentration or plasma FGF21 levels and
plasma NEFA concentration or hepatic TAG concen-
tration, respectively, have already been reported
(Carriquiry et al.,, 2009; Schoenberg et al., 2011). As
the liver is not a site of lipogenesis in dairy cattle,
hepatic TAG concentration reflects the uptake of
NEFA into the liver (Schoenberg et al., 2011). Thus,
the observed relationship between hepatic TAG and
hepatic FGF21 mRNA concentration also supports
the view that expression of FGF21 in the liver is
induced by NEFA, mediated probably by activation
of PPARa, such as observed in rodents (Badman
et al., 2007; Lundasen et al., 2007; Yu et al., 2012).

In rodents, it has been found that FGF21 has also
important metabolic effects on tissues other than the
liver. The most dramatic effects of FGF21 have been
found in adipose tissue where this hormone stimu-
lates glucose uptake by up-regulation of SLC2AI
encoding the facilitated glucose transporter 1 and
lipolysis by enhancing the activity of hormone-sensi-
tive lipase (Inagaki et al., 2007; Coskun et al., 2008).
Systemic administration of FGF21 in mice reduces
plasma glucose and triglyceride, enhances insulin
sensitivity, and lowers obesity and hepatosteatosis
(Badman et al., 2007; Coskun et al., 2008; Xu et al.,
2009). From these studies, it has been concluded that
FGF21 might be a promising candidate for the treat-
ment of insulin resistance and obesity (Kliewer and
Mangelsdorf, 2010). On the basis of these recent find-
ings, it is likely that the expression of FGF21 during
early lactation might be of great relevance for several
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health-related aspects in dairy cows such as the devel-
opment of ketosis or fatty liver, patho-physiological
conditions which are closely related with lipolysis in
adipose tissue, insulin sensitivity as well as lipid
oxidation and ketogenesis in the liver. Thus, in our
opinion, the expression of FGF2! in dairy cows
deserves further attention in the development of
strategies to prevent metabolic diseases in dairy cows
during early lactation.
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Diskussion

4. Diskussion
4.1  Wirkungen von pansengeschitzter CLA auf Leistungsd&n und Fleischqualitat
beim weiblichen Jungrind
Zahlreiche Studien konnten an landwirtschaftlichernztieren Effekte der Verabreichung von
CLA auf wirtschaftlich bedeutende Faktoren wie haigysparameter, Schlachtkérperqualitat
und Fleischqualitat nachweisen (Ostrowska et &991 Thiel-Cooper et al., 2001; Gillis et
al., 2004b; Suksombat et al., 2007) Studie 1sollte der Einfluss der CLA-Supplementierung
bei Mastrindern in der Anfangsmast, einer Phasestigken Wachstums, auf Leistungsdaten,
Schlachtkérper- und Fleischqualitdtsparameter sotéit werden. Mit einer CLA-
Supplementierung bei Labortieren und wachsenden w&8loen konnten positive
Auswirkungen auf Leistungsparameter wie Futtervetuvgy und tagliche Zunahmen
nachgewiesen werden (Chin et al., 1994; Ostrowskd.,e1999; Eggert et al., 2001; Thiel-
Cooper et al.,, 2001). Iistudie 1konnte kein Einfluss der CLA-Supplementierung von
wachsenden weiblichen Rindern auf deren mittlerglidée Futteraufnahme, mittleren
taglichen Zunahmen und Futterverwertung beobachtetlen, die Wirtschaftlichkeit der
Mast konnte nicht verbessert werden. Diese Ergebrsimmen mit vorliegenden Studien an
alteren Mastrindern, in denen keine VeranderungLeéetungsdaten durch die Verfitterung
pansengeschitzter CLA festgestellt werden konrierein (Gassman et al., 2000; Block et
al., 2003; Gillis et al., 2004b). Bei laktierend&chafen wurde die Futteraufnahme durch
CLA-Futterung ebenfalls nicht verandert (Lock et aD06; Sinclair et al., 2010). Deutliche
Effekte der CLA-Supplementierung auf die Kdrperznsgensetzung konnten sowohl bei
Labortieren als auch bei Schweinen wund Gefligel chrésben werden. Der
Gesamtkorperfettanteil bei Mausen und Ratten wdtleh Supplementierung mit danans
10cis-12 CLA-Isomer reduziert (Park et al., 1997; Rydeal., 2001; Yamasaki et al., 2003),
wobei die AdipozytengréRe und nicht die Anzahl d&gllen im Fettgewebe bei den
supplementierten Tieren im Vergleich zu nicht-seppntierten Kontrolltieren verringert war
(Azain et al., 2000). Damit einhergehend wurde T&G-Gehalt im Fettgewebe verringert
und der Magermasse- und Wasseranteil im Schlaghgkd@rhoht (Park et al., 1997; Park et
al., 1999). Der Magerfleisch- bzw. Muskelmassedmtei Schweineschlachtkérper wurde in
vielen Studien bei geringerem Ruckenspeckanteteggst (Dugan et al., 1997; Ostrowska et
al., 1999; Thiel-Cooper et al., 2001; Wiegand et2001; Tischendorf et al., 2002; Wiegand
et al., 2002). Die Abnahme des Fettgehalts im Stikérper oder in verschiedenen
Teilstiicken beim Hahnchen durch CLA-Fltterung wueteenso mehrfach beschrieben
(Szymczyk et al., 2001; Du und Ahn, 2002; Suksondbatl., 2007). Die vorliegende Studie
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konnte durch den Einsatz pansengeschitzter CLAvMaehsenden weiblichen Jungrindern
keine Unterschiede in der Kérperzusammensetzunglokee feststellen. Beurteilt werden
konnten der Magerfleischanteil und die Verfettungs dSchlachtkérpers anhand der
Einstufung in das EUROP-Klassifizierungssystem dusinen entsprechend geschulten
Sachverstandigen, die Gewichte verschiedener ettge und der intramuskulare Fettgehalt.
Diese Parameter waren bei mit pansengeschutzter Gupplementierten und nicht-
supplementierten Rindern gleich. Die Supplementigrbrachte somit hinsichtlich der
Schlachterlose keine Vorteile fir den Fleischereeugn friheren Studien wurde die
Zusammensetzung des Rinder- sowie des Schafsdkbapbts durch die CLA-Futterung
nicht beeinflusst (Block et al.,, 2003; Wynn et &006; Sinclair et al., 2010). Die
physikalischen und chemischen Fleischqualitatspetamdie inStudie 1gemessen wurden,
blieben durch die Supplementierung der wachsendeseR mit pansengeschitzter CLA
vollkommen unbeeinflusst. Diese Beobachtungen steime Gegensatz zu Studien an
Schweinen und Gefliigel, wo durchaus Veranderungender Fleischqualitdt bei der
Supplementierung der Tiere mit CLA festzustellemema(Wiegand et al., 2001; Parrish et al.,
2003). Beziglich der Beurteilung der Qualitat déssehes von mit CLA supplementierten
Rindern sind vorwiegend Daten zur sensorischen iQualorhanden. Gillis et al. (2007)
berichten von verminderter Qualitdt von Hackfleijscidhrend andere Studien keine
Beeinflussung von Zartheit, Saftigkeit, sensorischittributen oder der Fleischfarbe
nachweisen konnten (Gillis et al., 2004b; Poulsbrale 2004; Flérez-Diaz et al., 2006).
Hinsichtlich der Fleischfarbe, die 24 Stunden ndeh Schlachtung in Proben aus dem LM
gemessen wurde, wurden in Ubereinstimmung mit Studiit Schweinen keine Unterschiede
durch die CLA-Supplementierung festgestellt (Wiedyahal., 2002; Dugan et al., 2003; Janz
et al., 2008). Die positive Korrelation zwischenr ddeischfarbe und der Zartheit von
Rindfleisch wurde belegt (Wulf et al., 1997). Dass Studie 1die Fleischfarbe nicht
beeinflusst wurde, lasst erwarten, dass die Zartles Rindfleisches durch die CLA-
Supplementierung nicht verandert wurde. Eine dadurteilung der Zartheit des Fleisches
konnte in der vorliegenden Untersuchung jedochtnithrchgefiihrt werden. Eine negative
Korrelation besteht zwischen der Fleischfarbe dexh pH-Wert im Muskel 24 Stunden nach
der Schlachtung (Eilers et al., 1996; Wulf et 4097; Page et al., 2001). Der pH-Wert des
LM nach 24 Stunden in der Kontrollgruppe untersgdlsgieh in vorliegender Studie numerisch
gering, jedoch signifikant, von denen der CLA-Grepp Dieser Unterschied ist nicht
erklarbar und die pH-Werte lagen in einem normaeneich. Dass die Fleischfarbe nicht

beeinflusst war, unterstreicht, dass dieser Untéedcim pH-Wert keine Relevanz fir die
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Fleischqualitat hat. In der Studie von Poulson let(2004) wurde vermutet, dass CLA-
Futterung die Stabilitat der Rotfarbung von Ochkeesth negativ beeinflusst, indem die
Oxidationsvorgange im Fleisch beschleunigt werdiedikativ fir die Oxidationsanfalligkeit
von Muskelgeweben ist dessen Gehaltaafiocopherol, dem wichtigsten Antioxidans im
Organismus (Augustini et al., 1998; Schwarz et H98). Es ist bekannt, dass erhotte
Tocopherolkonzentrationen im Rindfleisch die Faab#itat verbessern (Liu et al., 1995). Im
Gegensatz zu der Studie von Poulson et al. (2004) w Studie 1 bei den mit
pansengeschiuitzter CLA gefutterten Jungrinderrueglescopherolgehalt im LM im Vergleich
zu den nicht-supplementierten Tieren erhoht. Beiud#éaa wurde bei CLA-Futterung ein
erhohtera-Tocopherolgehalt in der Leber infolge des gestéegeGehalts am-Tocopherol-
Transferprotein nachgewiesen (Chao et al., 2010)d@ Erhdhung dea-Tocopherols im
Muskelgewebe der Jungrinder auf eine Stimulatiors delocopherol-Transferproteins
zurtckzufihren ist und moglicherweise eine besegrgative Stabilitdt des Fleisches nach
sich zieht, muss in weiteren Untersuchungen geki@rden. Deutliche Effekte der CLA-
Supplementierung bei  wachsenden  Jungrindern konntdminsichtlich der
Fettsaurezusammensetzung des LM sowie des subhkutBeigewebes nachgewiesen
werden. So kam es sowohl im Muskel- als auch intgEetebe zu einem signifikanten
Anstieg des Gehaltes arans-10cis-12 CLA in Abhangigkeit von der Dosierung der CLA-
Zulage, der bereits haufig bei Rindern (Gillis ket 2004a; Poulson et al., 2004; Gillis et al.,
2007), Geflugel (Szymczyk et al., 2001; Suksomlbatl.e 2007) und Schweinen (Kramer et
al., 1998; Bee, 2000; Eggert et al., 2001; Thiebg et al., 2001; Wiegand et al., 2002;
White et al., 2009) beschrieben wurde. Es ist foigmoglich, den CLA-Gehalt im Fleisch
durch die Fitterung von pansengeschitzter CLA d&m Wiederkduer zu erhéhen. Die
Konzentration degis9trans1l CLA-Isomers blieb irStudie 1wie bei anderen allerdings
unverandert (Gillis et al., 2004a; Poulson et 2004). Bei Fleischrindern stammen bis zu
90 % der gesamten CLA im Muskel aus der endogepath&se durch dia®-Desaturierung
von trans-11 Vaccensaure, die neben der Desaturierung vearist zu Olsaure durch das
Enzym A°%-Desaturase katalysiert wird (Gillis et al., 20044osley et al., 2006). Dieses
Enzym, das in vielen bovinen Geweben vorkommt wiedn Schwein durch CLA-Ftterung
gehemmt (Smith et al., 2002). Bei Fleischrinderie duf der Weide gehalten wurden,
konnten deutliche Steigerungen des Gehaltsigf trans11 CLA im Muskelfleisch erzielt
werden, wahrend sich der Gehalt bei im Stall gefteh, mit CLA supplementierten Rindern
nicht steigern liel (Poulson et al., 2004). Dasdatlurch zu erklaren, dass durch die

Weidefutterung groRe Mengen an Linol- und Linolemedaufgenommen werden, bei deren
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Abbau erhebliche Mengen @&rans-11 Vaccensaure entstehen, die wiederum als Ver$imf
die CLA-Bildung durch dieA®-Desaturase dient (Harfoot, 1978; Mosley et al(Q&0 Im
Gegensatz dazu ist anzunehmen, dass in der StodiBaulson et al. (2004) sowie $tudie

1 die A%-Desaturase durch die Supplementierung mit CLA gehewurde, so dass bei den
supplementierten Rindern die endogene Synthesecidé)trans1l CLA eingeschrankt
wurde. Schliel3lich muss die Aufnahme dieses CLAns Uber die Zulage den Gehalt in
den Gewebelipiden so weit ausgeglichen haben, Hessge Unterschiede zwischen den
Gruppen erkennbar waren. Als weiteres Indiz bezbiglier Hemmung dieses Enzyms war in
der vorliegenden Studie dex’-Desaturase-Index, reprasentiert durch das Veibater
Summe der gesattigten Fettsduren zur Summe deachinfingesattigten Fettsduren, im
Muskel- und Fettgewebe durch die CLA-Futterung BthoDie Veranderungen im
Fettsauremuster des LM der mit CLA supplementied@ngrinder reichen schlief3lich nicht
aus, um die Eigenschaften hinsichtlich der Einorgdnals ,functional food" zu verbessern.
Die Erh6hung des CLA-Gehaltes rangiert in so gemngUmfang, dass sie ohne
Auswirkungen auf die CLA-Aufnahme des Menschen tiedfleisch bleiben wiirde.

Die Ergebnisse auStudie 1zeigen auf, dass die Verfutterung pansengeschi@iié an
wachsende Jungrinder in der Anfangsmast keinen |uSsf auf Leistungsparameter,
Schlachtkérperqualitat oder Fleischqualitdtsparaméiat. Die Fettsdurezusammensetzung
von Muskel- und subkutanem Fettgewebe zeigt Andgmidahingehend, dass der Gehalt an
gesattigten Fettsduren ansteigt und an einfach sétiggien Fettsauren abnimmt, was
ernahrungsphysiologisch unerwinscht ist. Aus whdsiticher Sicht ist die CLA-Zulage an
Mastrinder in der Anfangsmast somit nicht empfeswesrt.

4.2  Wirkungen von pansengeschutzter CLA auf den hepatechen Lipidstoffwechsel
bei der Milchkuh

In vielen Studien mit Labortieren wurden den CLAspee, z. B. antikanzerogene,
antiatherogene, antidiabetogene, antiinflammatbeismer antiadipdse Effekte nachgewiesen
(Ha et al., 1987; Lee et al., 1994; Park et al971Houseknecht et al., 1998; Yamasaki et al.,
2003). Jedoch wurden besonders beim Einsatz von el Mausen negative
Nebenwirkungen wie eine massive Fettleber, eintengg mit der enormen Vergrol3erung
der Leber und erhdhten hepatischen TAG- und Clelggehalten, offenkundlich (Belury
und Kempa-Steczko, 1997; Tsuboyama-Kasaoka €2(flQ; Clément et al., 2002; Degrace et
al., 2003). Die Leberverfettung der Maus, die dwlah Futterung desans10cis-12 CLA-
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Isomers ausgel6st wird, ist vorwiegend das Resdéaterstarkten Aufnahme von NEFA aus
dem Blut in die Leber und der gesteigerten hepgatisde novo-ettsduresynthese (Clément et
al., 2002). Mogliche negative Effekte der Suppletiseang von Rindern mit CLA wurden
bislang kaum untersucht, obwohl die CLA bereitglér praktischen Fitterung zum Einsatz
kommt. Insbesondere wird CLA eingesetzt, um beii¢a&gnden Milchkiihen eine Absenkung
des Milchfettgehaltes herbeizufihren. Das Problemchleistender Milchkihe zu
Laktationsbeginn stellt das nahezu unvermeidliclega@n in eine negative Energiebilanz
dar, die es so gut wie mdglich zu minimieren diltgckley, 1999). Ein Ansatzpunkt dafir ist
die Verringerung der Energieabgabe durch die Miebzu pansengeschitzte CLA eingesetzt
werden konnen. Aus diesem Grund wurde zu den Wg&nnder Supplementierung mit
pansengeschitzter CLA auf den hepatischen Lipitstchsel eine Studie mit 40
hochleistenden, laktierenden Milchkihestydie 2 durchgefihrt. Um Ruckschlisse auf den
hepatischen Lipidstoffwechsel ziehen zu kénnengdenrder TAG- und Cholesterolgehalt im
Lebergewebe der Tiere untersucht und Microarrayhsesm in den Leberbiopsieproben aus
der funften Laktationswoche durchgefihrt. Zu dieségitpunkt befanden sich die Tiere in
der Spitze der Hochlaktation und wiesen den hoohktgidgehalt in der Leber auf. Eine
Microarray-Analyse ermdglicht die gleichzeitige Maag der mRNA-Expressionen einer
Vielzahl an Genen, in vorliegendem Falle mehr aB)®. Diese Messung ist eine
Momentaufnahme des Expressionsstatus der GenememeGewebe zu einem bestimmten
Zeitpunkt und ermdglichte somit die Betrachtung dauswirkungen der CLA-
Supplementierung auf das Transkriptprofil der Lelmeder Laktationsspitze. Die Vorteile
dieser Microarray-Technologie Uberwiegen den Nakhdass eher semi-quantitative Daten
geliefert werden. Aus diesem Grund wurden die Dates der Microarray-Analyse durch
guantitative real-time PCR-Messungen der relative®RNA-Konzentrationen mehrerer
Schlusselenzyme aus verschiedenen Stoffwechselwegjetiert. Die Milchkihe der CLA-
Gruppe inStudie 2erhielten eine Menge von 3,8tgans10cis-12 CLA je Tier und Tag.
Zulagen in dieser GrofRRenordnung sind ausreichemd, eine Milchfettdepression bei
hochleistenden laktierenden Milchkihen auszulésien\{eth et al., 2004; Liermann, 2008)

und reprasentieren somit praxisnahe Einsatzmengen.

Baumgard et al. (2000) konnten erstmalig nachweidass dagrans-10cis-12 CLA-Isomer
die de novoFettsduresynthese in der Milchdrise der laktieneriigh hemmt. Nachfolgende
Studien beschrieben die Wirkungen deans10cis-12 CLA auf die Expressionsraten

verschiedener lipogener Enzyme in der Milchdrise BExpression der Lipoproteinlipase
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(LPL) und des Fettsaurebindungsproteifagty acid binding proteinFABP; Aufnahme und
Transport von Fettsauren), der Acetyl-CoA-Carbosgla(ACACA) und der Fettsaure-
Synthase fatty acid synthaseFASN; de novoSynthese von Fettsauren), dekDesaturase
(Desaturierung von Fettsduren) sowie der GlycefBh8sphat-Acyltransferase (GPAT,;
TAG-Synthese) wird bei Zulage varans10cis-12 CLA, nicht aber vogis-9trans11 CLA,

im Eutergewebe bzw. in Euterepithelzellen reduiBaumgard et al., 2001; Baumgard et al.,
2002b; Peterson et al., 2004; Kay et al., 2007)e Regulation dieser lipogenen
Schlusselenzyme im Euter erfolgt vorwiegend durem dranskriptionsfaktor SREBP-1
(Baumgard et al., 2002b). Die mRNA-Expression &REBF1im Eutergewebe von
laktierenden Milchkiihen wurde beans-10cis-12 CLA-Infusion vermindert (Harvatine und
Bauman, 2006). Die Milchfettdepression, die dutdins10cis-12 CLA ausgeldst wird,
resultiert somit aus der supprimierten Expressiendlrch SREBP-1 regulierten lipogenen
Enzyme im Euter, in deren Folge die Synthese vdis&aren, die Aufnahme von Fettséuren,
die Desaturierung sowie die Veresterung von Fettsauu TAG im Euter reduziert sind
(Baumgard et al., 2002b; Bauman et al., 2008; Bawetal., 2011). Interessanterweise fuhrt
die Verabreichung votrans10cis-12 CLA an Milchkihe in deren Fettgewebe zu erhihte
Expressionsraten der Gene, die fur lipogene Enzgatkeren, wie FASN, LPL, SCD und
FABP4, sowie des regulierenden Transkriptionsfak®REBP-1 (Harvatine et al., 2009). Es
wird deutlich, dass die Wirkungen der CLA auf digitdsynthese in den verschiedenen
Kdrpergeweben nicht identisch sind. Die Leber digt als zentrales Stoffwechselorgan
gerade zu Laktationsbeginn einer Vielzahl von Aspagsreaktionen des Stoffwechsels und
grol3en Belastungen (Drackley, 1999). Negative Adswigen von CLA auf den hepatischen
Lipidstoffwechsel der Milchkuh, wie sie bei Mausbrobachtet wurden, hétten in dieser
Phase vermutlich besonders schwerwiegende Effeltedi@ Gesundheit der Milchkuh.
Deshalb sind die Auswirkungen einer CLA-Supplenamnig auller im Euter- und im
Fettgewebe besonders im Lebergewebe von groRenmedste Verschiedene Autoren konnten
bislang im Lebergewebe CLA-supplementierter Mildmikeine Auswirkungen auf die
Expressionsraten verschiedener Gene des Lipidsoffaels sowie der Glukoneogenese
beobachten (Selberg et al., 2004; Selberg et@05;2Sigl et al., 2010).

Die Regulation der hepatischen Fettsduresynthefedgtedurch den Transkriptionsfaktor
SREBP-1, wahrend SREBP-2 die Cholesterolsynthegelieet. Die Familie der SREBPs
umfasst basic Helix-Loop-Helix-Leucin-Zipper (bHLEp) Transkriptionsfaktoren, die als

inaktive Vorstufen gebildet werden, die in einemnifdex mit dem Sterol-aktivierenden
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Protein (Scap) an die Membran des endoplasmatidebgkulums (ER) gebunden vorliegen.
Durch Interaktion mit demnsulin induced gene XInsig-1) bzw.2 (Insig-2) wird die
Aktivierung des SREBP bei hohen Cholesterolgehateter Zelle unterbunden. Scap dient
als Cholesterolsensor, der bei geringem Cholegteinalt der Zelle die Auflésung der
Interaktion mit Insig-1 bzw. Insig-2 sowie den Tsaort des Scap/SREBP-Komplexes zum
Golgi-Apparat in Gang bringt (Chang et al., 2008)r Aktivierung der Zielgene muss dort
die Amino-terminale Doméne, die die bHLH-Zip-Regi@nthélt, durch proteolytische
Spaltung freigesetzt werden, so dass sie in den leNsk wandern und an
Sterolregulationselementestérol regulatory elementSRE) in der Promoterregion der
Zielgene binden kann, wodurch deren Transkriptiogeaegt wird (Shimano et al., 1999;
Horton et al., 2002; Eberlé et al., 2004; Desverghal., 2006). SREBPs liegen in drei
Isoformen vor, SREBP-1a, SREBP-1c und SREBP-2, WeB&BP-1a und SREBP-1c durch
dasselbe GeBREBFI1codiert werden, das unterschiedlich transkribigtden kann (Brown
und Goldstein, 1997; Horton et al., 2002). In debér und den meisten Geweben werden
Uberwiegend SREBP-1c, der im Speziellen die Fattsiuathese reguliert, und SREBP-2, der
insbesondere fur die Regulation der Cholesterdtmgd verantwortlich ist, exprimiert
(Brown und Goldstein, 1997; Shimomura et al., 190 den Zielgenen des SREBP-1c
gehoren die Schlisselenzyme der Fettsdure- und Saese, wie die ATP-Citrat-Lyase
(ACLY), ACACA FASN SCD oder GPAT. Zielgene des SREBP-2 umfassen die 3-
Hydroxymethylglutaryl-CoA-Reduktase HMGCR) die 3-Hydroxymethylglutaryl-CoA-
SynthaseIMGCS, die Farnesyl-Diphosphat-Synthas®P9 sowie die Squalen Synthase,
die fur Enzyme der Cholesterolsynthese codiered,den LDL RezeptorLODLR; Horton et
al., 2002). Es konnte bereits gezeigt werden, besklausen, die CLA erhielten, der SREBP-
1 in der Leber aktiviert wird und dadurch Enzyme de novoFettsauresynthese und der
TAG-Synthese hochreguliert werden (Clément et 2002; Takahashi et al., 2003). Diese
durch den SREBP-1 vermittelte Steigerung der FRattsdund TAG-Synthese tragt
maoglicherweise zur Entstehung der Fettleber beie VBereits erwéhnt, wurden die
Expressionsraten deSREBF1lund der SREBP-1-Zielgene im Euter- bzw. Fettgewet®
Milchkihen bei Verabreichung vamnans10cis-12 CLA beeinflusst (s. oben; Harvatine und
Bauman, 2006; Harvatine et al., 2009). Hingegendeutie hepatische mRNA-Expression
des SREBF1 und verschiedener SREBP-1-Zielgene in Studien,demen wachsende
Jungrinder, Ratten, Hamster oder Gefligel CLA-Zalagrhielten, nicht verandert (Aletor et
al.,, 2003; Giudetti et al., 2005; Miranda et al.002; Shibani et al.,, 2011). In

Ubereinstimmung damit verursachte die Verfutterungtrans-10cis-12 CLA an laktierende
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Milchkiihe Studie 2 weder in der hepatischen Expression verschied@nggene des
SREBP-1c und des SREBP-2 noch in der mRNA-Exprasdier Transkriptionsfaktoren
selbst Unterschiede zwischen der Kontroll- und Behandlungsgruppe. Es lag somit in
Studie 2 keine Aktivierung dieser wichtigen Regulatoren ddtettsdure- und
Cholesterolsynthese in der Leber der Milchkiihe kludie CLA vor, so dass davon
auszugehen ist, dass die Fettsauresynthese undléesterolsynthese nicht gesteigert

wurden.

Peroxisomenproliferator-aktivierte Rezeptoren sind ligandenaktivierbare
Transkriptionsfaktoren und gehdren zur Gruppe dekle@ren Hormonrezeptoren. Der
PPARy spielt eine bedeutende Rolle in der Kontrolle degidstoffwechsels und der
Energiehoméostase, besonders bei der Anpassungiam Eastenzustand (Desvergne und
Wahli, 1999; Kersten et al., 1999; Leone et al.999 Nach der Aktivierung durch die
Bindung eines Liganden, bildet der PRARIn Heterodimer mit dem Retinoid-X-Rezeptor
(RXR), das schlief3lich im Zellkern an spezifisgqgoxisome proliferator respone elements
(PPRES) in der Promoterregion oder an speziellau&emgn im Intronbereich der PPAR
Zielgene bindet. Uber diesen Mechanismus erfolgt &egulation der Transkription
zahlreicher Gene wichtiger Stoffwechselwege desdkipffwechsels, z. B. der zellularen
Fettsaureaufnahme und —bindung, der mitochondriatelnperoxisomalen Fettsaureoxidation,
der Ketogenese sowie der Carnitinsynthese und ahofa (Desvergne und Wahli, 1999;
Kersten et al., 1999; Mandard et al., 2004). Koigrtg Linolsauren, sowohl d&ss-9 trans

11 als auch dasans-10cis-12 Isomer, besitzen die Fahigkeit als Ligand am BPARx zu
binden und ihn zu aktivieren (Moya-Camarena et 4B99a; 1999b). Besonders bei
Labortieren wurde bereits mehrfach gezeigt, dassA Qlurch diese Eigenschaft zur
Stimulation verschiedener durch PP&Rregulierter Stoffwechselwege, z. B. der
mitochondrialen und peroxisomalefrOxidation, fuhren (Belury et al., 1996; Moya-
Camarena et al., 1999b; Ringseis et al.,, 2004). Ekmtiven hepatischen mMRNA-
Konzentrationen dePPARA und verschiedener klassischer PRARelgene lieRen in
Studie 2keinen Einfluss der Futterung pansengeschitzté @i Milchkihe erkennen. Die
CLA-Supplementierung fuhrte somit nicht zur Aktiieg des PPAR in der Leber, so dass
in der Folge keine Steigerung der durch PBA&gulierten Stoffwechselwege zu beobachten
war. Diese Beobachtung konnte ebenso bei mit CLApkmentierten wachsenden
Jungrindern gemacht werden (Shibani et al., 20lBFA, die im Energiemangel bei der

Mobilisierung aus dem Fettgewebe freigesetzt werdgimnen den PPAQR aktivieren
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(Forman et al., 1997; Kliewer et al., 1997; Kers&tral., 1999; Mandard et al., 2004). Ein
Einfluss von CLA auf den Lipidstoffwechsel ware régerweise am NEFA-Gehalt im
Blutplasma der Tiere erkennbar. Jedoch wurden &EANGehalte im Blutplasma i&tudie 2
durch die CLA-Supplementierung nicht beeinflusstdass es folglich nicht zu Unterschieden
in der Aktivierung des PPARdurch Einflisse auf den NEFA-Gehalt im Plasma ke&mm
konnte. Weiterhin wurde der Gehalt an BHBA im Blagma der Milchkiihe durch die CLA-
Supplementierung nicht verandert. Damit Gbereinsigmd wurde irStudie 2die Expression
derHMGCS2 des Schlisselenzyms der Ketogenese, das durcRdPRguliert wird, in der
Leber nicht beeinflusst. Unverdnderte NEFA- und BHBehalte im Blutplasma von
Milchkihen, die mit CLA supplementiert wurden, kéem ebenso in anderen Studien
beobachtet werden (Perfield et al., 2002; Bernak&aet al., 2003; Selberg et al., 2004;
Pappritz et al., 2011). Die differierenden Ergebaibei Ratten hinsichtlich der Aktivierung
des PPAR durchtrans-10cis-12 CLA kénnten an der vergleichsweise niedrigersiBraing
der CLA bei den Rindern liegen — 0,02 % der TM-Aalfime je Tier und Tag iStudie 2
verglichen mit 0,5 bis 1,5 % bei Ratten (Moya-Cagnaret al., 1999a; Ringseis et al., 2004) -
oder an der speziesspezifischen Variabilitdt derpréssion desPPARA die bei
proliferierenden Spezies wie Ratten sehr starkHsiden und Tugwood, 1999; Luci et al.,
2007).

Wie bereits beschrieben, zeigte sich anhand deregggnen mRNA-Konzentrationen in
Studie 2kein Einfluss der CLA auf die relevanten durch 8RE oder PPAR regulierten
Stoffwechselwege, wie die Fettsauresynthese, daeSterolsynthese, die Fettsdureaufnahme
oder die Fettsdureoxidation. Die GenexpressionerEdeyme des Lipoproteinmetabolismus
blieben ebenso unverandert. Hierzu gehéren besspeete VLDL Rezeptoren (VLDLR) und
LDLR, die LPL oder das mikrosomale Triglycerid-Tséerprotein (MTP) sowie verschiedene
Apolipoproteine. Lipoproteine sehr geringer Diclitery low density lipoproteinsvLDL)
werden in der Leber fir den Transport von TAG untiol€sterolestern (CE) zu
extrahepatischen Geweben gebildet. Die TAG und €fibdben sich im Kern der VLDL und
werden von einer Hulle aus Apolipoproteinen, Phosiplden und Cholesterol
eingeschlossen. Die Apolipoproteine (Apo), in VLDla. ApoB100, ApoC-lll, ApoE und
ApoC-Il, dienen u.a. als Erkennungssignal fur dieDVR. Die LPL spaltet Fettsduren aus
den VLDL ab, wodurch diese in Lipoproteine gerinBéchte (ow density lipoproteind,DL)
umgewandelt werden, die schlie3lich fur die Versaggvon extrahepatischen Geweben mit
Cholesterol sorgen. Dazu erfolgt die Bindung delLitber ApoB100 und ApoE an LDLR,
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woraufhin sie aufgenommen und abgebaut werden (Kaolund R6hm, 1998; Katoh, 2002).
Dass die in der Leber der Milchkiihe $tudie 2in der finften Laktationswoche gemessenen
Expressionsdaten der entsprechenden Gene sichhenisien Tieren der Kontrollgruppe und
den Tieren der CLA-supplementierten Gruppe nichénschieden, erklart den unveranderten
TAG-Gehalt im Lebergewebe, der 8tudie 2sowie in anderen Studien bereits beobachtet
werden konnte (Bernal-Santos et al., 2003; Selleergl., 2004; Castafieda-Gutiérrez et al.,
2005; Shibani et al., 2011). Zusatzlich wurde dmiEsterolkonzentration in der Leber durch
die CLA-Zulage nicht beeinflusst. Das steht in estimmung damit, dass die relativen
MRNA-Konzentrationen der Gene der Cholesterolsyw#heeguliert durch SREBP-2, der
Cholesterolaufnahme via LDL und der Cholesterokstgdin via VLDL keine Unterschiede
zwischen den Gruppen aufwiesen. Die messbaren T@-Cholesterolkonzentrationen im
Blutplasma der Rinder sind in groRem MalRe von d&G-Bynthese in der Leber und dem
Lipoproteinmetabolismus abhéangig. Btudie 2blieben sowohl die TAG- als auch die
Cholesterolkonzentration im Blutplasma der mit CkApplementierten Kihe unverandert.
Dies spiegelt wider, dass der hepatische Lipidatethsel, die Lipolyse im Fettgewebe, der
Fettsauretransport sowie der Lipoproteinmetabolssnwie bereits beschrieben keinen

Veranderungen unterlagen.

Die Supplementierung von Milchkiihen mit pansengétsatar CLA in Studie 2flhrte —

zumindest bei einer Dosierung, die praxisnah undsreachend ist, um eine
Milchfettdepression auszulésen — zu keiner negatiBeeinflussung des hepatischen
Lipidstoffwechsels oder der TAG- und Cholesterolkemirationen im Lebergewebe und im

Blutplasma.

4.3 Veranderungen im hepatischen Lipidstoffwechsel von Milchkihen zu
Laktationsbeginn

Anfang der Neunziger Jahre wurde der Begriff dawjiBitkuh“ gepragt. Mit der Transitphase
ist in den meisten Fallen der Zeitraum von 3 Wochender Abkalbung bis etwa 3 Wochen
nach der Abkalbung gemeint. In den letzten 20 Jahweirde die Bedeutung des
Managements der Transitkuh immer haufiger Gegedstawissenschaftlicher
Untersuchungen. Man hat erkannt, dass besonder&eltaltung der Fltterung und die
Energieversorgung in dieser kritischen Phase grdBefluss auf die Gesundheit und die
Leistung der Milchkuh in der gesamten Laktation mim(Donkin, 2012). Obwohl die
Forschung hinsichtlich der Optimierung der Trarsiige der Milchkuh in den letzten Jahren
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stark zugenommen hat, werden fir die detaillierted wmfassende Aufklarung der
grundlegenden Mechanismen im Stoffwechsel der Kiihaer Transitphase noch zahlreiche
Untersuchungen notwendig sein. Entscheidender Esfauf die Adaption an die Laktation
kann dem Lipidstoffwechsel im Fettgewebe, in debdre im Darm und in der Milchdrise

zugemessen werden (Drackley, 1999). Um einen Beitiasichtlich der Aufklarung des

Lipidstoffwechsels in der Leber der Milchkuh in deansitphase und in der Frihlaktation zu
leisten, wurden di&tudien 3und4 durchgefihrt.

Milchkiihe reduzieren bereits einige Tage vor dekalbung die Futteraufnahme. In den
letzten drei Wochen der Trachtigkeit betragt dielieion typischerweise etwa 30 — 35 %
(Grummer, 1995). Durch die eingeschrankte Futteid damit Energieaufnahme um den
Abkalbezeitpunkt kann die Kuh ihren Energiebedatér im Rahmen der massiven
Anpassungsreaktionen und Stoffwechselbelastungegruend der Abkalbung und des

Laktationsbeginns stark ansteigt, nicht mehr declkéhezu jede hochleistende Milchkuh
befindet sich in den ersten Laktationstagen und cheo in einer mehr oder weniger
ausgepragten negativen Energiebilanz, die ihr Marimin der ersten Laktationswoche
erreicht (Grummer, 1995). Auch die Milchkihe in desrliegenden Studien gerieten in der
Frihlaktation in eine negative Energiebilanz. Dieegfenzte Futteraufnahme von
durchschnittlich 13,4 + 0,48 kg Trockenmasse jerTend Tag war in der ersten

Laktationswoche nicht ausreichend, um den starlestiregenen Bedarf fir Erhaltung und
Milchproduktion zu decken. Die Energiebilanz deer€ilag drei Wochen vor der Abkalbung
noch in einem positiven Bereich, wahrend sie inatsten Laktationswoche im Mittel einen
extrem niedrigen Wert von -64,9 + 5,15 MJ NEL/de@hte. Sie verbesserte sich im Verlauf
des ersten Laktationsdrittels, so dass in der &ktdtionswoche eine ausgeglichene
Energiebilanz vorlag. Um dem Energiemangel entgegesimken, mobilisieren die Tiere

Fettsduren aus dem Korperfettgewebe. Sowohl endogariliisse als auch der Umfang der
Verringerung der Futteraufnahme beeinflussen diep&dettmobilisierung und fuhren zu

einem Anstieg der NEFA im Blutplasma (Bell, 1995tu@mer, 1995). In der Literatur

werden besonders in der ersten Laktationswochehtxh®ehalte an NEFA im Blutplasma

sowie erhOohte Gehalte an BHBA in den ersten Laktatvochen in vielen Studien

beschrieben (u.a. Grum et al., 1996; Loor et @052, die in den vorliegenden Studien
ebenso beobachtet wurden. Da die bovine Leber&oes in groRem Umfang aufnehmen
und verestern kann, jedoch nur geringfligige Kapageit fir den Export von Fettsauren als
VLDL aus der Leber hat, erhoht die Anflutung derm¥Eaus dem Fettgewebe die Gefahr der
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Leberverfettung und weiterer, oft sekundarer Erkuaugen, insbesondere der Ketose, in der
Transitphase enorm (Bell, 1995; Grummer, 1995; Wieyr2005). Als wichtige Regulatoren
des Lipidstoffwechsels wurden verschiedene Trapsknsfaktoren identifiziert, zu denen
u.a. die PPARs, der FGF21, die SREBPs und der IXvRezeptora (LXRa) gehéren (Repa
und Mangelsdorf, 1999; Horton et al., 2002; Mandeatrdl., 2004; Long und Kharitonenkov,
2011). Der nukledre Hormonrezeptor PRARpielt eine entscheidende Rolle in der
Regulation des Lipidstoffwechsels und der Energwbostase (s. unter 4.2) und wird
physiologischerweise wahrend eines Fastenzustandes Energiemangels aktiviert. In
Ubereinstimmung mit Loor et al. (2005) stiegen deativen mRNA-Konzentrationen
mehrerer PPAR-Zielgene in der Leber der Milchkihe im Zeitraum rde
Kdrperfettmobilisierung wahrend der negativen Erebidanz in der Frihlaktation an. Hierzu
zahlen Gene der Fettsaureaufnahme, der Fettsadatioxi und der Ketogenese. Die
Hochregulierung dieser klassischen Zielgene desRePdeutet stark auf seine tatsachliche
Aktivierung hin. Man kann in den vorliegenden Sardiolglich davon ausgehen, dass in der
Frihlaktation die in der negativen Energiebilans dam Fettgewebe verstarkt freigesetzten
NEFA den PPAR als dessen Liganden in der Leber aktiviert halvér, es bei anderen
Spezies und bovinen Zellkulturen bereits nachgeamiesurde (Forman et al., 1997; Kliewer
et al., 1997; Kersten et al., 1999; Mandard e?&l04; Loor et al., 2005; Bionaz et al., 2012).

4.3.1 Carnitinstoffwechsel der Milchkuh in Transitphase und Frihlaktation

Die oben beschriebene Aktivierung des PRAR der negativen Energiebilanz fuhrt zu der
Hypothese, dass die Gene der Carnitinsynthese esdCdrnitintransportes in dieser Phase
des Laktationszyklus hochreguliert werden. Grunelléigy diese Annahme ist, dass diese
Gene funktionale PPREs in der Promoterregion odaretsten Introns enthalten (Wen et al.,
2010; 2011; 2012). Dadurch sind die Gene der 4-Ndthylaminobutyraldehyd-
DehydrogenaseALDH9AY), der Trimethyllysin-Dioxygenas&d MILHE), dery-Butyrobetain-
DioxygenaseBBOXJ) und des OCTN2SLC22A% als PPAR-Zielgene identifiziert worden.

In Studie 3konnte nachgewiesen werden, dass die relativen AmRdhzentrationen dieser
Gene der Carnitinsynthese und —aufnahme in derrLkbehleistender Milchkihe in der
ersten Laktationswoche signifikant erhdht sind imrgleich zum Beginn der Transitphase
drei Wochen vor der Abkalbung bzw. zu spateren pfmikten in der Laktation. Die
gesteigerten Expressionsraten resultierteStirdie 3wie in friheren Studien an Schweinen
und Nagetieren in einer Steigerung der Carnitinsss¢ und des Carnitintransportes, die

anhand erhohter hepatischer Carnitinkonzentratiameh abnehmender Konzentrationen an
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freiem Carnitin im Blutplasma in der ersten Laldaswoche im Vergleich zur Trachtigkeit
nachvollzogen werden konnte (Luci et al., 2006; Véies et al., 2007; Koch et al., 2008;
Luci et al., 2008; Ringseis et al., 2008). Fruh&teidien beschrieben ebenso erhohte
Carnitinkonzentrationen in der Leber von Milchkihender Fruhlaktation, wahrend die
Vorgange auf Genexpressionsebene ungeklart bli¢Genm et al., 1996; Carlson et al.,
2007a). Positive Korrelationen zwischen dem GehaltNEFA im Blutplasma und der
Carnitinkonzentration im Lebergewebe zu allen gemesn Zeitpunkten im
Laktationsverlauf unterstreichen aul3erdem den Zosarthang der NEFA im Plasma mit der
Aktivierung des PPAR und die Rolle des PPARN der Regulation der Carnitinhomoostase.
Ein gewisser Anteil des Carnitins wird aus dem mkasiber Carnitintransporter in die
Milchdriise aufgenommen und in die Milch transfdriddie Carnitinkonzentration in der
Milch von Kihen steigt infolge einer Energieresiok an (Carlson et al., 2007b).
Maoglicherweise flhrt die stark negative Energieflan der Friihlaktation durch die PP&R
Aktivierung neben der Steigerung der hepatischenrni@asynthese ebenso zur
Hochregulierung der Carnitintransporter in der Mddise. Diese wirde das Maximum der
Carnitinkonzentration in der Milch in der erstenktaionswoche und die anschlieRend
abnehmenden Gehalte 8tudie 3und anderen Studien (Erfle et al., 1974; Carlsbale
2007a) erklaren. Ein solcher Mechanismus kann digemen, die Versorgung des Kalbes in
den ersten Lebenstagen mit Carnitin sicherzustelDem Aktivitat des Schlisselenzyms der
Carnitinsynthese, BBD, variiert in der Leber beirdeh, Ratte und Schwein altersabhangig
und ist bei Jungtieren sehr gering (Olson und Rebeul987; Galland et al., 1999; Fischer et
al., 2009). Auch wenn die Aktivitat der BBD bei Kaln noch nicht untersucht worden ist,
kann man annehmen, dass auch sie in den erstemdtagen nur Uber eine begrenzte
endogene Carnitinsynthese verfiigen und auf dietfuiber die Milch angewiesen sind. Es
gibt Studien, in denen bei Milchkiihen durch posinate Carnitininfusion die hepatische
Fettsdureoxidation gesteigert und die Akkumulat\mn TAG gesenkt werden konnten
(Drackley et al., 1991; Carlson et al.,, 2006), wotlusuggeriert wird, dass Carnitin der
limitierende Faktor der hepatisch@rOxidation sei und der Carnitinstatus Einfluss daé
Entstehen einer Leberverfettung habe.Shudie 3konnte hingegen kein Zusammenhang
zwischen dem Ketonkorpergehalt im Plasma oder dé&@-Gehalt in der Leber und der
hepatischen Carnitinkonzentration nachgewiesen everth Ubereinstimmung mit anderen
Studien wurde bestétigt, dass die Carnitinverfligiardie Entstehung von Ketose oder
Leberverfettung nicht beeinflusst (Dann und Dragkl2005; Carlson et al., 2006). In der
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Konsequenz sollte hinterfragt werden, ob der Emsain Carnitinsupplementen in der

praktischen Milchviehfltterung sinnvoll und wirtsdtlich ist.

4.3.2 Expression des FGF21 in der Transitphase

Einer der Regulatoren der Energiehomdostase imekasstand ist der FGF21, der in
verschiedenen Geweben wie der Leber, dem Pankieas,Fett- und dem Muskelgewebe
exprimiert wird. Auf demFGF21-Gen befindet sich in der Promoterregion ein PP&&e
Erkennungssequenz fur den PRARwveshalb die Expression déssF21 durch PPAR
beeinflusst wird. Die Aktivierung des PPARz. B. durch NEFA, fuhrte bei Nagetieren in
verschiedenen Studien zum Anstieg deGF21-Expression in der Leber sowie des
Plasmagehalts an FGF21 (Badman et al., 2007; Lomg Kharitonenkov, 2011). FGF21
stimuliert die hepatische Lipidoxidation, die Ketmgse und die Glukoneogenese
insbesondere im Zusammenhang mit einem EnergierhéBa@man et al., 2007). I8tudie 4
konnte dementsprechend sowohl ein massiver Anstagrelativen mRNA-Konzentration
von FGF21 in der Leber der Milchkihe in der ersten Laktasiwnche verglichen mit dem
Beginn der Transitphase drei Wochen vor der Abkadbals auch in Ubereinstimmung mit
anderen Studien die Hochregulation der Gene ddsdetoxidation, der Glukoneogenese
und der Ketogenese in der Leber nachgewiesen we¢kaen et al., 2005; van Dorland et al.,
2009; Graber et al., 2010; Graber et al., 2012peeder Regulation durch PPAR)ibt es
auch von PPAR unabhangige Einflisse auf die Expression [@&&21 (Carriquiry et al.,
2009; Potthoff et al., 2009). Das besonders hohemald der Hochregulation des FGF21 in
der Fruhlaktation irStudie 4entsteht moglicherweise aus dem Zusammenwirke® BAR:-
Aktivierung und unabhangigen Regulationsmechanisméus einer Vielzahl von
Regressionsberechnungen $tudie 4konnten nur wenige deutliche Zusammenhange zur
Beschreibung der physiologischen Rolle des FGF2Hdn Leber der Milchkuh bei der
Adaption des Lipidstoffwechsels an die Laktatiomgéstellt werden. Positive Korrelationen
der mRNA-Konzentration voRGF21 in der Leber mit der NEFA-Konzentration im Plasma
sowie der TAG-Konzentration in der LeberStudie 4stimmen mit vorangegangenen Studien
Uberein (Carriquiry et al., 2009; Schoenberg et2f111) und untermauern die Annahme, dass
die Aktivierung des PPARInfolge des gesteigerten NEFA-Gehaltes im PlasmdJdsache
fur die Stimulation der Expression de§F21ist (Badman et al., 2007; Lundasen et al., 2007;
Yu et al., 2012). Positive Korrelationen der hegaien mRNA-Konzentration désGF21

mit der derHMGCS2 dem Schlisselenzym der Ketogenese, in der ersten finften

Laktationswoche deuten auf einen Einfluss des FG&i#ldie hepatische Ketogenese der
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Milchkuh in der negativen Energiebilanz hin, aliegs wurde kein Zusammenhang des
FGF21 mit dem Gehalt an BHBA im Plasma beobaciétitere positive Korrelationen
bestanden zu verschiedenen Zeitpunkten zwischemB&A-Konzentration deBGF21 und
denen der Gene der Carnitinsynthese und —aufnabwie sler Carnitinkonzentration in der
Milch. Dadurch kann man vermuten, dass der FGF2dearRegulation der Carnitinsynthese
und —aufnahme beteiligt ist. Sowohl die Ketogenalseauch die Carnitinsynthese und —
aufnahme werden bei Nagetieren jedoch direkt ddeshPPAR reguliert (Rodriguez et al.,
1994; van Vlies et al., 2007; Koch et al., 2008;n\é¢ al., 2010; Wen et al., 2012). Obwohl
die Regulation dieser Gene bei Milchkiihen noch tmdistéandig aufgeklart wurde, belegt
Studie 3einen Zusammenhang zwischen der PEARtivierung und der Hochregulation der
Gene der Carnitinsynthese und —aufnahme zu Lak&digginn. Somit muss man in Betracht
ziehen, dass die beobachteten Zusammenhange zwideh&xpression ddsGF21 und der
Ketogenese bzw. dem Carnitinstoffwechsel durch gheneinsame Regulation durch den
PPARx entstanden sein konnten. Zur Aufklarung der Remuiader Ketogenese und des
Carnitinstoffwechsels durch FGF21 in der Leber Witchkiihen miussen weitere Studien
durchgefuhrt werden. Ebenso stellt die Expressies EIGF21 bei Milchkihen in der
Frahlaktation im Zusammenhang mit der Entstehung &ioffwechselkrankheiten wie
Ketose und Lebersteatose ein neues zu untersuchémdig dar, da therapeutische Effekte
von FGF21 bei Nagetieren beobachtet werden konfgadman et al., 2007; Coskun et al.,
2008; Xu et al., 2009; Kliewer und Mangelsdorf, @D1

Die Ergebnisse deBtudien 3und 4 zeigen auf, dass in der Transitphase der Milchkuh
bedeutende Verdnderungen in der Expression zdmmeiGene des Lipidstoffwechsels
auftreten. Der Ubergang von der Trachtigkeit zurkthBon ist mit entscheidenden
physiologischen Anpassungsmechanismen der Lipidbstaée verbunden, zu deren

Aufklarung die vorliegenden Studien beitragen salltind konnten.
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5. Zusammenfassung

Konjugierte Linolsauren (CLA) erweckten aufgrundeih an Labortieren nachgewiesenen
positiven Eigenschaften grof3es Interesse. An lamsbiiaftlichen Nutztieren wurden Effekte
auf die Korperzusammensetzung, Leistungsparametad Fleischqualitatskriterien
beschrieben. Bei Mastrindern, die in der Endmasphait CLA supplementiert wurden,
veranderte sich die Schlachtkérperzusammensetzuogt, nwahrend Leistungs- und
Fleischqualitdtsparameter vereinzelt beeinflusstrdem. Da an Mastrindern bislang
ausschlief3lich die CLA-Supplementierung in der Easiphase mit der Schlachtung bei
hohen Endlebendgewichten untersucht wurde, war Sligplementierung wachsender
Jungrinder mit pansengeschuitzter CLA in untersdicieeh Dosen in der Anfangsmast
Gegenstand vorbStudie 1 Die Ergebnisse deBtudie 1 belegen, dass die Verfutterung
pansengeschitzter CLA an junge Fleckviehrinderean Ainfangsmast keinen Einfluss auf
Leistungsparameter wie Trockenmasseaufnahme, maittl&agliche Zunahmen oder
Futterverwertung ausubt. Sowohl die Schlachtkonpeitit als auch die physikalische und
chemische Fleischqualitat dedMusculus longissimus dorsiblieben durch die
Supplementierung mit pansengeschitzter CLA unverdndDie Veranderungen im
Fettsauremuster von Muskel- und Fettgeweben dgrlementierten Jungrinder stimmen mit
friheren  Studien Uberein. Die Supplementierung wacter Jungrinder mit
pansengeschitzter CLA bringt folglich weder wirtstiche Vorteile fir den Tierhalter noch
gualitative Vorteile fur den Konsumenten. Bei fhikaktierenden Milchkiihen werden
pansengeschitzte CLA zur Absenkung des Milchfetiijet eingesetzt, um den
Energieoutput Gber die Milch zu verringern und Aasmalfi der negativen Energiebilanz, die
in dieser Phase der Laktation typischerweise dtifzu mindern. Der milchfettsenkende
Effekt destrans-10cis-12 CLA-Isomers ist bei vielen Spezies nachgewiegerden. Da die
Verabreichung vontrans10cis-12 CLA bei Labortieren jedoch zu schwerwiegenden
Nebenwirkungen auf den hepatischen Lipidstoffwekligbren kann, ist es von grol3em
Interesse, ob es bei der Milchkuh zu negativen &@egkcheinungen des CLA-Einsatzes
kommt. Deshalb wurde ein Versuch mit 40 laktierenti&lchkihen Gber den Zeitraum von
drei Wochen vor der Abkalbung (ante partum, a.s.)ld Wochen nach der Abkalbung (post
partum, p.p.) durchgefuhr&fudie 3. Die Tiere der CLA-Gruppe nahmen taglich 3,8 g de
trans10cis-12 Isomers auf. Diese Dosis war ausreichend, ume @lilchfettdepression
auszulésen und die Energiebilanz der Tiere im er&tktationsdrittel zu verbessern. Die
Ergebnisse debtudie 2belegen, dass die Triacylglycerid- und Cholestgiohlte im Plasma
und in der Leber der Milchkiihe durch die Verfutteyupansengeschutzter CLA nicht
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verandert werden. Des Weiteren konnte kein Einfldess CLA-Zulage auf die Expression

verschiedener Gene des Fettsdurestoffwechselsgbetufnahme, -oxidation, -synthese),
des Carnitinstoffwechsels, des Cholesterolstoffgelsh (Cholesterolaufnahme, -synthese, -
sekretion), des Lipoproteinstoffwechsels (Synthexekretion) oder der Ketogenese in der
bovinen Leber nachgewiesen werden. Die Verfutterypansengeschitzter CLA an

Milchkiihe in praxisnaher Dosierung hat folglich re&i unerwinschten negativen

Auswirkungen auf deren hepatischen Lipidstoffwethse

Der Ubergang von der Trachtigkeit zur Laktation f§t Milchkiihe mit zahlreichen
Anpassungsreaktionen und Belastungen insbesonde=seLedberstoffwechsels verbunden.
Sehr haufig geraten frischlaktierende Milchkiheeim Energiedefizit, da die begrenzte
Futteraufnahme den hohen Energiebedarf nicht deg&leem. Nicht-veresterte Fettsduren
werden aus dem Korperfettgewebe freigesetzt, daemlLeber oxidiert werden mussen. Der
hepatische Lipidstoffwechsel spielt infolgedesseine ebesonders herausragende und
entscheidende Rolle in der Transitphase und Frtdtiak der Milchkuh. In derStudien 3
und 4 wurden Untersuchungen zu den Veranderungen im isepah Lipidstoffwechsel
hochleistender Milchkiihe wéahrend der Transitphasel wles ersten Laktationsdrittels
durchgefuhrt. Unter anderem erfolgte die Analyse depatischen Transkriptprofils zu
verschiedenen Zeitpunkten mithilfe der Microarraehnologie sowie deren Validierung
durch quantitative real-time PCR-Messungen ausgkevalbenexpressionen. IStudie 3
sollte untersucht werden, ob die hepatischen Geee @arnitinsynthese und der
Carnitinaufnahme in der Frihlaktation im Verglemlr Trachtigkeit hochreguliert werden.
Die Regulation der Gene der Carnitinsynthese undfname erfolgt durch den
Transkriptionsfaktor Peroxisomenproliferator-akeénier Rezeptor (PPARQ. Dieser spielt
eine herausragende Rolle in der Adaption des Métabos an einen Fasten- bzw.
Energiemangelzustand. Die wichtigste Aufgabe vomifia ist die Beteiligung am Transport
aktivierter Fettsduren in das Innere der Mitoch@rdrwo der Ort deB-Oxidation liegt,
wodurch Carnitin groRe Bedeutung im Lipidstoffweslhder Milchkuh in der Frihlaktation
hat. InStudie 3wurde nachgewiesen, dass die Expression verscliedexigene des PPAR

in der Leber der Milchkihe in der ersten Laktatiwoshe im Vergleich zur Trachtigkeit
hochreguliert wird, so dass dessen Aktivierung aehmen ist. Zugleich war die hepatische
Expression der Gene der Carnitinsynthese und —anfean Woche 1 p.p. gegentber Woche
3 a.p. signifikant gesteigert. Weiterhin konntenhddte Carnitinkonzentrationen im

Lebergewebe und in der Milch in der ersten Lakrewoche nachgewiesen werden, die die
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Steigerung der Carnitinsynthese und —aufnahme spikgelten. Gegenstand dstudie 4
war die Untersuchung der hepatischen ExpressionFd@eblasten-Wachstumsfaktors 21
(fibroblast growth factor 21FGF21) bei Milchkihen zu Laktationsbeginn. DerF2G ist
insbesondere im Fastenzustand ein wichtiger Regulaer Lipidhomdostase. Seine
vermehrte Expression stimuliert die Ketogenese, Fesdureoxidation, den Citratzyklus
sowie die Glukoneogenese in der Leber. Die Regulaties FGF21 erfolgt u.a. durch den
PPARu. Die Ergebnisse deBtudie 4belegen, dass die Expression &€&F21 in der Leber
hochleistender Milchkiihe in Woche 1 p.p. gegenilMerche 3 a.p. massiv hochreguliert
wird. Sie sank im Verlauf des ersten Laktationselst blieb jedoch deutlich héher als in der
Trachtigkeit. Anhand der Microarray-Analysen wurdaugleich die Hochregulation
verschiedener Gene der Fettsdureoxidation, der dBedgenese und der Ketogenese
nachgewiesen. Uber die Berechnung von Korrelationerde des Weiteren ein moglicher
Zusammenhang zwischen ddfGF21-Expression und der Ketogenese sowie dem
Carnitinmetabolismus in der Leber aufgedeckt. Inagég konnten in de&tudien 3und 4
verschiedene Veradnderungen im hepatischen Lipiggtohsel hochleistender Milchkihe
wahrend der Transitphase und des ersten Laktatittessl nachgewiesen werden. Somit
tragen diese Untersuchungen schlielllich zum bess&ferstandnis des hepatischen
Lipidstoffwechsels der Milchkuh wahrend der Trapldse bei und kdnnen helfen, Strategien
zur Vermeidung von Leberfunktionsstérungen bei kkichen zu entwickeln.
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6. Summary

Conjugated linoleic acids (CLA) aroused interestause of the positive properties they
exerted in experiments with laboratory animals.eEf on body composition, performance
parameters and meat quality parameters were deratetsin experiments with farm animals.
Supplementation of beef cattle with CLA in the $iming period did not change body
composition but influenced performance and meatlityuparameters.Study 1 aimed to
investigate supplementation of young growing heitgith different doses of rumen-protected
CLA in the early fattening period because to dakrd were only studies having focus on
CLA supplementation of cattle in the finishing peti The results oktudy 1 prove no
influence of rumen-protected CLA fed to young Sinmtaé¢ heifers in the early fattening
period on performance parameters such as dry matiagde, average daily gain and feed
conversion. Both carcass quality and physical ahdmical meat quality measured on
Musculus longissimus dorgiere unaltered as a result of CLA supplementafitve. fatty acid
composition of muscle and adipose tissue changethensame way as shown before.
Consequently, feeding rumen-protected CLA to yowngwing cattle results neither in
economical advantages for the farmer nor in qualgaadvantages for the customer. Rumen-
protected CLA are fed to fresh cows to lower mak €¢ontent in order to reduce the energy
output by the milk and improve the negative endrghance, which is typical for this stage in
the lactation period. Milk fat depression causedtihy trans10cis-12 CLA isomer was
shown in many species. However, in laboratory alipfaeding of thérans10cis-12 CLA
isomer can cause serious side effects on the ledgati metabolism. Therefore, it is of great
interest if dairy cows are also affected by negasffects as a consequence of CLA feeding.
So, another experiment with 40 lactating dairy cdwsn 3 weeks prepartum to 14 weeks
postpartum was conductestifdy 3. The animals in the CLA group ingested 3.8 drahs
10cis-12 CLA per day. This dose was efficient to causeilla fat depression and improve the
animals’ energy balance during the first third afthtion. The results atudy 2prove that
bovine plasma and liver concentrations of triglygerand cholesterol do not change by
feeding rumen-protected CLA. Furthermore, no charigehe expression of different genes
of fatty acid metabolism (fatty acid intake, faftgid oxidation, fatty acid synthesis), carnitine
metabolism, cholesterol metabolism (cholesterodkiet cholesterol synthesis, cholesterol
efflux), lipoprotein metabolism (synthesis, se@wjior ketogenesis in the bovine liver as a
consequence of CLA feeding could be establishestudy 2 In summary, feeding rumen-
protected CLA in a practice-oriented dose to dawmyws exerts no negative side effects on

hepatic lipid metabolism.
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The transition of the dairy cow from gestation tacthtion involves many metabolic
adaptations and stress especially regarding tlee ihetabolism. Very frequently, fresh cows
suffer an energy deficiency because feed intakessicted and cannot meet the high energy
requirements. Non-esterified fatty acids are redddsom adipose tissue and must be oxidized
in the liver. Consequently, the hepatic lipid melgm plays an outstanding and crucial role
in the transition period and early lactation ofrdaiows.Studies 3and4 aimed to investigate
changes in lipid metabolism of high-yielding daggws in the transition period and the first
third of lactation. Among other things, the hepadtianscript profile of different dates in
lactation was analyzed using microarray technoldfjgroarray data were validated based on
guantitative real-time PCR analyses of selectee@g&tudy 3aimed to investigate if hepatic
genes of carnitine synthesis and carnitine upta&eip-regulated in early lactation compared
to gestation. Regulation of genes of carnitine Isgsis and carnitine uptake is performed by
the transcription factor peroxisome proliferatothzated recepton (PPARy). PPARy plays a
crucial role in the adaptation of the metabolisnfiasting and energy deficiency, respectively.
The most important function of carnitine is its trdsution to the transport of activated fatty
acids into the mitochondrial matrix, whepeoxidation takes place. Therefore, carnitine is
essential for lipid metabolism of dairy cows inlgdactation. Instudy 3 up-regulation of the
expression of several PPARarget genes in the liver of the dairy cows inlye#actation
compared to gestation was proven. Consequentlywation of PPAR. can be assumed.
Likewise, the hepatic expression of genes of camnisynthesis and uptake in week 1
postpartum was significantly above that in weekr@prtum. In addition, elevated carnitine
concentrations in liver tissue and milk in thetfineeeks of lactation were detected reflecting
increased carnitine synthesis and uptake. Objestiudy 4was the investigation of the bovine
hepatic expression of fibroblast growth factor EGEF21) at the onset of lactation. FGF21
regulates lipid homeostasis in fasting periodsrdased expression of FGF21 stimulates
ketogenesis, fatty acid oxidation, the citric acydle and gluconeogenesis in the liver. FGF21
is regulated by PPAR Results ofstudy 4 prove a strong up-regulation of the hepatic
expression oFGF21 in high-yielding dairy cows in week 1 postpartuompared to week 3
prepartum. Expression decreased during the fingt tf lactation but remained higher than in
gestation. Furthermore, based on the microarralysemthe up-regulation of different genes
involved in fatty acid oxidation, gluconeogenesml &etogenesis was detected. Regression
analysis revealed a possible relation of hepataression oFGF21 and ketogenesis as well

as carnitine metabolism. Altogethstudies 3and4 detected various changes in hepatic lipid
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metabolism of high-yielding dairy cows in the trdilas period and the first third of lactation.
Finally, these investigations contribute to a bettederstanding of hepatic lipid metabolism
during the transition period and help to developtsgies to avoid liver dysfunction in dairy

COWS.
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