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ABSTRACT 

 

Lipids function as structural components of cell membranes, energy storage and 

signalling molecules. The polyunsaturated fatty acids (PUFA) of the n-3 and the n-6 fatty acid 

(FA) families, specifically eicosapentaenoic acid (EPA, 20:5 n-3), docosahexaenoic acid 

(DHA, 22:6 n-3) and arachidonic acid (AA, 20:4 n-6), are functional lipids in the 

phospholipids of cell membranes and precursors of eicosanoids, which are involved in various 

biological mechanisms and are present in all kinds of cells. Animal tissues can synthesise 

these FA from the essential FA, α-linolenic acid (ALA, 18:3 n-3) and linoleic acid (LA, 18:2 

n-6), but the conversion rate is low and both substrates compete for the same enzymes for the 

transformation into the longer PUFA. Therefore, the dietary supply of PUFA with 20-22 

carbon atoms is recommended to efficiently increase the mentioned PUFA in animal tissues. 

Enhanced incorporation of n-3 FA, especially EPA and DHA, has been associated with 

improved immune-competence and lower inflammation status while increased n-6 FA 

consumption has been linked to pro-inflammatory activity. Consequently, nutritional 

imbalance of animal diets towards high n-6/n-3 FA ratio has been related to disadvantages in 

maintaining animal health and performance.  

In ruminants, PUFA are biohydrogenated in the rumen by microbes, to a substantial 

extent, mainly to monounsaturated and saturated FA. Thus, naturally only small amounts of 

PUFA enter the small intestine to be absorbed and transported to tissues. The bioavailability 

of PUFA in ruminants is enhanced by their protection from ruminal biohydrogenation. For 

the doctoral project, products from a novel technology were used to overcome rumen 

biohydrogenation. In Angus heifers the potentially different incorporation patterns of the 

functional PUFA, EPA and DHA, were investigated in a number of muscles, adipose tissues 

and organs of different functions to gain deeper insights into the potential demand and supply 

of n-3 FA from the blood stream. Due to the competition of the FA over the same enzymes 

operating on elongation and desaturation of n-3 and n-6 FA in body cells, also n-6 FA, 

especially LA, were examined and served as control. Thirty-three Angus heifers (adult female 

cattle) were supplemented with rumen-protected fish oil (FO) characterised by EPA and DHA 

or sunflower oil (SO) characterised by LA. This ensured increase in bioavailability of either 

n-3 or n-6 FA by reducing ruminal biohydrogenation. The diets of the heifers contained 60 g 

of the respective oils/kg dry matter. The FA profiles of the following bovine tissues were 

investigated: longissimus thoracis (LT), biceps femoris (BF) and extensor carpi radialis 
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(ECR), the pericardial, intermuscular, perirenal and subcutaneous adipose tissue (AT) as well 

as heart, kidney, liver, lung and spleen. The examination of these 12 tissues was intended to 

reveal differences in the partitioning of n-3 and n-6 FA in tissues of cattle and to be associated 

with lipid metabolism. In addition, the effects of dietary supply of n-3 FA from FO on the 

assessments of meat quality were investigated. Two muscles and the perirenal AT of study 

animals were further subjected to sensory evaluation in the forms of beef steaks and beef 

patties by a trained sensory panel. 

In blood, proportions of PUFA were increased by the supplementation of rumen-

protected oils rich in PUFA. The greatest incorporation of n-3 and n-6 FA was found in 

organs, in which about one third of the lipids consisted of PUFA. The largest increase of EPA 

proportion was found in the kidneys with FO replacing SO, the lowest in the lung while DHA 

was more increased in the liver than in kidney, lung and spleen. Cardiac lipids incorporated 

six times more EPA than DHA and were characterised by the highest proportions of ALA and 

LA of all organs. The PUFA proportions in the lipids of lung and spleen were exceptionally 

low compared to heart, liver and kidney. The PUFA proportions in the lipids of LT and BF 

were only half of those found in the ECR. For EPA and DHA but not for LA the diet effect 

was also more distinct in the ECR compared to LT and BF. The proportions of EPA and DHA 

in AT were very small in respect of PUFA proportions ranging between 2 and 4 % of total 

FA. Despite a generally low storage, n-3 FA proportions increased with FO compared to SO 

supplementation in all AT, but this to a different extent. Greatest proportions of n-3 and n-6 

FA were found in pericardial AT. Concomitantly, the n-6/n-3 FA ratio was reduced with 

rumen-protected FO in all AT, except in the pericardial AT, which has specific metabolic 

functions and thus appears to be more resistant to supply with different FA in order to maintain 

its function. Thus, partitioning of PUFA indeed seems to be related to muscle activity and to 

metabolic function of muscles, AT and organs. 
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Animal performance was not affected by supplementation whereas the physico-

chemical meat quality, assessed in two muscles, was slightly affected by diet. The oxidative 

shelf life of the perirenal fat declined with FO compared to SO. Despite the increased n-3 FA 

proportions of meat due to FO supplementation, the sensory panel identified only a slightly 

more intense fishy flavour in grilled steaks and beef patties from the FO compared to the SO 

group. In FO compared to SO patties, flavour intensity was more pronounced. The perception 

of off-flavours was negligible and differences between muscles were larger than those 

between diets. Therefore, supplementing ruminants with FO containing nutritionally 

beneficial n-3 FA resulted in few side effects on meat quality, restricted to quite faint off-

flavours and a somewhat shorter fat shelf life. 

 

In conclusion, the results from the doctoral project suggest that the response to FO in 

the distribution of dietary n-3 FA was tissue-specific while proportions of n-6 FA were quite 

inert with respect to the type of oil supplementation. It was shown that the effect of 

supplementation on the incorporation of n-3 FA was specifically pronounced in certain bovine 

tissues like the extensor muscle, liver and kidney. These findings contribute to an improved 

understanding of lipid metabolism in cattle. 

 

Further attention may now be directed to the molecular and genetic level that could 

reveal potential epigenetic effects. Due to the shortage of marine sources, feeding FO to 

ruminants is not a sustainable way of increasing n-3 FA in animal tissues. Therefore, the utility 

of other sources of long-chain n-3 FA such as microalgae should be evaluated. Some studies 

already tried to unravel the complete process of ruminal biohydrogenation of microalgae-

derived PUFA, which still seems to be challenging. Inconsistent results of in vitro and in vivo 

experiments on the degradation of marine algae in the rumen require further intensive research 

on this topic. Own results using three microalgae species contrasting in n-3 FA profile, one 

of these already placed on the industrial market, indicate that a certain, but different 

proportion of long-chain n-3 PUFA could escape ruminal biohydrogenation. 
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ZUSAMMENFASSUNG 

 

Lipide fungieren als strukturelle Komponenten von Zellmembranen, Energiespeicher 

und Signalmoleküle. Die mehrfach ungesättigten Fettsäuren (PUFA) der n-3 und n-6 Familie, 

insbesondere die Eicosapentaensäure (EPA, 20:5 n-3), die Docosahexaensäure (DHA, 22:6 

n-3) und die Arachidonsäure (AA, 20:4 n-6), sind funktionelle Lipide, die sich in den 

Phospholipiden von Zellemembranen und als Vorstufen von Eicosanoiden finden. 

Eicosanoide sind in verschiedene biologische Mechanismen involviert und können in allen 

Arten von Zellen produziert werden. Tierische Gewebe können diese Fettsäuren (FA) aus den 

essentiellen FA, α-Linolensäure (ALA, 18:3 n-3) und Linolsäure (LA, 18:2 n-6) 

synthetisieren, jedoch ist die Umwandlungsrate niedrig und beide Substrate konkurrieren um 

dieselben Enzyme für die Elongation und Desaturierung. Daher wird die Futterergänzung mit 

PUFA der Kettenlänge 20-22 empfohlen, um die genannten PUFA in Lipiden tierischer 

Geweben effizient zu erhöhen. Eine gesteigerte Einlagerung von n-3 FA, speziell EPA und 

DHA, wurde mit verbesserter Immunkompetenz und geringerem Inflammationsstatus 

assoziiert, während eine erhöhte n-6 FA Aufnahme mit vermehrtem Entzündungsgeschehen 

in Zusammenhang gebracht wurde. Folglich wurde ein Nährstoffungleichgewicht im 

Tierfutter in Form eines hohen n-6/n-3 FA-Verhältnisses mit Nachteilen für die 

Tiergesundheit und -leistung in Verbindung gebracht. Bei Wiederkäuern werden die meisten 

PUFA im Pansen zu einem erheblichen Masse von Mikroben zu einfach ungesättigten und 

gesättigten FA biohydriert. So gelangen naturgemäss nur geringe Mengen an PUFA in den 

Dünndarm, um dort aufgenommen und weiter in die Gewebe transportiert zu werden. Die 

Bioverfügbarkeit von PUFA wird bei Wiederkäuern durch den Schutz vor der ruminalen 

Biohydrierung erhöht.  

Für das Promotionsprojekt wurden Produkte einer neuartigen Technologie zur 

Verminderung der Biohydrierung im Pansen eingesetzt. In Angus Färsen wurde die potenziell 

unterschiedliche Einlagerung der funktionellen PUFA, EPA und DHA, in mehreren Organen, 

Muskeln, und Fettgeweben mit unterschiedlichen Funktionen untersucht, um tiefere Einsicht 

in einen möglichen Bedarf und die Versorgung mit n-3 FA aus dem Blutkreislauf zu 

gewinnen. Aufgrund der natürlichen Konkurrenz der n-3 und n-6 FA um dieselben Enzyme, 

die an der Verlängerung und Desaturierung in Körperzellen beteiligt sind, wurden n-6 FA 

zum Vergleich für die Einlagerung getestet. Dreiunddreissig Angus Färsen (adulte weibliche 

Rinder) wurden entweder mit pansengeschütztem Fischöl (FO), charakterisiert durch den 
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Gehalt an EPA und DHA, oder Sonnenblumenöl (SO), charakterisiert durch den Gehalt an 

LA, supplementiert. Dies gewährleistete eine wesentlich bessere Bioverfügbarkeit von n-3 

oder n-6 FA, indem die Biohydrierung im Pansen verringert wurde. Die Ration der Färsen 

enthielt 60 g des jeweiligen Öls/kg Trockenmasse. Die FA-Profile folgender Gewebe wurden 

untersucht: Longissimus thoracis (LT), Biceps femoris (BF) und Extensor carpi radialis 

(ECR), perikardiales, intermuskuläres, perirenales (Nierenfett) und subkutanes Fettgewebe 

(AT) sowie Herz, Niere, Leber, Lunge und Milz. Mit der Untersuchung dieser 12 Gewebe 

sollte die differenzierte Aufteilung von n-3 und n-6 FA bei Rindern aufgezeigt und mit dem 

Lipidstoffwechsel in Verbindung gebracht werden. Darüber hinaus wurden die Auswirkungen 

der diätetischen Versorgung mit n-3 FA aus FO auf die Beurteilung der Fleischqualität 

untersucht. Zwei Muskel und das Nierenfett der Versuchstiere wurden zudem in Form von 

Rindersteaks und Rindfleisch-Burger-Patties von einem geschulten Sensorikpanel bewertet. 

Im Blut wurden die Anteile von PUFA durch die Supplementierung von 

pansengeschützten Ölen, die reich an PUFA sind, erhöht. Die größte Einlagerung von n-3 und 

n-6 FA wurde in Organen gefunden, in denen die Lipide zu etwa einem Drittel aus PUFA 

bestanden. Die Niere zeigte die größte Zunahme an EPA vom Gesamt-FA-Anteil, wenn FO 

statt SO gefüttert wurde, die Lunge die Niedrigste, während DHA in der Leber stärker zunahm 

als in Niere, Lunge und Milz. Herzlipide enthielten sechsmal mehr EPA als DHA und waren 

charakterisiert durch die höchsten Anteile an ALA und LA von allen Organen. Die PUFA-

Anteile in den Lipiden von Lunge und Milz waren im Vergleich zu Herz, Leber und Niere 

außergewöhnlich niedrig. Die PUFA-Anteile in den Lipiden von LT und BF waren nur halb 

so hoch wie der Anteil PUFA in den Lipiden des ECR. Im ECR war auch der Fütterungseffekt 

auf EPA und DHA, aber nicht auf LA, ausgeprägter als bei LT und BF. Im AT waren die 

Anteile von EPA und DHA sehr gering, da der Anteil PUFA an den Gesamt-FA zwischen 2 

und 4 % lag. Trotz einer allgemein niedrigen Einlagerung stiegen die n-3 FA Anteile mit der 

FO- im Vergleich zur SO-Supplementierung in allen AT an, aber in unterschiedlichem Maße. 

Die höchsten Anteile von n-3 und n-6 FA wurden im perikardialen AT gefunden. Gleichzeitig 

wurde das n-6/n-3 FA Verhältnis mit pansengeschütztem FO in allen AT reduziert, mit 

Ausnahme des perikardialen AT, das spezifische Stoffwechselfunktionen aufweist und daher 

widerstandsfähiger gegenüber der Versorgung mit verschiedenen FA zu sein scheint, um 

seine Funktionen aufrechtzuerhalten. Somit scheint die Aufteilung von PUFA tatsächlich mit 

der Muskelaktivität und der Stoffwechselfunktion von Organen, Muskeln und Fettgeweben 

zusammenzuhängen. 
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Die Wachstumsleistung wurde durch die Fütterungsergänzung nicht verändert, 

während die physikalisch-chemische Fleischqualität, gemessen in zwei Muskeln, durch die 

Fütterung leicht beeinträchtigt wurde. Die oxidative Stabilität des Nierenfettes nahm mit FO 

im Vergleich zu SO ab. Trotz des erhöhten n-3-Fettsäureanteils des Fleisches durch die FO-

Supplementierung identifizierte das Panel nur einen gering intensiveren Fischgeschmack bei 

gegrillten Steaks und Burger-Patties aus der FO im Vergleich zur SO-Gruppe. Bei den FO- 

im Vergleich zu den SO-Burger-Patties war die Aromaintensität stärker ausgeprägt. Die 

Wahrnehmung von Fehlaromen (off-flavours) war vernachlässigbar und die Unterschiede 

zwischen den Muskeln waren größer als durch die Form der Ölsupplementierung. Daher 

führte die Futterergänzung von Wiederkäuern mit FO, das n-3 FA enthält, zu geringer 

Beeinträchtigung der Fleischqualität, die sich auf sehr schwache Fehlaromen und eine kürzere 

Fetthaltbarkeit beschränkte.  

Zusammengefasst deuten die Ergebnisse des Promotionsprojekts darauf hin, dass mit 

der FO-Futterergänzung die Verteilung der mit der Nahrung aufgenommenen n-3 FA 

gewebespezifisch war, während die Anteile an n-6 FA in den Geweben unabhängig von der 

Art der Ölsupplementierung kaum verändert waren. Es wurde gezeigt, dass der Effekt der 

Supplementierung auf die Inkorporation von n-3 FA spezifisch in bestimmten Rindergeweben 

wie Streckmuskel, Leber und Niere ausgeprägt war. Diese Ergebnisse tragen damit zu einem 

besseren Verständnis des Lipidstoffwechsels bei Rindern bei. 

Weitere Aufmerksamkeit kann auf die molekulare und genetische Ebene gelenkt 

werden, die potenzielle epigenetische Effekte aufzeigen könnte. Aufgrund der Knappheit an 

marinen Quellen ist die Fütterung von FO an Wiederkäuer kein nachhaltiger Weg, um n-3 FA 

in tierischen Geweben zu erhöhen. Daher sollte die Verwendung anderer langkettiger n-3 FA-

Quellen wie Mikroalgen untersucht werden. Einige Studien haben bereits versucht, den 

vollständigen Prozess der Biohydrierung von aus Mikroalgen stammenden PUFA im Pansen 

zu untersuchen, was aktuell noch eine Herausforderung zu sein scheint. Inkonsistente 

Ergebnisse von in vitro und in vivo Experimenten zum Abbau von Meeresalgen im Pansen 

erfordern weitere intensive Forschung. Eigene Ergebnisse mit drei Mikroalgenstämmen, die 

im n-3 FA-Profil kontrastieren und von denen einer bereits auf dem industriellen Markt 

erhältlich ist, deuten darauf hin, dass ein bestimmter, aber unterschiedlicher Anteil 

langkettiger n-3 PUFA der Pansen- Biohydrierung entgehen könnte. 
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Abbreviations 

 
 
AA  Arachidonic acid (20:4 n-6) 

ALA  α-linolenic acid (18:3 n-3)  

ANOVA Analysis of variance 

AT  Adipose tissue 

BF  Biceps femoris 

DHA  Docosahexaenoic acid (22:6 n-3) 

ECR  Extensor carpi radialis  

EPA  Eicosapentaenoic acid (20:5 n-3) 

FA  Fatty acid 

FAME  Fatty acid methyl esters 

FFA  free fatty acids 

FO  Fish oil 

LT  Longissimus thoracis 

LA  Linoleic acid (18:2 n-6) 

MUFA  Monounsaturated fatty acids 

n-3 FA  “Omega”-3 fatty acids  

n-6 FA  “Omega”-6 fatty acids 

OA   Oleic acid (18:1 n-9) 

PUFA  Polyunsaturated fatty acids 

RA  Rumenic acid (c9,t11-18:2) 

SA  Stearic acid (18:0) 

SFA  Saturated fatty acids 

SO  Sunflower oil 

TG  Triglyceride 

VA  Vaccenic acid (t11-18:1) 
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CHAPTER 1 

 
 

General introduction 
 
 

1.1. Classification of fatty acids 

Fatty acids (FA) are carboxylic acids with an aliphatic chain of different length, with 

2-5 (short-chain), 6-12 (mid-chain), 14-21 (long-chain) and 22 or more (very long-chain) 

carbon atoms. One possibility to classify FA is the degree of saturation, described as the 

number of double bonds in the carbon backbone. Saturated FA (SFA) contain no double bonds, 

monounsaturated FA (MUFA) contain one double bond and polyunsaturated FA (PUFA) 

contain two or more double bonds. The carbon atom of the hydrophilic carboxylic (-COOH) 

group of the FA was formerly indicated as the start and the hydrophobic methyl (-CH3) group 

as the end of the carbon atom chain. If the position of the first double bond is counted from the 

methyl end, it is referred to as “omega” (named after the last letter in the Greek alphabet) or 

“n“. Two important PUFA families are the n-3 (FA having their first double bound at the third 

carbon atom) and the n-6 FA (FA having their first double bond at the sixth carbon atom), see 

examples in Figure 1. The double bonds of unsaturated FA can be present in cis- or trans-

configuration. If the hydrogen atoms are on the same side of the carbon chain, it is called a cis-

configuration. If the hydrogen atoms are on opposite sides of the carbon chain, it is called a 

trans-configuration. The double bonds in PUFA are usually located between two single bonds 

in the chain. If at least one pair of double bonds is separated by only one single bond, PUFA 

are conjugated. In the rumen, bacteria transform linoleic acid (LA, all-cis-9,12-18:2 n-6) and 

α-linolenic acid (ALA, all-cis-9,12,15-18:3 n-3) for example into rumenic acid (c9, t11-18:2 

n-7) and conjugated linolenic acid (c9, t11, c15-18:3 n-3), respectively (Harfoot & Hazlewood, 

1997).   
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Figure 1 Chemical structures of selected n-3 and n-6 fatty acids (adapted 
from Beindorff & Zuidam, 2010), illustrating the number of carbons 
(blue) and the positions of the double bonds counted from the omega-end 
(red) in linoleic and α-linolenic acid. 

 

α-Linolenic acid (18:3 n-3) 

Linoleic acid (18:2 n-6) 

Arachidonic acids (20:4 n-6) 

Eicosapentaenoic acids (20:5 n-3) 

Docosahexaenoic acids (22:6 n-3) 
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1.2. Physiological relevance of n-3 and n-6 FA  

The PUFA LA and ALA are synthesised by bacteria, plants and some eukaryotes but 

not by mammals because mammals are missing two desaturases (delta-12 and delta-15), which 

can convert oleic acid (OA, 18:1 n-9) to LA and LA to ALA (Lee et al., 2016). Therefore, LA 

and ALA have been identified to be essential FA in mammals including humans and other 

animals (Cuthbertson, 1976; Hansen & Burr, 1946) and need to be consumed as part of the diet 

(Das, 1991). Animal cells are able to desaturate and elongate dietary LA to arachidonic acid 

(AA; 20:4 n-6) and ALA to eicosapentaenoic acid (EPA; 20:5 n-3), which can further be  

desaturated and elongated to docosahexaenoic acid (DHA; 22:6 n-3) (Figure 2).  

 

 

 

Figure 2 Biochemical pathways for the conversion of LA and ALA into longer 
derivatives (originally from Arterburn, Hall, & Oken, 2006).
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The PUFA with 18 to 24 carbon atoms are the main components of phospholipids in 

cell membranes in all animal cells. Unsaturated FA have a lower melting point than saturated 

FA, whereas, the melting point of PUFA is even lower than that of MUFA (Berg, Tymoczko 

& Stryer, 2002). Therefore, PUFA increase the flexibility and fluidity of cell membranes, 

which also alters the function of membrane protein regions responsible for complex signal 

transduction (Calder, 2013; Kim et al., 2010). The LA and ALA derivatives AA, EPA and 

DHA, are precursors for eicosanoids that act as signalling molecules in various physiological 

functions such as immune response, regulating cell growth, controlling blood pressure and 

blood flow as well as in the perception of pain (Calder, 2007; Gogus & Smith, 2010). In 

general, eicosanoids derived from AA promote inflammation and those from EPA and DHA 

are associated with anti-inflammatory responses (Calder, 2013). Furthermore, cells of the brain 

and the retina are especially rich in DHA. Due to the beneficial functions of EPA and DHA, 

the effects of additional dietary DHA and EPA on cognitive functions and the immune and 

cardiovascular system have been studied intensively (reviewed in Lunn & Theobald, 2006; 

Colussi, Catena & Sechi, 2014; Rizos & Elisaf, 2016; Sperling & Nelson, 2016).  

 

1.3. The n-3 and n-6 FA metabolism in the ruminant 

1.3.1. Ruminal digestion and biohydrogenation of PUFA 

It is well known that dietary PUFA are only incorporated into animal tissues if they 

pass the digestive tract in intact form and are able to be absorbed in the small intestine. The 

digestive tracts of ruminants have adapted to the best available food sources, which were 

different forms of roughages. This has affected the anatomy as well as the microbial 

environment of the digestive system (Kirchgessner et al., 2008). Ruminants and non-ruminants 

differ in the location where fermentation mainly takes place; this is in the rumen and the large 

intestine. The microbes, bacteria and protozoa, hydrolyse and ferment feed components such 

as carbohydrates, lipids and proteins that enter the rumen from the oesophagus. Lipids are 

mainly present in the forms of glycolipids, these are structural components of plant stems and 

leaves, and triglycerides (TG), which are the major storage lipids found in cereal grains and 

oilseeds in ruminant diets. The TG consist of three FA molecules that are esterified with one 

molecule of glycerol. In the 1960s, researchers investigated many plant species and found that 

lipids comprise an average of about 5 – 10 % dry matter (Roughan & Batt, 1969). Grass lipids 
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have been found to comprise more than 50 % ALA while plant seeds or concentrated feeds are 

more concentrated in LA. In the rumen, TG are hydrolysed by lipases from microbes to mono- 

and di-glycerides and free fatty acids (FFA). Those FFA that are PUFA are at least partially 

biohydrogenated to MUFA and SFA if they are not protected from microbial activity. If the 

biohydrogenation process is not completed, up to 90 % biohydrogenation intermediates of 

ALA and LA, e.g. t11, c15-18:2 and c9, t11-18:2, are produced as well as MUFA and SFA 

(Katz & Keeney, 1966; Shorland, Weenink, & Johns, 1955; Vahmani et al., 2017). The major 

MUFA emerging from the process are trans-vaccenic acid (t11-18:1) and oleic acid (OA, c9-

18:1). The final product of biohydrogenation is stearic acid, 18:0. In the small intestine, FFA, 

other fat-soluble contents of the diet and bile salts form micelles. The contents of micelles enter 

the intestinal epithelial cells where they are esterified to TG. The intestinal TG are packaged 

with apolipoproteins to form chylomicrons, these bind fat-soluble vitamins and cholesterol and 

are secreted into the lymphatic system before entering the blood stream. Chylomicrons are 

transported in the blood to different tissues with membrane-bound lipoprotein lipases. These 

lipases hydrolyse the TG to mono-glycerides and FFA so that they can be absorbed into the 

tissue where they are reesterified to TG and form lipid droplets (Doreau & Chilliard, 1997; 

Harfoot & Hazlewood, 1997). 

1.3.2. Dietary n-3 and n-6 FA and the general limitation to fat in ruminant diets 

Beef and dairy cattle normally consume a diet low in fat (200 – 800 g/day), but its lipids 

contain great proportions of PUFA. The diet is mainly composed of a roughage including fresh 

grass, hay, straw or silage and an energy-concentrated feedstuff often based on grains. While 

the lipids of grass-based roughage contain high proportions of ALA, the lipids of concentrates 

contain high proportions of LA. In the animal’s body, ALA and LA can be converted to their 

longer chain metabolites by the same enzymes, namely elongases and desaturases. The ALA 

and LA compete for the activity of the same enzymes (Bibus & Lands, 2015; Tu et al., 2010). 

Delta-6-desaturase is responsible for the initial step of the conversion from LA to 18:3 n-6 and 

ALA to 18:4 n-3, which both are further desaturated and elongated to AA as well as EPA and 

DHA, respectively. It has a higher affinity for ALA than for LA. In humans, the conversion 

rate from ALA to EPA is low, ranging from 8-10%, and even lower for DHA at about 4% 

(Bagga et al., 2003; Calder, 2007; Calder, 2013; Williams & Burdge, 2007). Ruminants can 

consume up to 80 kg of fresh roughage (20 kg dry matter, DM) and hence although the lipid 

content in plants is rather low, ruminants can still ingest large amounts of PUFA (Harfoot & 

Hazlewood, 1997). However, it is well known that concentrate feeding increases the animal’s 
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daily weight gain in beef cattle (Mandell et al., 1997) and milk production in high-yielding 

dairy cattle (Falk et al., 2018). Consequently, it has been suggested to supplement ruminants 

with EPA and DHA to balance the high n-6 FA intake from concentrate and to increase n-3 FA 

proportions in ruminant tissues. However, if the fat content in cattle feed exceeds 6 % 

(Zinn & Plascencia, 1996), especially if dietary lipids are rich in PUFA, it has been shown to 

significantly reduce the digestibility of cell wall carbohydrates in the rumen due to the toxic 

effect on fibre digesting bacteria, protozoa, and methanogens (Eugène et al., 2008; McAllister 

et al., 1996). These effects can reduce feed intake or cause digestive disturbances. Low adverse 

effects were observed with less than 50 g fat/kg DM in the diets (Doreau & Chilliard, 1997). 

Fish oil instead tended to be less detrimental for digestibility (Doreau & Chilliard, 1997).  

1.3.3. Sources of EPA and DHA in ruminant diets 

Due to the important functional effect of n-3 FA, especially EPA and DHA, in animals 

and humans, research has focused on the impact of enriching the diets of beef and dairy cattle 

with FO on animal performance and food quality. Marine fish naturally contains high 

percentages of the most prominent n-3 FA, EPA and DHA, due to their intake of marine algae, 

the original source of n-3 FA, other fish or zooplankton that ate the (micro-)algae. The 

proportions of EPA and DHA can differ depending on the species (Table 1). Marine fish, e.g. 

salmon or tuna, can contain between 1.5 and 1.8 g of EPA and DHA per 100 g (Gogus & Smith, 

2010) or up to 38 g of 100 g total FA (Suseno et al., 2014). Studies have investigated n-3 FA-

rich supplements to increase the proportions of EPA and DHA in ruminant tissues. This has 

been achieved more successfully by feeding FO with the diet rather than feeding linseed, rich 

in ALA, which can be converted into these long-chain PUFA but only at very low rates (Scollan 

et al., 2001; Wachira et al., 2007). Further, FO partially inhibits certain steps of the 

biohydrogenation cascade of LA and ALA in the rumen (Chow et al., 2004), thereby increasing 

the amounts of biohydrogenation intermediates and decreasing the amounts of 18:0 reaching 

the duodenum (Kim et al., 2008). Therefore, FO has been extensively researched as a fat 

supplement to increase the proportions of EPA and DHA in muscle and adipose tissues of beef 

cattle (Dunne et al., 2011; Enser et al., 1997; Keenan et al., 2015; Wistuba, Kegley, & Apple, 

2006). However, the amounts of n-3 FA from FO that can pass the rumen and can be absorbed 

in the intestine have been found to be limited, when FO was fed unprotected in the diets (Fievez 

et al., 2007; Doreau & Chilliard, 1997).  
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Table 1 Total fat, EPA, DHA and EPA +DHA contents per 100 g product 
from different fish species (adapted from Gogus & Smith, 2010). 

a Ranked from highest to lowest EPA + DHA value  

b Drained solids 

c Tomato sauce  

1.3.4.  Protection of dietary PUFA from biohydrogenation 

Since the 1980s, researchers have been examining technologies and strategies to protect 

dietary PUFA from ruminal biohydrogenation. This has encouraged the invention of different 

types of protection, either by chemical or technological treatment (Fievez et al., 2007; Jenkins 

& Bridges, 2007), starting by coating oil with formaldehyde-treated proteins (Bell, 1979). 

Further rumen protection techniques emerged, involving, e.g. the modification of FA to 

calcium salts of FA or encapsulation of unsaturated FA with a lipid or protein (microbial-

resistant) shell (Kaur, Basu & Shivhare, 2015; Zuidam & Nedovic, 2010). Some studies using 

differently rumen-protected PUFA oils reported increases in PUFA proportions of muscle 

lipids (Kitessa et al., 2001; Wolf et al., 2018b; Scollan et al., 2003) and in adipose tissues 

(Kitessa et al., 2001). A new formulation for rumen-protected fat supplements has been 

developed, in which dietary, highly unsaturated oils are mixed with a hydrogenated (saturated) 

oil, thereby partly covering the unsaturated oil and making it less accessible for rumen bacteria. 

This technique, though, would be less effective than the encapsulation, as the unsaturated oil 

is not completely covered by a shell. Instead hydrogenated molecules aggregate with molecules 

of the unsaturated oil product attaining a rumen-protection of about 50-60 % (personal 

communication with Erbo Spraytec AG). On the other hand, the latter is also less cost-

intensive. The latter technique has so far been applied using linseed oil, this is rich in ALA, but 
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not yet with FO. The present project aimed at testing the less expensive (mixing) technique 

with FO instead of linseed oil to supplement partly rumen-protected EPA and DHA to cattle. 

Further, the oil mix was brought into powder form by spray chilling (industrial process applied 

by Erbo Spraytec AG, Bützberg, Switzerland), which is described as a low-cost technology 

that does not require high temperatures (also called spray cooling).  

1.3.5. Microalgae – the original source of EPA and DHA 

Algae can be found in both aquatic and terrestrial habitats on earth, in microscopic 

(microalgae) and macroscopic form (macroalgae), the latter consisting mainly of seaweed. The 

estimated number of algae species to date is between one and ten million, most of which are 

microalgae. Based on their pigmentation, eukaryotic algae (Kingdom Protista) are divided into 

green, red and brown algae. Another group of algae are the prokaryotic cyanobacteria or blue-

green algae, which are differentiated from other bacteria as they perform oxygenic 

photosynthesis. Microalgae have been used as (health) food already in ancient times in 

America, Africa (Spirulina) (Barsanti & Gualtieri, 2006) and China (Nostoc, cyanobacteria) 

(Han, Bi, & Hu, 2004). Microalgae contain bioactive metabolites such as PUFA, carotenoids, 

phycobiliproteins, polysaccharides and phycotoxins making them a potential source for high-

value products for the food and the feed industry, pharmacology, medicine as well as energy 

economy (Chu, 2012). Although the use of microalgae has been described over many centuries, 

e.g. in traditional Chinese medicine for over 4000 years, research on microalgae production 

under controlled conditions began in the 1950s. While the interest in microalgae slowly rose 

over the next 50 years, the number of studies per year increased dramatically since 2005 

(reviewed in Garrido-Cardenas, Manzano-Agugliaro, Acien-Fernandez, & Molina-Grima, 

2018). One advantage of microalgae is that they can be cultivated on a large scale for the 

investigation and accumulation of bioactive molecules in order to produce the desired 

chemicals. The main driver for the cultivation of microalgae species has been the food industry 

to promote supplements rich in PUFA, especially EPA and DHA, with beneficial effects on 

human health but avoiding marine fish as the PUFA-source. Overfishing the oceans has led to 

the depletion of fish stock worldwide. Indeed, overfished stocks increased exponentially since 

the 1950s (Worm et al., 2006) and the number of global catches has decreased since the mid-

1990s (Watson & Pauly, 2001; Pauly & Zeller, 2016).  

Micro- and macroalgae have already been intensively used for feed production in 

aquacultures and have been supplemented in the diets of livestock animals to enhance 

productivity, health aspects or food production quality. Micro- and macroalgae can contribute 
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a variety of PUFA, proteins, minerals, vitamins and trace elements to diets of animals while 

their carbohydrates and proteins are mainly not digestible (Barsanti & Gualtieri, 2006). 

Research in ruminant livestock nutrition focused mainly on microalgae to improve the quality 

of ruminant-derived foods. Microalgae species show systematic differences according to their 

FA content and profile. While most species produce EPA in moderate to high proportions (7-

34 %), DHA contents are more variable (Barsanti & Gualtieri, 2006). Some species are even 

deficient in C20 and C22 PUFA, such as the chlorophyte, Chlorella spp. Studies on dairy and 

beef cattle showed that microalgae supplementation can modify FA profiles of tissues and can 

provide more of the favourable FA for consumers (Franklin, 1999; Stamey et al., 2012; 

Vahmani et al., 2013; Meale et al., 2014). However, algal addition to ruminant diets can also 

affect the biohydrogenation processes and the composition of rumen microbes (Boeckaert et 

al., 2007a; Stamey et al., 2012). Further in vitro studies could reveal more information about 

the impact on specific n-3 FA that can be beneficial for the animal as well as for ruminant 

product consumers. 

1.4. The interdisciplinary approach between Animal Nutrition and Animal 
Physiology  

Three factors affecting the FA composition of ruminant tissues have been repeatedly 

reported, namely breed, age of the animal and diet (Shorland, 1955; Smith et al., 2009). Still, 

due to the nature of the rumen, there seem to be physiological limits to the manipulation of 

ruminant tissue FA profiles. Bypassing physiological limitations by animal nutrition strategies 

has been intensively studied to improve the nutritional quality of animal-derived food products. 

Animal feeding is a major factor influencing the animal’s productivity, which is also related to 

animal health and reproduction. In the late 1990s, reproduction and the health status of animals 

in livestock production systems attracted increasing interest. Concomitantly, researchers 

noticed that the communication between nutritionists, reproductive physiologists and 

veterinarians was often limited (Staples, Burke, & Thatcher, 1998). The same researchers 

addressing interdisciplinary approaches to solve problems in livestock production could be 

more efficient in the process and could have significant advantages compared to solving these 

problems in either discipline alone. This was an approach also aimed at for the present doctoral 

project, in which the effect of a promising health promoting nutritional manipulation in cattle 

was combined with the question of the physiological impact. Therefore, different types of 

tissues associated with the different biological systems of an animal’s body were investigated 
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with focus on the lipid metabolism. In this respect, different types of tissues are shortly 

presented in the next subchapters. 

1.4.1. Characteristics of bovine muscle types 

Muscles account for about half of the animal’s body weight. The muscular system 

consists of three types of muscles, namely smooth, skeletal and cardiac muscles. Smooth 

muscles coat the inner layer of blood vessels as well as the digestive and reproductive system. 

The cardiac muscle forms the heart. Both muscle types are regulated by the autonomic nervous 

system. The skeletal muscles are attached to bones by bundles of collagen fibres to move the 

skeleton and are voluntarily controlled by the somatic nervous system. Muscles are composed 

of individual fibres, or muscle cells, that have more than one nucleus and multiple mitochondria 

for the production of energy for muscle contraction. Further, muscle fibres have been 

categorised into different types according to functional and metabolic characteristics 

(Swatland, 1994). Originally, muscle fibre types were visually distinguished by their colour. 

Red or dark fibres were related to high myoglobin and mitochondria content and white or pale 

fibres to low myoglobin and mitochondria content. These properties have been linked to 

distinct differences in physiological functions, with dark red muscles being associated with a 

posture role, a slower contraction speed and a greater resistance to fatigue. In the fifties, the 

greater aerobic potential of red muscles was found to be associated with slow contraction 

speeds (Engel & Irwin, 1967), which was further used to categorise slow and fast twitch muscle 

fibres (Guth & Samaha, 1970). Muscles were described by their contraction speed as well as 

metabolic properties like glycolytic and oxidative capacity since then. In the sixties, a third 

category was described, the intermediate or high oxidative capacity type (Cassens et al., 1968). 

Energy supply in muscles is generally facilitated by glycolysis and β-oxidation of FA. 

Intramuscular adipose tissue delivers not only energy in the form of FA and triglycerides for 

the muscle but has been described as an endocrine tissue secreting numerous substances like 

metabolic modulators, e.g. prostaglandins, hormones and cytokines reviewed in Vernon & 

Houseknecht (2000). The intramuscular lipids are a specific type of adipose depot with 

adipocytes embedded in a connective tissue that is also in close proximity to blood capillaries 

(Hocquette et al., 2010). It is long known that bovine muscles differ in their content of fat 

depending on their location and function of the body (Albrecht et al., 2006; Hocquette et al., 

2010). The intramuscular lipid content is also varying in different muscles within one breed, 

e.g. from 3 % to 12 % in muscles of leg (shank meat) and the back (steak), respectively in 

Canada Aberdeen cattle (Jeremiah et al., 2003), which is accounted to a great extent to the 
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amounts of triglycerides. The most abundant FA in bovine muscles is oleic acid, c9-18:1, which 

is derived from stearic acid, 18:0, the final biohydrogenation product, through desaturation by 

the delta-9-desaturase. In cattle, the majority of PUFA in muscle are found in the 

phospholipids, where PUFA make up about 5 % of total FA, of which the most abundant is LA 

(Smith et al., 2009). The delta-9-desaturase also converts vaccenic acid, t11-18:1, into the most 

abundant conjugated LA, c9, t11-18:2, also called rumenic acid. The meat cuts of muscles 

include intramuscular lipid depots as well as subcutaneous and intermuscular adipose tissue. 

1.4.2. Types of bovine adipose tissues 

In ruminants, AT is the main site for lipid storage and de novo FA synthesis (Drackley, 

2000). The dominant component of stored lipids are TG, which are accompanied in the AT by 

small amounts of mono- and di-glycerides, phospholipids, cholesteryl esters, cholesterol and 

unesterified FA (Christie, 1981a). Lipids in AT are largely composed of saturated FA, which 

can be tightly packed in the lipid droplets (Ashes et al., 1992). The triglycerides : phospholipids 

ratio in AT is higher than in muscles and organ tissues (Shorland, 1955). As dietary PUFA are 

mainly incorporated in phospholipids (Choi et al., 2000; Scollan et al., 2004) the PUFA 

proportions in AT are generally low. The AT in the animal’s body can be categorised into 

intermuscular, visceral (intra-abdominal/organ AT) and subcutaneous AT. The lipids found in 

muscles are referred to as intramuscular fat and have a specific role (see previous subchapter). 

Adipose tissue is composed of adipocytes, stem cells, vascular endothelial cells and a variety 

of immune cells. In terms of its functions, the knowledge of AT as an energy store has been 

expanded to the function of expressing and secreting metabolites for diverse physiological 

functions, including homeostasis and immune response. For this reason, it is been considered 

as the largest endocrine organ (Fischer-Posovszky, Wabitsch, & Hochberg, 2007; Ibrahim, 

2009; Vernon & Houseknecht, 2000). Therefore, the present doctoral project focused on the 

intramuscular, intermuscular, subcutaneous as well as perineal (around the kidneys) and 

pericardial AT.  

1.4.3. Bovine organ tissues and lipid metabolism 

In cattle, ambitions for high production are related to feeding increasing levels of 

concentrates containing high amounts of n-6 FA compared to roughage feed containing more 

n-3 than n-6 FA. According to the possible beneficial impact of n-3 FA on the animals’ lipid 

metabolism and tissue FA profiles, the effects of quantity and quality of dietary n-3 FA 
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supplementation have been widely studied in muscle and AT of cattle. Besides the interest in 

lipid production and consumption side in cattle, researchers also tried to investigate the impact 

on health status und immune competence by examining body measurements and blood as well 

as plasma parameters (Bragaglio et al., 2015; Hiller, 2014; Little et al., 2017). Regarding 

dietary effects on bovine organs, the liver playing a key role in lipid metabolism, has been the 

focus of studies. The liver fulfils central metabolic functions in lipid and lipoprotein 

metabolism including the circulation of non-esterified FA, synthesis of phospholipids and 

cholesterol and the formation and secretion of different classes of lipoproteins (Bauchart, 

Gruffat, & Durand, 1996). In ruminants, the liver takes up little TG from blood lipoproteins 

(Bell, 1979). Instead, the predominant supply of FA in the liver is with non-esterified FA from 

the AT (Emery, Liesman & Herdt, 1992). Gruffat et al. (2011) suggested that the regulation of 

liver FA metabolism could affect the FA deposition into ruminal lipids of product tissues. 

Bovine liver of mature cattle was reported to contain between 3.3 – 6.2 % lipids (wet weight; 

Rouser, Simon, & Kritchevsky, 1969), of which about 37 % were phospholipids (Menzel & 

Olcott, 1964). While the effects of dietary PUFA on product tissues have been related with 

liver metabolism, the role of other organs in the lipid metabolism are far less understood. For 

this reason, the present project included FA profile analyses of the heart, liver, kidney, lung 

and spleen. The key roles of kidneys are eliminating waste products as well as electrolyte and 

water homeostasis. Lipids in bovine kidneys comprise 13.7 % of dry weight and 79.9 % of the 

total lipids are phospholipids (Carter & Hirschberg, 1968). Phospholipids are characterised as 

functional compared to neutral lipids with storage function. Judging by the high percentage, 

the composition of phospholipids seems to be relevant for the correct functioning of kidneys. 

The heart is the four-chambered organ that pumps blood through the body supplying fresh 

oxygen and nutrients to the cells and takes waste products to the kidney. The deoxygenated 

blood is pumped from the heart to the lungs where carbon dioxide is replaced with fresh 

oxygen. Therefore, the heart is the functional core of the circulatory system. Most of the energy 

needed to pump the blood through the body is derived from lipids, which comprise between 

8.7 (Poukka, 1966) and 22.8 % (Kochen, Marinetti, & Stotz, 1960) of DM. In the heart, lipids 

are absorbed from plasma and stored for oxidation within in the cardiac cells. Cardiac TG have 

been found to contain similar amounts of unsaturated FA as the liver (Kinsella & Butler, 1970; 

Schmid & Takahashi, 1968) but more than most other organs (Christie, 1978).  

Bovine lung tissue is composed of 3.2 % lipids (wet weight) of which 38 % are 

phospholipids (Baxter, Rouser, & Simon, 1969). Lipids are not only important components of 

lung cell membranes, the alveolar cells also secrete phospholipids together with proteins and 
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form pulmonary surfactant, which reduce the surface tension and prevent alveolar cell collapse 

(Pattle, 1955; Pattle & Thomas, 1961; Tierney, 1974). The spleen can be described as an 

immune organ consisting of two compartments, the red and the white pulp, which are divided 

by the marginal zone. The white pulp is excluded from the bloodstream and accumulates a 

large number of lymphocytes (a subtype of white blood cells and include natural killer cells, 

T- and B-cells), which can initiate an adaptive immune response. The blood-containing red 

pulp removes cell deposits, pathogens and old red blood cells (blood filter) while it holds a 

blood reserve and produces antibodies at the same time (reviewed in Mebius & Kraal, 2005). 

Bovine splenic lipids comprise 5.1 % of wet weight, of which 25 % are phospholipids (Rouser, 

Simon & Kritschevsky, 1969). From the consumer point of view, organ tissues, especially liver 

and kidney, already play an important role in processed food products with regard to mineral 

supply (Umaraw et al., 2015) and could be even more interesting with n-3 FA enhanced FA 

profiles. The consumption of non-carcass components, for instance heart, liver and kidney was 

very common in former times and as well in many countries. Some examples of edible by-

products are Paté (liver, all countries), Pani ca meusa (bread stuffed with chopped veal spleen 

and lung, Italy), cooked and diced heart (South America) or the well-known blood sausage 

(made with blood from pig, duck, cow, sheep, or goat) (Toldrá et al., 2012). Therefore, the 

present project investigate the effect of rumen-protected dietary n-3 and n-6 FA supply on the 

FA composition of five organs in cattle in addition to muscle and AT. 

1.5. The FA composition of meat and the effect on meat quality and sensory 
perception 

Lipids in ruminant meat are long known to be more saturated than those of non-

ruminants due to the biohydrogenation process in the rumen (Banks & Hilditch, 1931). The 

composition of FA in meat affect meat quality properties such as tissue firmness (hardness), 

shelf life (lipid oxidation) and flavour (Hocquette et al., 2010). It has been confirmed that the 

composition of muscle lipids can be altered depending on the source of n-3 FA in the diet 

(Ebrahimi et al., 2018; Vatansever et al., 2000; Wood et al., 2003). Increasing the proportions 

of n-3 FA in meat have been found to lead to increased FA oxidation post mortem, which can 

have further adverse effects on meat colour and shelf life (Wood et al., 2003). During cooking, 

the FA in meat together with other volatile compounds can be oxidised and form oxidation 

products that affect meat flavour significantly. The PUFA are particularly important in this 

process and early research showed that dietary fat composition influences meat quality and 
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sensory perception by the alteration of the intramuscular adipose tissue profile (Campo et al., 

2006; Larick et al., 1987; Najafi et al., 2012). 

Researchers investigated strategies to increase the n-3 FA in adipose and muscle tissue 

of cattle by feeding different sources of n-3 FA, with grass feeding, linseed supplementation 

or the use of fish oil (Elmore et al., 1999; Ponnampalam, Mann, & Sinclair, 2006; Vatansever 

et al., 2000; Wood et al., 2003; Zymon & Strzetelski, 2007). While there have been attempts 

to protect the highly unsaturated FA from fish oil, EPA and DHA, from ruminal 

biohydrogenation, a satisfactory solution seems to have been found. In addition to the 

production of more nutritional valuable and at the same time flavour unimpaired food products 

by increasing n-3 FA in animal tissues, the partitioning of dietary n-3 FA in tissues of cattle 

are further of interest regarding possible anti-inflammatory immune responses that are 

advantageous in maintaining or promoting health.  
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Outline of the doctoral thesis 
 
 

The present doctoral thesis aims at investigating the partitioning of dietary n-3 and n-6 

fatty acids (FA) in different tissues of cattle, related to lipid metabolism and immunological 

functions. The role of n-3 and n-6 FA in livestock diets are also of interest in respect of the FA 

composition of animal-derived foods. Due to the rumen microbes in ruminants, 

polyunsaturated FA (PUFA) are hydrogenated in the rumen and mainly monounsaturated and 

saturated FA reach the small intestine. Different methods have been developed to protect PUFA 

from rumen biohydrogenation in order to reach ruminant tissues. However, results of studies 

using similar techniques and lipid sources on tissue lipid composition were inconsistent. 

Therefore, new technologies are continually being investigated. Effects of lipid 

supplementation on FA compositions of a few specific tissues, related to food quality or lipid 

metabolism, have been the main focus of analyses. The use of fish oil as source of n-3 FA has 

been stated to be not sustainable for the future. Hence, the cultivation and use of microalgae as 

feed and food supplements are investigated. However, studies on ruminal biohydrogenation of 

microalgae-derived PUFA have been inconsistent. The aim of this project was to explore the 

partitioning of biologically active n-3 and n-6 FA in different bovine tissues and the 

contribution to fundamental research as well as the degree of degradation of three different 

microalgae species in the rumen and the escape of n-3 FA from ruminal biohydrogenation. 
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Therefore, the following research questions were investigated: 

 

I. The transfer of rumen-protected FA from diet to tissues 

Are n-3 FA, derived from fish oil, efficiently incorporated when applying novel rumen-

protection technology that provides 50-60 % resistance to ruminal biohydrogenation, 

compared to n-6 FA derived from sunflower oil (focus of interest in all chapters)? 

 

II. Partitioning of rumen-protected n-3 and n-6 FA in different bovine tissues 

How is the distribution of rumen-protected n-3 and n-6 FA affected by dietary supply 

and the type of tissue? 

a. In different muscles related to different muscle metabolism (chapter 2) 

b. In pericardial, intermuscular, perirenal and subcutaneous adipose tissue 

 (chapter 3) 

c. In organs involved in metabolic homeostasis and the immunological response 

 (chapter 4) 

 

III. Effects on meat quality and sensory quality of food products 

What is the impact of feeding rumen-protected fish oil compared to sunflower oil on 

meat quality and sensory quality in beef and beef patties (chapter 5)?  

 

IV. Susceptibility of different microalgal species to ruminal biohydrogenation 

a. Are n-3 FA in microalgae partially protected from ruminal biohydrogenation 

and are therefore preserved better than when incubating fish oil? 

b. Does the extent to which ruminal biohydrogenation affects n-3 FA in 

microalgae depend on the respective, most prevalent n-3 FA? 

 

For the project, 33 Angus heifers were supplemented with rumen-protected oils characterized 

either by LA, prevalent in sunflower oil (SO) or by EPA and DHA, both prevalent in fish oil 

(FO), to ensure a substantial metabolic supply of either n-3 or n-6 FA by avoiding ruminal 

biohydrogenation. The diets of heifers contained 60 g fat/kg dry matter. The FA profiles of 

several bovine tissues were investigated. 
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CHAPTER 2 

 

 

Differential Partitioning of Rumen-Protected n-3 and n-6 Fatty Acids into 

Muscles with Different Metabolism 
 

 

This chapter is based on Christina Wolf, Susanne E. Ulbrich, Michael Kreuzer, Joël Bérard, 

Katrin Giller. 

 

Meat Science, 137:106-113, 2018. 
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A B S T R A C T 

Bioavailability of polyunsaturated fatty acids (PUFA) in ruminants is enhanced by their 

protection from ruminal biohydrogenation. Both n-3 and n-6 PUFA fulfil important 

physiological functions. We investigated potentially different incorporation patterns of these 

functional PUFA into three beef muscles with different activity characteristics. We 

supplemented 33 Angus heifers with rumen-protected oils characterized either by mainly 18:2 

n-6 (linoleic acid (LA) in sunflower oil) or by 20:5 (eicosapentaenoic acid (EPA)) and 22:6 

(docosahexaenoic acid (DHA)), both prevalent n-3 PUFA in fish oil. Contents and proportions 

of n-3 and n-6 PUFA of total fatty acids were elevated in the muscles of the respective diet 

group but they were partitioned differently into the muscles. For EPA and DHA, but not for 

LA, the diet effect was more distinct in the extensor carpi radialis compared to longissimus 

thoracis and biceps femoris. Partitioning of PUFA in metabolism could be related to muscle 

function. This has to be confirmed in other muscles, adipose tissues and organs. 

 

2.1. Introduction 

Long-chain polyunsaturated fatty acids (PUFA; C18 to C22) are key compounds in the 

metabolisms of mammals including livestock and humans. Depending on the location of the 

double bond in the carbon atom chain, PUFA are classified as n-3, n‒6 and n-9 PUFA. Among 

them, α-linolenic acid (ALA; 18:3 n-3) and linoleic acid (LA; 18:2 n-6) are essential fatty acids 

(FA). The PUFA are utilised as substrates for phospholipids and as precursors of eicosanoids 

and serve for storage of energy (Lunn & Theobald, 2006). Highly unsaturated FA like 

eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3), play a 

specific role in prevention and therapy of certain human diseases of physiological or 

neurological origin (Das, 2006). An adequate intake of n-3 and n-6 PUFA is beneficial to 

maintain health and may enhance cognitive function (Das, 2008). However, a dietary increase 

of n-3 PUFA alone does not guarantee health benefits, as n-6 PUFA have to be concomitantly 

decreased (Lands, 2014), because both PUFA groups compete as substrates for the same 

enzymes, e.g. in the production of immuno-active eicosanoids (Bibus & Lands, 2015). Bovine 

meat lipids generally contain low levels of PUFA and lipids mainly consist of saturated FA 

(SFA) and monounsaturated FA (MUFA) (Hornstein, Crowe, & Heimberg, 1961). The FA 

profile can be improved by dietary supplementation with n-3 PUFA, e.g. with linseed oil or fish 

oil (Wood et al., 1996; Enser, Scollan, Choi, Kurt, Hallett, & Wood, 1999; Scollan, Choi, Kurt, 
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Fisher, Enser, & Wood, 2001). However, to achieve an efficient transfer to body tissues the 

PUFA have to be at least partly rumen-protected. This has been shown in a number of studies 

but, to the knowledge of the authors, it has not yet been investigated if the level of PUFA 

incorporation is dependent on the muscle type. If this was the case, meat cuts would differ in 

their PUFA characteristics.  

The best-studied muscle in cattle and other livestock species is the longissimus thoracis 

et lumborum (LTL) followed by the biceps femoris (BF). The LTL is characterised as a muscle 

to maintain posture while the BF is considered as a muscle supporting motion, which makes 

them distinguishable by their physicochemical properties. Accordingly, the BF muscle has a 

greater pH and water holding capacity but, at the same time, also greater cooking loss and shear 

force than the LTL muscle (Rusman, Soeparno, Setiyono, & Suzuki, 2003). Gangnat, Leiber, 

Dufey, Silacci, Kreuzer, & Berard (2016) found almost half as many type I fibres but about 

one-third more IIa and IIb/x fibres in the longissimus thoracis (LT) compared to the BF. In 

addition, the BF but not the LT of calves kept on steep high altitude pasture and thus exposed 

to strenuous exercise had a greater tenderness whereas the LT but not the BF had a different 

colour profile compared to calves kept on flat alpine pasture (Gangnat et al., 2016). However, 

most studies still investigate one muscle only assuming that effects are similar across muscles. 

Looking at different sites of the body, muscles are further differentiated according to their 

function. Some have a small glycolytic capacity, which affects muscle metabolism. Such 

muscles are often associated with a small prevalence of type IIb/x fibres (Choi, Ryu, & Kim, 

2007), fibres which are considered to be characteristic for muscles with small activity (Shen et 

al., 2015). One example for a highly active muscle seems to be the extensor carpi radialis 

(ECR), which in beef cattle appears to possess a smaller glycolytic potential than the LTL and 

the BF (own unpublished research). The ECR is the largest of the craniolateral muscle group of 

the forelimb (thoracic limb) (Colville & Bassert, 2015). It helps carrying the whole body weight 

and is involved in intense and strenuous movements (Dunne, Rogalski, Moreno, Monahan, 

French, & Moloney, 2008). There are only few studies in muscle physiology and meat research 

including the ECR. According to Dunne et al. (2008), there are indications of metabolic 

differences due to differences in physiology and quality parameters between ECR and LTL 

given by differences in pH and redness of the meat of steers. Also in pigs, characteristic features 

of the ECR were found, exhibited by a smaller intramuscular-lipid-to-moisture ratio in the ECR 

compared to the LTL (Lawrie, Pomeroy, & Cuthbertson, 2009). 

Considering these differences in physiology and energetic demand between muscles, it 

can be assumed that there are differences in the lipid composition and metabolism of the muscle 
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fibres. Lipids in the muscle are mostly functionally active, especially in the cell membrane, but 

in case of greater deposition rate, they can be mobilized as energy source through the β-

oxidation. This phenomenon is well described in Wagyu cattle (Motoyama, Sasaki, & 

Watanabe, 2016). It is known that functional lipids (often phospholipids) are clearly richer in 

PUFA than storage lipids at cost of SFA and MUFA (Willems, Kreuzer, & Leiber, 2013). This 

shows that the lipid content as such already affects the FA profile of the muscle. Further 

differences may occur owing to the different function of the muscles, which might affect for 

instance the capacity for fat storage and their ability to cope with anaerobic energy metabolism 

(Aalhus, Robertson, & Ye, 2009). It is yet unclear, which type of PUFA, n-3 or n-6, is 

particularly required for muscles differing in physiology, lipid content and proportion of 

functional lipids. 

The following hypotheses were tested in an experiment with growing beef heifers. (i) 

Muscles differ in content and proportion of n-3 and n-6 PUFA; (ii) the muscles partition dietary 

n-3 and n-6 PUFA to a different extent into their lipids. A dietary treatment was applied to test 

these hypotheses, consisting of rumen-protected oils provided in a substantial amount and either 

characterized by n-6 PUFA or n-3 PUFA through sunflower oil and fish oil, respectively. The 

procedure ensured a maximum transfer of the target PUFA. The muscles selected for this 

comparison were LT, BF and ECR. 

2.2. Animals, materials and methods 

2.2.1. Animals and diet  

All procedures involving animals were approved by the Committee for Animal Care 

and Use of the canton Zug (approval no. ZG64/14 and ZG71/15). A total of 33 Angus heifers 

were purchased from different farms for two separate runs, one in June 2014 (18 heifers; on 

average 336 ± 22 kg body weight and 19 ± 5.1 months of age) and one in March 2015 (15 

heifers; 359 ± 49 kg and 15 ± 2.4 months of age). The experiment was performed at the ETH 

research station Chamau (Zug, central Switzerland). After arrival, the animals were fed the 

same straw-based diet for 12 weeks with successively increasing supplementation and were 

experimentally supplemented for another 8 weeks with different rumen-protected oil sources 

until slaughter. The basal diet was composed (g/kg dry matter (DM)) of barley straw, 561; 

soybean meal, 144; wheat, 97; sugar beet molasses, 96; second cut grass hay, 80; β-carotene, 

13; commercial mineral mix, 6; sodium chloride, 3. The amount of DM offered was 6.6 kg/day. 

For the 8-week experimental period, the animals were allocated to two groups (nine and nine 
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animals in 2014, eight and seven animals in 2015) in a fully randomized design aiming for 

similar average body weight and age in the two groups. The groups were supplemented either 

with rumen-protected n-3-rich fish oil or with n-6-rich sunflower oil. For this, the basal diet 

was supplemented with 0.45 kg/day of the oil products in the experimental period, which 

accounted for 60 g/kg total diet DM and resulted in a total DM on offer of approximately 7 

kg/day. The level of 60 g fat/kg of total DM had been used before in ruminant nutrition studies 

with protected and unprotected fish oil (Cooper, Sinclair, Wilkinson, Hallett, Enser & Wood, 

2004; Elmore et al., 2005). Rumen-protection of both oils had been achieved by mixing the 

experimental oils with hydrogenated rapeseed oil with a melting point of 67 °C, thus 

substantially reducing its accessibility to rumen microbes (industrial process applied by Erbo 

Spraytec AG, Bützberg, Switzerland). The products were brought into powder form through 

spray chilling by the producer. Accordingly, the rumen-protected oil sources consisted, apart 

from the respective oils, also of lipids from hydrogenated rapeseed oil. As this was the same 

for both supplements, and because the focus was on key n-3 and n-6 PUFA rather than on 

distinct oils, this was not relevant for the present study. 

The animals were weighed at arrival, after the 12 weeks of pre-experimental period and 

at the end of the experiment using a cattle balance. During the 8 weeks of the main experiment, 

the heifers were kept in a free-stall barn with lying, feeding and running area. The feeding gate 

was equipped with a gridlock where the animals were fixed during the meals. Wooden barriers 

separated the troughs between animals. With this arrangement, it was possible to allocate the 

feed individually. In addition, it was controlled that each animal completely consumed its daily 

ration every day during the 8 weeks. The daily ration was provided in three equal portions at 

8.00 a.m., 11.00 a.m. and 4.00 p.m. 

2.2.2. Slaughter and sampling  

Within each run, three animals per treatment were slaughtered at three dates each 

(except for the last slaughter date of the second run, when two animals were slaughter for one 

treatment and one animal for the other). After being fasted overnight, the animals were 

transported for about 1 h from the research station to the abattoir of the University of Zurich 

(Zurich, Switzerland). There, the animals were kept in a group and slaughtered in a random 

order (every 45 min). Animals were stunned using a captive bolt gun. They were hung on their 

rear leg and killed by exsanguination via throat cut. Three muscles, the LT, (from the ninth to 

the thirteenth rib), the BF (from 4 to 12 cm from proximal to distal part of the muscle) and the 

ECR (proximal part of the tibia, distal from the knee joint), were sampled from the left half of 
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the carcass after slaughter. Intermuscular fat and connective tissue were removed from all three 

muscles and samples were weighed. From each muscle, a 1-cm thick slice was obtained and 

stored on ice (0 - 4°C) until arrival at the laboratory. Then, samples were homogenised in a 

household blender (Moulinette type DP-700, Moulinex, Ecully, France) for 15 s, vacuum 

packaged and stored at -20°C until being analysed.  

2.2.3. Chemical composition of feeds and meat 

Aliquots of the diets were oven-dried at 60°C for 24 h and ground to 0.75 mm. Diets, 

supplements (already in powder form) and meat samples were analysed according to standard 

procedures (AOAC, 1997) for DM and ash (AOAC index no. 942.05; TGA-701, Leco 

Corporation, St. Joseph, Michigan, USA). Nitrogen was determined by a C/N analyser (AOAC 

index no. 968.06; type TruMac CN, Leco, Kirchheim, Germany) and calculated as 6.25 × 

nitrogen for crude protein. Ether extract was determined by Soxhlet extraction using petrol ether 

as solvent (AOAC index no. 963.15: Soxhlet extractor B-811, Büchi, Switzerland).  

2.2.4. Fatty acid analysis in feeds and meat  

Fatty acids in the lipids of the diets, the rumen-protected oils and the muscle tissues 

were analysed as described by Willems, Kreuzer, & Leiber (2014). Briefly, from the diets and 

supplements, lipids were extracted with hexane:isopropanol (HIP) in a ratio of 3:2 (vol/vol) 

using an accelerated solvent extractor (ASE 200, Dionex Corporation, Sunnyvale, CA, USA). 

Lipid extracts were evaporated under nitrogen at 50°C until being almost dry. Then, 2 ml of 

internal standard (C11:0 triglyceride (Fluka Chemie, Buchs, Switzerland)) was added and 

evaporated again under same conditions as before. The internal standard and HIP (2 and 15 ml) 

were added to 250 mg of homogenized meat samples. The mixture was dispersed (Polytron® 

model PT 6000, Kinematica AG, Luzern, Switzerland), allowed to stand for 1 h, then vortexed, 

and centrifuged (6 min at 3’000 g). The hexane phase was evaporated under nitrogen at 50°C. 

Residuals of FA were concentrated by flushing with dichloromethane followed by evaporation. 

Methylation of extracts to FA methyl esters (FAME) was performed in two steps: by 

adding 2 ml methanolic NaOH, boiling for 3 min and adding 3 ml BF3, boiling for 4 min, 

according to IUPAC (1987). The reaction was stopped with 7 ml NaCl, and 4 ml hexane was 

added, followed by vortexing and centrifugation. Then the hexane layer was transferred into 

GC vials. The FAME were separated on a gas chromatograph (HP 6890, Agilent Technologies, 

Inc., Wilmington, PA, USA) using a CP7421 column (wall-coated open tubular fused silica 200 
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m × 0.25mm; Varian Inc., Lake Forest, CA 92630-8810, USA) for cis- and trans-isomers. The 

extracts were injected at an amount of 1 µl and with a split ratio of 1:20. Hydrogen, used as a 

carrier gas, was provided with a flow rate of 1.7 ml/min. The initial oven temperature was 170 

°C for 60 min. Then, the following temperature program was used: increase by 5 °C/min up to 

230 °C; isotherm at 230 °C for 32 min; increase by 5 °C/min up to 250 °C; isotherm at 230 °C 

for 15 min. The detector temperature was 270 °C. Peaks were identified by comparing 

chromatograms with those of a 37-component FAME standard (Sigma-Aldrich, 1996). The 

quantification of the FAME from the chromatograms was done by integrating the peak areas 

with the HP ChemStation® software (Agilent, Palo Alto, CA, USA). Proportions were 

expressed as percentages of the total area of injected FAME. For the quantification of FA 

chromatograms 40, 60 and 100 mg of sunflower oil and lard were analysed as references to 

produce a standard curve for feed and meat samples, respectively. The standard curve was 

created by the response factors for each portion of references. The response factor (average) 

was calculated as product of weight of C11:0 relative to portion of reference and the sum of 

peak areas relative to the area of C11:0. Total FA (mg) were calculated as product of sum of 

peak areas, weight of C11:0 relative to sample weight and the calculated response factor. The 

FA profile was calculated by relating the individual FA (FAME) to the sum of all FA (FAME) 

detected. The absolute contents of FA in the diets were computed by multiplying these 

proportions with the content of ether extract. 

2.2.5. Statistical analysis  

Data were analysed by version 9.3 of SAS (SAS Institute Inc., Cary, NC). Data were 

subjected to analysis of variance using the Mixed procedure. The model included diet, muscle 

type and the respective interaction as fixed effects and slaughter date as random effect. The 

Tukey-Kramer method was applied for multiple comparisons among means. Effects at P < 0.05 

were considered statistically significant. The tables display least square means, standard errors 

of means (SEM) and P-values. 
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2.3. Results 

2.3.1. Composition of the feeds as well as intake and performance of the heifers 

Both diets were similar in nutrient composition with slightly greater contents of ether 

extract in the sunflower oil diet (Table 2). The FA profiles of diets were similar except for the 

respective key FA of the two rumen-protected oil sources, namely 20:5 n-3 and 22:6 n-3 for the 

fish oil (15 and 33 times greater than in the sunflower oil diet, respectively) and 18:2 n-6 for 

the sunflower oil (three times greater than in the fish oil diet), which are also displayed in Table 

2. Accordingly, the n-6/n-3 FA ratio was 8.5 times greater in the sunflower oil diet than in the 

fish oil diet. There was no difference in DM intake, also due to the restricted feeding system 

applied, but the small analytical differences in the contents of ether extract at almost identical 

DM intake resulted in significant differences in ether extract intake (Table 3). The intakes of 

the total and key n-3 and n-6 FA differed largely (P < 0.001). The heifers fed with the n-3 diet 

and those fed with the n-6 diet did not differ in average daily gains (464 vs. 470 g) and feed 

conversion efficiency (62 vs. 63 g gain/kg feed DM). 
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Table 2 Proximate composition and proportions of fatty acids of the supplements rumen-
protected in mixture with hydrogenated rapeseed oil (n=1) and of the diets (n=3; mean of 
pooled diet samples; means ± standard deviation). 

1Only fatty acids making up more than 0.2 g/100 g are displayed, all others were considered 
as traces. 
  

 Complete diets  Pure supplement 
Oil type Fish oil Sunflower oil  Fish oil Sunflower oil 
Nutrients (g/kg dry matter)   
Organic matter 866 859  994 992 
Crude protein 94 104  traces traces 
Neutral detergent fibre 591 570  ‒ ‒ 
Ether extract 63  75  950 948 
Fatty acids (FA; g/100 g total analysed fatty acids)1   
12:0 0.54 ± 0.03 0.51 ± 0.03  0.81 0.78 
14:0 0.63 ± 0.01 0.45 ± 0.02  0.63 0.41 
16:0 8.76 ± 0.11 8.75 ± 0.12  8.21 8.51 
16:1 0.38 ± 0.06 0.07 ± 0.01  0.60 0.03 
17:0 0.17 ± 0.01 0.13 ± 0.01  0.17 0.11 
18:0 60.1   ± 1.1 58.4   ± 1.2  58.1 55.4 
18:1 n-9 (OA) 4.23 ± 0.40 7.68 ± 0.18  2.98 9.72 
c11-18:1 0.64 ± 0.06 0.32 ± 0.02  0.89 0.32 
t10-18:1 0.62 ± 0.01 0.60 ± 0.02  1.48 1.10 
t11-18:1 0.23 ± 0.00 0.23 ± 0.01  0 0.32 
t12-18:1 0.30 ± 0.03 0.20 ± 0.02  2.04 1.10 
t13-18:1 0.17 ± 0.00 0.17 ± 0.00  0.21 0.20 
t14-15-18:1 0.31 ± 0.01 0.29 ± 0.01  0.42 0.35 
c9,12-18:2 (LA) 5.07 ± 1.24 14.9   ± 0.9  0.38 18.2 
t10,c12-18:2 0.29 ± 0.05 0.00 ± 0.00  0.56 0.03 
18:3 n-3 (ALA) 3.94 ± 0.95 3.75 ± 1.19  0.19 0.11 
20:0 1.40 ± 0.03 1.31 ± 0.05  1.30 1.18 
20:1 n-9 0.30 ± 0.04 0.07 ± 0.01  0.48 0.06 
20:4 n-3 0.26 ± 0.04 0.02 ± 0.01  0.49 0.02 
20:4 n-6 (AA) 0.27 ± 0.05 0.01 ± 0.00   0.52 0 
20:5 n-3 (EPA) 4.75 ± 0.79 0.14 ± 0.03  9.06 0.02 
22:0 0.55 ± 0.04 0.60 ± 0.03  0.37 0.50 
22:1 n-9 0.19 ± 0.03 0.02 ± 0.00  0.35 0.03 
22:4 n-3 0.26 ± 0.04 0.00 ± 0.01  0.47 0 
22:5 n-3 0.74 ± 0.14 0.05 ± 0.02  1.28 0 
22:6 n-3 (DHA) 2.98 ± 0.50 0.09 ± 0.02  5.22 0.01 
24:0 0.33 ± 0.01 0.33 ± 0.01  0.21 0.25 
∑ SFA 72.8   ± 1.3 70.8   ± 1.5  70.2 67.4  
∑ MUFA 8.04 ± 0.24 10.1   ± 0.3  10.8 14.0  
∑ PUFA 19.1   ± 1.4 19.2   ± 1.2  19.0 18.5 
∑ n-3 FA 13.0   ± 2.3 4.1   ± 1.1  16.9 0.2  
∑ n-6 FA 5.7   ± 1.1 15.1   ± 1.0  1.4 18.3  
n-6/n-3 FA ratio 0.46 ± 0.16 3.91 ± 0.97  0.18 100.32 
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Table 3 Daily intake of the heifers. 
Oil type Fish Sunflower   SEM P-values 
Dry matter (kg) 6.91 6.92  0.034 0.871 
Ether extract (g) 465.9 558.8  2.58 <0.001 
Total n−3 fatty acids (g) 52.5 19.7  0.17 <0.001 
20:5 n-3 (g) 19.2 0.7  0.05 <0.001 
22:6 n-3 (g) 12.0 0.4  0.03 <0.001 
Total n-6 fatty acids (g) 22.7 72.9  0.27 <0.001 
18:2 n-6 cis (g) 20.5 72.3  0.26 <0.001 

2.3.2. Fatty acid contents of the muscles 

Across all muscles, the total FA content was not affected by the oil type. The muscles 

were richer (P < 0.001) in n-3 PUFA in the heifers of the fish oil group than in those from the 

sunflower oil group (118 vs. 88 mg/100 g muscle) (Table 4). In turn, the muscles from the 

sunflower oil fed heifers contained more (P < 0.01) n-6 PUFA than the muscles from the fish 

oil fed heifers (176 vs. 157 mg/100 g). General diet effects were also found for the three PUFA 

that the diets contained in different amounts, and, in addition, in a number of PUFA > C18. The 

latter were the n-3 PUFA 20:3, 20:4 and 22:5 as well as the n-6 PUFA 20:2, 20:3, 20:4 and 

22:5. The diet effects on these PUFA in the muscles were in a similar direction for either all n-

3 or all n-6 PUFA. The n-6/n-3 ratio was 35% smaller (P < 0.001) across muscles in the fish 

oil group than in the sunflower oil group.  

Concerning the muscles, the LT and BF contained similar amounts of total FA whereas 

the total FA content was clearly smaller (P < 0.001) in the ECR (Table 4). Accordingly, the 

contents of all FA and groups of FA were significantly different among muscles with mostly 

the ECR having smaller contents. An exception were total PUFA contents, which were similar 

in LT and ECR but greater (P < 0.001) in BF. For total n-3 and n-6 PUFA, the average contents 

(mg/100 g) were 131, 98 and 82 as well as 221, 144 and 134 for BF, LT and ECR, respectively. 

The lack of clearer differences in contents between LT and ECR, despite large differences in 

total FA content, was also noted in a number of individual PUFA, among them the three FA 

differing in dietary supply between oils (20:5 n-3, 22:6 n-3 and 18:2 n-6). The n-6/n-3 ratio was 

greater (P < 0.05) in the BF compared to the LT while the ECR took an intermediate position. 

We found some interactions between oil type and muscle in the contents of n-3 FA but none in 

n-6 FA, n-6/n-3 ratio, groups of FA, and total FA content (Table 4). Among the n-3 PUFA, 

interactions (P < 0.05) occurred in 20:3, 20:5 and 22:6, which were caused by the different 

extents to which the fish oil diet elevated the contents of these FA in the individual muscles 

(least in ECR).
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Table 4 Content of selected fatty acids and groups of fatty acids in the three muscles (mg/100 g).  
Muscle Longissimus thoracis  Biceps femoris  Extensor carpi radialis  P-values 
Oil type Fish Sunflower  Fish Sunflower   Fish Sunflower SEM Oil Muscle Oil × muscle 
Total fatty acids 1919a 1646a  2682a 1936a  296b 412b 442.4 0.448 <0.001 0.659 
Selected n-3 fatty acids            
18:2 9.60a 8.52a  11.3a 10.2a  2.58b 2.45b 2.403 0.357 <0.001 0.858 
18:3 (ALA) 35.9ab 33.0b  42.1a 39.3ab  19.1c 19.4c 3.94 0.285 <0.001 0.665 
20:3  4.49a 1.11bc  5.77a 1.11bc  2.72b 0.90c 0.571 <0.001 <0.001 0.003 
20:4 9.30b 4.05c  12.6a 5.43c  8.96b 3.81c 0.850 <0.001 <0.001 0.174 
20:5 (EPA) 26.4c 15.9e  43.9a 24.6cd  33.5b 19.2de 2.26 <0.001 <0.001 0.022 
22:5 (DPA) 16.9c 18.3bc  22.4ab 24.3a  16.2c 20.2abc 1.44 0.005 <0.001 0.406 
22:6 (DHA) 9.18b 3.26c  14.0a 5.07c  10.4b 3.84c 0.706 <0.001 <0.001 0.009 
Selected n-6 fatty acids            
18:2 trans 8.51a 7.39a  8.29a 7.99a  1.53b 1.74b 0.947 0.468 <0.001 0.600 
18:2 cis (LA) 88.1b 95.5b  130a 149a  74.4b 88.5b 7.66 0.003 <0.001 0.574 
18:3 2.12a 2.25a  2.36a 2.54a  0.74b 1.05b 0.320 0.333 <0.001 0.936 
20:2 1.87ab 1.37bc  2.44a 2.25a  1.39bc 0.89c 0.251 0.007 <0.001 0.577 
20:3 7.63d 8.57cd  11.4b 13.8a  7.99cd 9.85bc 0.691 <0.001 <0.001 0.287 
20:4 (AA) 26.8c 30.2c  47.6a 52.8a  34.6bc 38.8b 2.77 0.010 <0.001 0.893 
22:4 1.85b 1.74b  4.08a 3.54a  2.12b 1.99b 0.274 0.108 <0.001 0.457 
22:5  1.42ab 1.76a  1.60ab 1.86a  1.08b 1.70a 0.201 0.001 0.054 0.395 
Σ SFA 1526a 1383a  1565a 1435a  377b 420b 152.3 0.388 <0.001 0.622 
Σ MUFA 1184a 1115a  1425a 1312a  354b 401b 140.0 0.573 <0.001 0.697 
Σ PUFA 268b 250b  382a 365a  224b 222b 19.0 0.256 <0.001 0.786 
Σ n-3 112b 84.0cd  152a 110b  93.4bc 69.7d 9.02 <0.001 <0.001 0.207 
Σ n-6 138b 149b  208a 234a  124b 145b 20.9 0.006 <0.001 0.633 
n-6/n-3 FA ratio 1.23c 1.80b  1.37c 2.17a  1.32c 2.06ab 0.121 <0.001 0.011 0.396 
Within a row, least squares means without a common superscript differ (P < 0.05).
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2.3.3. Fatty acid profile of the intramuscular lipids 

When calculating the FA as proportion of total FA, only few FA and groups of FA were 

affected by oil type. There was no oil type effect on individual and total saturated FA and in the 

MUFA, except 18:1 cis-14 and MUFA > C18, both minor as FA or group of FA ( 

Table 5). Different from that, a number of PUFA were affected by oil type including a 

shift (P < 0.05) from proportionately less 18 PUFA to more PUFA > 18 when exchanging the 

sunflower oil by the fish oil ( 

Table 6). Similarly, the proportion of total n-6 PUFA declined (P < 0.001) at the 

expense of total n-3 PUFA. Across muscles, exchanging sunflower oil by fish oil enhanced (P 

< 0.001) the proportions of 20:5 n-3 and 22:6 n-3 from 1.25 to 2.22 (+44%) and 0.25 to 0.69 

g/100 g total FA (+64%), respectively, and decreased (P < 0.001) 18:2 n-6 from 6.32 to 5.06 

g/100 g total FA (-20%). 

Despite balancing the large differences between muscles in total FA content when 

relating individual FA to total FA, the proportions of almost all individual FA differed between 

muscles. This is mainly explained by the different FA profile of the ECR compared to LT and 

BF. The ECR lipids were about twice as rich (P < 0.001) in PUFA ( 

Table 6) at the expense of MUFA and SFA ( 

Table 5). Within these groups of FA, there were only few individual FA, which had a 

proportion against this trend, namely several 18:1 isomers, 18:2-trans isomers and some minor 

PUFA > C18.  

There were significant interactions between oil type and muscle in the proportions of 

some individual FA in total FA (Tables 4 and 5). This was more pronounced in the n-3 

compared to the n-6 PUFA. Figure 1 illustrates how the exchange of fish oil by sunflower oil 

differentiated in the reduction of the proportions of 20:5 n-3 (proportionately by 0.40, 0.47 and 

0.43 of total; interaction P < 0.01) and of 22:6 n-3 (proportionately by 0.65, 0.65 and 0.62; 

interaction P < 0.001) in LT, BF and ECR, respectively. Because of these interactions likely 

also the interaction between oil type and muscle in the total n-3 FA approached significance (P 

= 0.059) ( 

Table 6). By contrast, there was no interaction in 18:2 n-6 (Figure 1). Other PUFA where 

interactions occurred (P < 0.05) were 20:2, 20:4 n-3 and 22:5 n-6 ( 

Table 6) and, among MUFA, 18:1 cis-10 ( 

Table 5).  
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Figure 3 Proportions of (a) 20:5 n-3 (EPA, eicosapentaenoic acid), (b) 22:6 n-3 (DHA, 
docosahexaenoic acid) and (c) 18:2 n-6 (LA, linoleic acid) in total fatty acids (FA) of the three 
muscles. Within variable, least square means without a common superscript differ (P < 0.05). 
Error bars indicate standard deviations. 
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Table 5 Proportions of selected saturated fatty acids (SFA) and monounsaturated FA (MUFA) as well as groups of fatty acids (g/100 g total fatty 
acids) in the three muscles of heifers fed either rumen-protected sunflower oil or fish oil. 

Muscle Longissimus thoracis  Biceps femoris  Extensor carpi radialis  P-values 
Oil type Fish Sunflower  Fish Sunflower  Fish Sunflower SEM Oil Muscle Oil × muscle 
14:0 2.65a 2.47a  2.55a 2.43a  1.32b 1.21b 0.178 0.184 <0.001 0.956 
16:0 24.3a 23.5a  21.6b 21.0b  16.7c 16.3c 0.56 0.067 <0.001 0.859 
18:0 18.9a 18.5a  16.3b 16.5b  13.1c 13.1c 0.59 0.945 <0.001 0.777 
∑ SFA ≤ 18 50.5a 49.6a  45.5b 45.4b  38.8c 38.3c 0.76 0.292 <0.001 0.739 
20:0 0.50ab 0.40ab  0.55a 0.56a  0.38b 0.40ab 0.060 0.937 <0.001 0.934 
∑ SFA > 18 0.50ab 0.49ab  0.55a 0.56a  0.38b 0.40ab 0.060 0.937 <0.001 0.934 
∑ SFA 51.0a 50.1a  46.0b 45.9b  39.1c 38.7c 0.76 0.287 <0.001 0.723 
c9-18:1 29.4ab 30.5a  30.1ab 30.5a  25.6c 26.9bc 1.24 0.185 <0.001 0.866 
c10-18:1 0.09ab 0.08b  0.08b 0.13a  0.05b 0.05b 0.016 0.108 <0.001 0.010 
c11-18:1 1.19c 1.19c  1.39b 1.34bc  1.85a 1.81a 0.061 0.439 <0.001 0.845 
c12-18:1 0.14 0.16  0.15 0.18  0.19 0.18 0.018 0.263 0.022 0.343 
c13-18:1 0.22 0.21  0.28 0.24  0.29 0.25 0.030 0.112 0.026 0.734 
c14-18:1 0.18ab 0.16bc  0.19a 0.18ab  0.16ab 0.12c 0.011 <0.001 <0.001 0.408 
c15-18:1 0.10 0.10  0.12 0.12  0.12 0.12 0.008 0.831 <0.001 0.967 
t6-8-18:1 0.16a 0.14ab  0.14ab 0.15a  0.10b 0.10b 0.015 0.567 <0.001 0.416 
t9-18:1 0.24 0.22  0.27 0.30  0.20 0.19 0.041 0.989 0.011 0.614 
t10-18:1 0.21ab 0.22ab  0.25a 0.25a  0.16b 0.16b 0.030 0.871 <0.001 0.970 
t11-18:1 2.14a 1.98a  2.19a 2.09a  1.20b 1.22b 0.151 0.363 <0.001 0.681 
t12-18:1 0.35ab 0.31abc  0.30abc 0.37a  0.22bc 0.20c 0.045 0.864 <0.001 0.174 
∑ MUFA ≤ 18 38.7abc 39.4ab  41.0a 41.0a  35.0c 35.8bc 1.40 0.557 <0.001 0.884 
20:1 0.12 0.11  0.13 0.11  0.11 0.08 0.024 0.168 0.376 0.818 
20:1 n-7 0.11abc 0.09c  0.14a 0.10bc  0.12ab 0.10bc 0.011 <0.001 0.010 0.688 
20:1 n-9 0.17a 0.13b  0.17a 0.13b  0.12b 0.11b 0.009 <0.001 <0.001 0.032 
22:1 n-9 0.06ab 0.04b  0.07ab 0.07ab  0.11a 0.12a 0.020 0.693 <0.001 0.722 
∑ MUFA > 18 0.46ab 0.37b  0.51a 0.41ab  0.47ab 0.41ab 0.037 <0.001 0.230 0.805 
∑ MUFA 39.2abc 39.8ab  41.6a 41.4a  35.5c 36.2bc 1.40 0.653 <0.001 0.874 
Within a row, least squares means without a common superscript differ (P < 0.05).
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Table 6 Proportions of polyunsaturated fatty acids (PUFA)1 and sums of these fatty acids (g/100 g total fatty acids) in the three muscles of heifers 
fed either rumen-protected sunflower oil or fish oil. 

Muscle Longissimus 
thoracis  Biceps femoris  

Extensor carpi 
radialis  P-values 

Oil type Fish Sunflower  Fish Sunflower  Fish Sunflower SEM Oil Muscle Oil × muscle 
t10,c12-18:2 0.28a 0.27a  0.25a 0.26a  0.16b 0.14b 0.014 0.233 <0.001 0.339 
c9,t11-18:2 0.34 0.34  0.41 0.39  0.30 0.30 0.042 0.879 0.005 0.915 
t11,c15-18:2  0.29 0.29  0.30 0.32  0.27 0.20 0.051 0.671 0.106 0.419 
18:3 n-6 0.08b 0.09ab  0.08b 0.09ab  0.08b 0.12a 0.011 0.002 0.062 0.369 
18:3 n-3 (ALA) 1.26b 1.29b  1.28b 1.29b  2.13a 2.13a 0.114 0.870 <0.001 0.974 
20:2 n-6 0.07b 0.06b  0.09b 0.11ab  0.17a 0.10ab 0.029 0.215 0.004 0.055 
20:3 n-6 0.27d 0.35cd  0.37cd 0.49c  0.88b 1.13a 0.066 <0.001 <0.001 0.197 
20:4 n-6 (AA) 0.93c 1.27bc  1.48bc 1.88b  3.77a 4.43a 0.285 0.006 <0.001 0.691 
20:3 n-3 0.18bc 0.04d  0.22b 0.03d  0.34a 0.10cd 0.033 <0.001 <0.001 0.131 
20:4 n-3 0.38bc 0.15c  0.46b 0.18c  1.12a 0.44b 0.088 <0.001 <0.001 <0.001 
22:4 n-6 0.07c 0.07c  0.13b 0.12b  0.24a 0.22a 0.016 0.376 <0.001 0.762 
22:5 n-6  0.05c 0.07c  0.06c 0.07c  0.12b 0.19a 0.015 <0.001 <0.001 0.004 
22:5 n-3 0.63c 0.76c  0.75c 0.85c  1.90b 2.35a 0.137 0.005 <0.001 0.132 
∑ n-3 FA 4.17c 3.28c  5.09c 3.70c  11.02a 7.96b 0.541 <0.001 <0.001 0.059 
∑ n-6 FA 4.81d 6.07cd  6.51cd 8.20c  13.47b 16.22a 0.887 <0.001 <0.001 0.512 
∑ 18 PUFA 5.60c 6.42bc  6.64bc 7.75b  11.32a 12.97a 0.671 0.003 <0.001 0.666 
∑ PUFA > 18 4.14b 3.64b  5.76b 4.89b  14.05a 12.07a 0.870 0.028 <0.001 0.449 
∑ PUFA total 9.69b 10.04b  12.36b 12.63b  25.32a 25.01a 1.464 0.903 <0.001 0.939 
Within a row, least squares means without a common superscript differ (P < 0.05). 
1Proportions of 18:2 n-6 (LA), 20:5 n-3 (EPA) and 22:6 n-3 (DHA) are displayed in Figure 1.
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2.4. Discussion 

The present study aimed at generating knowledge about the muscle-specific differences 

in the incorporation of n-3 and n-6 FA. In order to obtain a large differentiation, oils very 

different in the n-6/n-3 FA ratio were chosen and these oils were provided in a rumen-protected 

form to ensure a great transfer rate into muscle tissues.  

2.4.1. General efficiency of rumen-protected n-3 and n-6 fatty acid sources to 
modify contents and profiles of fatty acids in the muscle 

Protection of PUFA against ruminal biohydrogenation results in smaller ruminal losses 

of PUFA and, therefore, does enhance duodenal absorption in comparison to feeding an 

unprotected PUFA source to cattle (Jenkins & Bridges, 2007). Previous studies with ruminants 

have demonstrated that feeding ruminal protected long-chain PUFA by pre-treated fish oil 

successfully increased n-3 PUFA, like 20:5 n-3 (EPA) and 22:6 n-3 (DHA), in muscles of lambs 

(Kitessa, Gulati, Ashes, Scott, & Fleck, 2001) and cattle (Choi, Enser, Wood, & Scollan, 2000). 

The present study confirms these findings, as EPA and DHA were proportionally 1.8 times and 

2.8 times greater, respectively, in the muscle lipids of the fish oil fed compared to the sunflower 

oil fed cattle. Consistent with studies on lambs, which were fed fish meal or algae 

(Ponnampalam, Sinclair, Hosking, & Egan, 2002; Ponnampalam et al., 2015), we found no 

effect of the protected fish oil on 18:3 n-3 (ALA). In the present study, the key n-6 PUFA 18:2 

(LA), was proportionally 1.25 times greater in the muscle lipids of the sunflower oil fed 

compared to those of the fish oil fed heifers (control). Although unlikely due to the same mode 

of protection, this seems to indicate that EPA and DHA were more efficiently protected from 

ruminal biohydrogenation than LA; however, the fish oil diet contained proportionately more 

LA compared to the sunflower oil diet than in turn EPA and DHA, which were rare in the 

sunflower oil diet. In addition, across all muscles, the FA profiles showed similar and small 

proportions of major ruminal biohydrogenation products including rumenic acid (c9,t11-18:2) 

and vaccenic acid (t11-18:1) with 0.4 and 1.8 g/100 g total FA in the two groups, respectively. 

Further, stearic acid, the terminal product of biohydrogenation of PUFA, was the same in both 

diets for all three muscles and found in proportions comparable to that reported from studies 

where rumen-protected marine oils were supplemented (Kitessa et al., 2001; Dunne, Rogalski, 

Childs, Monahan, Kenny, & Moloney, 2011). These are indications for a large degree of rumen 

protection of the supplements used. The real transfer rates cannot be calculated from the present 

results, as this would have required a whole body analysis. However, the data give an indication 
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for a relative transfer efficiency by calculating the increase in proportion of n-3 and n-6 FA in 

the muscles relative to the proportionate increase in the diet. These calculations resulted in 

similar increases for the n-3 and n-6 FA, which were proportionately 0.42 and 0.47 of the 

increases in the diets, respectively.  

2.4.2. Differences between muscles in content and profile of fatty acids 

Supplementation effects on FA profiles have mainly been investigated in one muscle, 

the LTL (Cooper et al., 2004; Elmore et al., 2005; Ponnampalam et al., 2015) or in one muscle 

and one fat tissue (Choi et al., 2000; Kitessa et al., 2001; Scollan et al., 2001) but rarely in 

several muscles in parallel. In these rare cases, the studies focused on differences in lipid 

fractions (Hornstein et al., 1961) or on breed effects (Enser, Hallett, Hewett, Fursey, Wood, & 

Harrington, 1998; Rusman et al., 2003). Lee, Waller, Yilmaz, & Melton (2007) fed a rumen-

protected sunflower oil supplement to lambs and investigated FA profiles in two muscles, the 

LTL and the psoas major, but focused on differences between plasma and muscle levels rather 

than those between muscles. The present study was set up to investigate whether muscles with 

different function in the body differ in the contents and proportions of n-3 and n-6 PUFA in the 

lipids. The LTL and the BF have been characterised earlier and compared for different 

glycolytic potential, β-oxidative activity and glycolytic activity (Talmant, Monin, Briand, 

Dadet, & Briand, 1986) as well as for meat quality parameters and FA composition (Rusman et 

al., 2003). Investigations on the ECR are quite rare (one example: Dunne et al., 2008) probably 

because it is not a valuable cut and is of small size. However, we considered this muscle 

particularly interesting for our research question as it is different from many other muscles in 

its physiological activity (Turkki & Campbell, 1967).  

Indeed, we found both content and proportions of almost all groups and individual FA 

to be affected by muscle type. In the ECR, despite its small lipid content, PUFA were similarly 

large in content as in the LT, because the PUFA proportion was twice as great as that in the 

other muscles. The most likely explanation for this phenomenon is that a greater proportion of 

muscle lipids is functional in low-lipid muscles and, different from intermuscular and 

subcutaneous lipids, fewer of the intramuscular lipids are storage lipids with their typically 

smaller PUFA proportion (Kitessa et al., 2001; Aldai, Nájera, Dugan, Celaya, & Osoro, 2007; 

Sobczuk-Szul et al., 2014; Wielgosz-Groth, Sobczuk-Szul, Nogalski, Mochol, Purwin, & 

Winarski, 2017).  

Metabolic differences between LTL and BF, like the greater glycolytic activity of LTL 

compared to BF (Talmant et al., 1986), were not associated with a difference in incorporation 
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levels of key n-3 PUFA in the present study. However, the present finding of proportionately 

less n-6 PUFA in the LT compared to BF could be associated with a greater glycolytic and a 

smaller mitochondrial oxidative activity (Talmant et al., 1986). To the authors’ knowledge, 

there are no investigations on metabolic activity of the ECR. Hence, it is possible that its 

metabolism is different from that of the two other muscles. Gangnat et al. (2016) demonstrated 

that the level of muscle strain influences muscle fibre type composition of muscles. 

Accordingly, the LT and BF of Limousin calves contained relatively more type IIa and 

relatively less type IIb fibres when kept on steep pastures compared to flat pastures. These 

results indicate that exercise could influence the type of metabolic activity. The ECR is almost 

permanently active and, due to its body location at the lower forelimb, has a good blood supply. 

This may explain the metabolic differences between ECR and LT as well as BF, and thus also 

the differentiation of PUFA incorporation. 

2.4.3. Interactions between oil type and muscle in content and profile of fatty 
acids 

Interactions between oil type and muscle were frequent for the n-3 PUFA, including 

major dietary FA (content: 20:3, 20:5 and 22:6; proportion in total FA: 20:4, 20:5 and 22:6). 

Interactions were very rare for the n-6 PUFA (proportion: 22:5). The key n-6 PUFA, 18:2 , 

showed no interaction of diet and muscle. On a closer look, feeding fish oil increased the 

proportions of 20:5 only in the ECR, whereas proportions of 22:6 were increased in all three 

muscles. The specific cells of muscles conducting different activity patterns may have a distinct 

demand for functional compounds that are protecting them rather than causing dysfunction or 

destruction. Here, especially the anti-inflammatory impact of n-3 PUFA (Calder, 2007; Gogus 

& Smith, 2010) has to be considered. It seems that this response is focused on strategically 

enhancing (some of) the specifically required n-3 PUFA without influencing the incorporation 

of the n-6 PUFA.  

2.5. Conclusions 

With the present results, we can conclude that there are differences between muscles of 

different function and lipid content in the incorporation of n-3 and n-6 PUFA. Further, we can 

confirm our hypothesis that muscles partition dietary n-3 and n-6 PUFA to their lipids to a 

different extent. In addition, the hypothesis that the response of PUFA in contents and 

proportions of total FA differs between muscles was confirmed for a number of individual key 

n-3 PUFA though not for important n-6 PUFA. The differences in the level of incorporation of 
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n-3 FA in the muscles might be explained by the quality of the muscle activity. The strain of 

muscles rather than its functionality (posture versus locomotion) may play an important role in 

the distribution of n-3 and n-6 PUFA resulting in pronounced storage of the n-3 PUFA in the 

more active muscles, which would be associated with a difference in metabolism. Further 

investigation on physiological and metabolic characteristics of these muscles are needed to fully 

understand the potential of health and quality promoting effects of n-3 PUFA in the body of 

cattle. As we showed differential n-3 and n-6 PUFA partitioning into muscles, it is also 

necessary to evaluate effects on general physicochemical as well as sensory meat quality and 

to complement information about functional lipids via muscles with investigations on different 

adipose tissues. 
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A B S T R A C T 

Adipose tissues (AT) are found at different locations inside the body. Among others, they are 

distinguished as subcutaneous, visceral and intermuscular AT with substantially different 

metabolic functions. It is however unclear, if AT indeed have a particular demand for the 

incorporation of specific n-3 and n-6 FA. This would require them to be able to regulate the 

partitioning of FA when incorporated from the blood. To investigate this hypothesis, 2 × 9 beef 

heifers were fed diets supplemented with 60 g/kg of either rumen-protected fish (FO) or 

sunflower oil (SO) to ensure a substantial metabolic supply of either n-3 or n-6 FA by avoiding 

ruminal biohydrogenation. The partitioning of n-3 and n-6 FA into pericardial, intermuscular, 

perirenal and subcutaneous AT was analysed. Despite a generally low abundance, n-3 FA 

proportions increased with FO compared to SO supplementation in all AT, but this to a different 

extent. The greatest proportions of n-3 and n-6 FA were found in pericardial AT. 

Concomitantly, the n-6/n-3 FA ratio was reduced with rumen-protected FO in all AT, except 

in the pericardial AT, which has specific metabolic functions and thus appears to be more 

resistant to diet-induced FA profile changes in order to maintain its function. The present study 

is the first to show that pericardial AT contains more of both n-3 and n-6 FA than did the other 

AT types. These findings contribute to an improved understanding of lipid metabolism in cattle. 

3.1. Introduction 

Adipose tissue (AT) is an important metabolic organ involved in the regulation of 

energy homeostasis. It can be classified into two functionally distinct types. The white AT 

represents the key energy storage of the body for the supply of other organs in nutrient deficit 

conditions and the brown AT performs cold-induced thermogenesis through lipid oxidation. 

According to their different physiological functions, the adipocyte morphology clearly differs 

between white and brown AT. Adipocytes of white AT contain large unilocular lipid droplets, 

which can store large amounts of triglycerides. A negative energy balance induces hydrolysis 

of these triglycerides to release fatty acids (FA). These free FA can be transported to other 

tissues where they are metabolized by β-oxidation in mitochondria and peroxisomes for energy 

production. In contrast, adipocytes of brown AT show a multilocular triglyceride storage. Free 

FA from brown AT are not transported to other tissues but are readily accessible for 

thermogenesis via β-oxidation in the mitochondria, which are highly abundant in brown AT, 

thus its brown color (Smith & Horwitz, 1969). Brown AT is believed to be present in small and 
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young animals (Hu et al., 2012), but seems to regress quickly after birth and is thus much less 

abundant in mature animals (Suárez-Vega et al., 2018). The two major depots of the white AT 

are the subcutaneous and the visceral AT. The latter surrounds the internal organs and can be 

further classified e.g. into mesenteric, perirenal and pericardial AT. These different subgroups 

of visceral AT differ in their metabolic and functional properties (Vettor et al., 2009). In 

addition to all white AT's key physiological function of energy storage, the subcutaneous AT 

also serves as an insulating layer whereas the visceral AT protects internal organs from 

mechanical damage. Another white AT, the intermuscular AT, can be found between different 

muscles. Another white AT, the intermuscular AT, can be found between different muscles. 

The intramuscular fat, instead, is rather functional than being another energy store (Wolf et al., 

2018b, chapter 2) and consists of fewer cells than the subcutaneous AT. With the discovery 

that white AT not only serves as an energy storage but also produces hormones such as leptin 

to regulate energy balance (Friedman et al., 1991; Wang et al., 2010), it was identified as an 

endocrine organ, which affects energy homeostasis as well as the immune and cardiovascular 

system (Vernon et al., 2001). Consequently, the white AT is involved in a cross-talk between 

different organs and tissues through the secretion of hormones, cytokines and other signaling 

molecules (Wronska & Kmiec, 2012). From all white AT, the visceral AT is the most 

metabolically active (Lanthier & Leclercq, 2014). In terms of pericardial AT, it is assumed that 

it acts as a metabolic buffer by supplying the coronary arteries with FA as an energy source for 

the myocardium (Marchington et al., 1989). Compared to the visceral AT, the subcutaneous 

AT is less innervated and contains less cells, blood vessels and a smaller number of 

inflammatory and immune cells (reviewed in Ibrahim, 2009). 

Polyunsaturated fatty acids (PUFA) of the n-3 and n-6 families are known to modulate 

gene expression with regard to lipid metabolism and inflammation and are involved in signal 

transduction in and between different tissues (Martínez-Fernández et al., 2015). They play an 

important role in the regulation of inflammatory responses by serving as precursors for 

eicosanoids. The eicosanoids derived from arachidonic acid (AA, a member of the n-6 FA 

family) such as the 2-series prostaglandin E2 and thromboxane A2 possess pro-inflammatory 

properties. In contrast, eicosanoids derived from the n-3 FA family such as the 3-series 

prostaglandins and 5-series leukotrienes possess anti-inflammatory properties. Especially 

eicosapentaenoic acid (20:5 n-3, EPA) and docosahexaenoic acid (22:6 n-3, DHA) can prevent 

inflammation (Wall et al., 2010). Diet supplementation with EPA and DHA is therefore 

recommended and potentially supports the anti-inflammatory immune response both in humans 
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(Haghiac et al., 2015) and in intensively producing livestock (Staples et al., 1998; Mattos et al., 

2000).  

Given the important endocrine function of white AT and its modification by n-3 and n-

6 FA (Engel & Irwin, 1967), knowledge about the n-3 and n-6 FA proportions in different white 

AT types could point towards functional differences among those AT types. It is well known 

that the n-3 and n-6 FA composition of visceral AT can be modified by the diet. Accordingly, 

even feeding unprotected fish oil (FO), which is usually subject to intensive ruminal 

biohydrogenation, still was found to increase the proportion of DHA in the subcutaneous AT 

of steers (Noci et al., 2007). Feeding rumen-protected tuna oil to lambs enhanced EPA and 

DHA proportions in omental (a visceral AT surrounding the intestines on the ventral side), 

perirenal and subcutaneous AT (Kitessa et al., 2001). However, comparative investigations on 

the differences in partitioning of n-3 and n-6 FA into different AT including subgroups of 

visceral AT are scarce.  

The aims of the present study were therefore to test the following hypotheses: (i) The 

white AT differ in their proportions of n-3 and n-6 FA; (ii) The targeted dietary supply with n-

3 and n-6 FA differently affects their partitioning into white AT and this depends on the type 

of AT. The AT selected for the present study included pericardial AT (to the authors’ 

knowledge not yet described and compared with other white AT in their FA profile), perirenal 

AT (both of visceral character), intermuscular AT (also located in proximity of functional 

tissue) and subcutaneous AT. To provoke responses in the different AT, a supplementation with 

high dosages of bioavailable n-3 and n-6 FA was ensured by rumen-protection of the used oils. 

3.2. Animals, materials and methods 

3.2.1. Animals, diets and slaughter procedure 

The experiment was performed at the ETH research station Chamau (Zug, Switzerland) 

after being approved by the Committee for Animal Care and Use of canton Zug (license no. 

ZG64/14). In a complete randomized design, eighteen Angus heifers were assigned to two 

groups of nine animals each. On a dry matter (DM) basis, the animals received 6.6 kg/day of 

the same basal diet consisting (g/kg DM) of barley straw, 528; soybean meal, 135; wheat, 92; 

sugar beet molasses, 90; second cut grass hay, 76; rumen-protected oil, 60; β-carotene, 12; 

commercial mineral mix, 5; sodium chloride, 3. This basal diet was supplemented with 0.45 

kg/day DM of either rumen-protected SO, rich in n-6 FA ('Sonnenblumenöl 100528', or FO, 

rich in n-3 FA ('Marineöl Omega-3-Konzentrat 33/22', Henry Lamotte OILS GmbH, Bremen, 
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Germany). Protection from ruminal biohydrogenation was accomplished by mixing the oils 

with hydrogenated rapeseed oil (ratio of 25:75) and transformation into powder (Erbo Spraytec 

AG, Bützberg, Switzerland). The amount of fat supplied to the heifers was increased 

successively during a 12-week adaption period, after which the experimental diets were fed for 

8 weeks. Both diets were identical in composition except for proportions of n-6 and n-3 FA in 

the lipid fraction, which differed according to their respective contents in the oils (Table 2). 

Heifers in both diet groups were selected to balance for body weight (338 ± 21 and 334 ± 23 

kg for the FO and sunflower oil (SO) fed cattle, respectively) and age (590 ± 155 and 588 ± 

189 days). Details on housing and slaughter procedure were described previously (Wolf et al., 

2018b, chapter 2), where it is also stated that the oil type in the diet had no effect on feed intake 

and growth rate. For the present study, three out of four selected adipose tissues, subcutaneous, 

perirenal and pericardial AT, were sampled from the carcasses immediately after slaughter. The 

intermuscular AT was prepared from the longissimus thoracis muscle sampled from the ninth 

to the thirteenth rib 24 h after slaughter and storage at 4°C. The subcutaneous AT was removed 

from the left half of the carcass, from the area of the hip and the upper leg of the animal. The 

whole perirenal AT, which surrounded both kidneys, was removed and the pericardial AT was 

collected from around the heart of the animals. Samples were vacuum packaged and stored at 

–70°C until being analysed. 

3.2.2. Fatty Acid Analysis 

The analyses of FA in the lipids of the diets and the rumen-protected oils were 

performed as described in Willems et al. (2014) and Wolf et al. (2018b, chapter 2). Tissues 

were prepared for FA analysis according to IUPAC method 2.301 (IUPAC, 1987) and analysed 

via gas chromatography. Prior to chemical analysis, all samples were homogenized with a 

household blender (Moulintette type DP-700, Moulinex, Ecully, France). The method for lipid 

extraction and methylation of free FA to FA methyl esters (FAME) in muscles was carried out 

as described by Wolf et al. (2018b, chapter 2) with small changes. Total lipids were extracted 

in duplicate from 200 mg of AT samples. To all samples, 2 ml of internal standard solution 

(C11:0-triglyceride, Fluka Chemie, Buchs, Switzerland) were added. Tissues were 

homogenized (Polytron PT6000, Kinematica AG, Luzern, Switzerland) for 1 min at 2’191 × g 

(14’000 rpm) and lipids were extracted with 19 ml hexane/isopropanol solution (HIP) (3:2, 

v/v). All samples were kept at 4°C until analysis. The individual FAME were analysed on a gas 

chromatograph (HP 6890, Hewlett-Packard, Wilmington, PA, USA) using a Varian column 
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(200 m × 0.25 mm × 0.25 µm; Varian Inc., Darmstadt, Germany) for the separation of cis and 

trans-isomers as described in Wolf et al. (2018b, chapter 2). Hydrogen was used as carrier gas 

with a flow rate of 1.7 ml/min. The GC heating program and the quantification method by using 

the internal standard was described in detail in Wolf et al. (2018b, chapter 2). To quantify 

individual FA, peak areas were integrated (HP ChemStation® software; Agilent, Palo Alto, 

CA, USA) by expressing proportions as percentages of the total area of detected FAME up to 

a chain length of 24:0. Three external standards were used for the integration: an original 

FAME (37 component FAME Mix, Supelco Inc), a PUFA FAME (Matreya LLC Lipids and 

Biochemicals, PA 16803, USA) and a cis/trans FAME (Isomer Standard Mixture, Matreya 

LLC Lipids and Biochemicals, PA 16803, USA). 

3.2.3. Statistical Analysis 

Data were analysed by using the Mixed procedure in SAS (SAS Institute Inc., Cary, 

NC, USA), version 9.4 for the analysis of variance. For the FA profile, a two-factorial model 

was applied to independently compare the main effects (oil type and tissue) and their interaction 

(diet × tissue) declared as fixed effects. Slaughter date (slaughter was distributed across three 

dates) was included as a random effect. The model has been selected by lowest residual and 

BIC (Bayesian information criterion) values from the model. For all comparisons, animals were 

regarded as experimental units. The residuals of each variable were graphically examined for 

normal distribution and homogeneity of variance. Tukey’s method was used for multiple 

comparisons among the four AT and the eight interaction means. Data are presented as 

arithmetic means, standard errors of means (SEM) and P-values. Effects at P < 0.05 were 

considered statistically significant. 
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3.3. Results 

3.3.1. General effects of dietary oil type on the fatty acid profile of adipose 
tissue 

Generally, the type of oil supplemented affected proportions of PUFA (P < 0.001) more 

evidently than those of MUFA (P = 0.039) and SFA (P = 0.28) (Table 7). The major FA were 

16:0, 18:0 and 18:1 n-9, making up about 75 mol % of total FA. Within the SFA, only the FA 

with 20 to 24 carbon atoms were affected (P < 0.001) by oil type, with 20:0 showing a greater 

proportion with FO compared to SO while the others accounted for less than 0.1 %. Regarding 

MUFA, the oil type affected proportions of the trans-FA more than those of the cis-isomers. 

The main PUFA were c18:2 n-6 and c9,t11-18:2, the proportion of which remained unaffected 

by oil type, and c18:3 n-3 and t11,c15-18:2, which showed greater (P < 0.001) proportions in 

FO- than SO-fed heifers. Proportions of all other identified PUFA were also higher (P < 0.01) 

with FO than SO, but proportions were generally very low (< 0.2 mol %). The proportions of 

the n-3 FA, EPA and DHA, were increased (P < 0.001) with FO compared to SO. In general, 

total n-3 FA were more abundant (P < 0.001) in AT lipids of the FO compared to the SO group 

while no oil type effect occurred for the proportion of total n-6 FA. This resulted in a lower 

(P < 0.001) n–6/n-3 FA ratio in the AT lipids of the FO compared to the SO group.  

3.3.2. General differences among adipose tissues in fatty acid profile 

The proportions of SFA, MUFA and PUFA of total FA differed (P < 0.001) among the 

AT investigated (Table 7). The SFA made up a greater (P < 0.05) proportion in perirenal AT 

and pericardial AT compared to subcutaneous AT, with intermediate proportions found in 

intermuscular AT. A similar difference was found for 16:0, one of the most abundant SFA, 

with greater (P = 0.05) proportions occurring in pericardial AT compared to subcutaneous AT 

and intermuscular AT, and with intermediate proportions in perirenal AT. The proportions of 

18:0, the second most abundant SFA, differed (P < 0.05) among each of the four AT. It was 

most abundant in perirenal AT, intermediate in pericardial AT and intermuscular AT and least 

abundant in subcutaneous AT. The lipids of the pericardial and perirenal AT contained less 

MUFA (P < 0.05) than intermuscular AT and subcutaneous AT, of which the latter contained 

most MUFA. The major MUFA, 18:1 n-9, showed similarly lower (P < 0.05) proportions in 

pericardial AT and perirenal AT, an intermediate proportion in intermuscular AT and the 

greatest proportions in subcutaneous AT. The proportion of the second most abundant MUFA, 
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t11-18:1, was lower (P < 0.05) in subcutaneous AT compared to intermuscular AT, pericardial 

AT and perirenal AT. This pattern was not consistent with the differences in the proportions of 

other MUFA (not shown in Table). The proportion of total PUFA was lowest (P < 0.05) in 

perirenal AT, intermediate in intermuscular AT and subcutaneous AT and greatest in 

pericardial AT. The major PUFA provided by the SO diet, 18:2 n-6, was found in higher 

(P < 0.05) proportions in pericardial AT than in intermuscular AT, perirenal AT and 

subcutaneous AT. The FO-specific FA, EPA and DHA, occurred in proportions of < 0.1 %. On 

a closer look, EPA tended (P < 0.10) to be present in higher proportions in intermuscular AT 

than perirenal AT, which did not differ from that of the other AT. The proportions of DHA did 

not differ among AT. Total n-3 FA made up a higher (P < 0.05) proportion in pericardial AT 

than in intermuscular AT, perirenal AT and subcutaneous AT. The greatest proportions of n-3 

FA were made up by 18:3 n-3, which was found to be highest (P < 0.05) in pericardial AT, 

intermediate in subcutaneous AT and intermuscular AT, and lowest in perirenal AT. Total n-6 

FA were proportionally higher (P < 0.05) in pericardial AT compared to intermuscular AT, 

subcutaneous AT and perirenal AT. The n-6/ n-3 FA ratio in these four AT did not differ 

significantly.  

 



Preferential Partitioning of Rumen-Protected n-3 and n-6 Fatty Acids into Functionally Different Adipose Tissues 
 

 
51 

Table 7 Proportions of selected fatty acids (FA, mole % of total identified FA; arithmetic means) in the lipids of the four adipose tissues (AT) of the 
heifers fed either rumen-protected sunflower oil (SO) or rumen-protected fish oil (FO) presented either per AT across oil types (n=18) or per oil 
type across AT (n=9). 

Within a row, means without a common superscript differ (P < 0.05). SEM, standard error of the mean.  
SFA, saturated FA, MUFA, mono-unsaturated FA; PUFA, polyunsaturated FA.  
Significant differences are indicated as *P<0.05, **P<0.01, ***P<0.001, ns=not significant and †P<0.1 indicates a tendency. 

 

 Oil type (O)  Tissue (T)          P-values  
 SO FO  Pericardial  Intermuscular  Perirenal  Subcutaneous  SEM  O T 
16:0 26.6 26.6  27.6a  26.1b  26.5ab  26.2b  0.59  ns ** 
18:0 (SA) 23.7 24.2  27.5b  22.1c  30.8a  15.6d  2.25  ns *** 
20:0 0.25 0.31  0.24bc  0.28b  0.38a  0.21c    *** *** 
18:1 n-9 (OA) 25.7 23.5  20.4c  26.8b  19.5c  31.8a  1.96  *** *** 
t11-18:1 3.12 3.79  3.72a  3.46a  3.73a  2.90b  0.271  *** *** 
t11,c15-18:2 0.43 0.58  0.55a  0.50ab  0.50ab  0.47b  0.037  *** ** 
c9,t11-18:2 0.77 0.76  0.81ab  0.77b  0.51c  0.97a  0.089  ns *** 
18:2 n-6 (LA) 0.85 0.81  1.04a  0.78b  0.75b  0.75b  0.053  ns *** 
18:3 n-3 (ALA) 0.67 0.74  0.93a  0.66bc  0.59c  0.66b  0.054  *** *** 
20:4 n-6 (AA) 0.03 0.03  0.04a  0.03b  0.02c  0.03b  0.003  ** *** 
20:5 n-3 (EPA) 0.02 0.07  0.04ab  0.05a  0.03b  0.04ab  0.012  *** † 
22:6 n-3 (DHA) 0.01 0.05  0.03  0.04  0.03  0.03  0.012  *** ns 
Σ n-3 0.84 1.31  1.31a  1.05b  0.94b  0.99b  0.108  *** *** 
Σ n-6 0.99 0.97  1.21a  0.94b  0.89b  0.90b  0.057  ns *** 
n-6/n-3 FA 1.23 0.75  0.93  0.98  1.05  0.99  0.116  *** ns 
Σ SFA 59.1 59.7  64.4a  57.0b  66.3a  49.8c  2.48  ns *** 
Σ MUFA 37.8 36.5  31.6c  39.6b  30.7c  46.7a  2.47  * *** 
Σ PUFA 3.10 3.77  3.96a  3.38b  2.98c  3.41b  0.167  *** *** 
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3.3.3. Interactions of oil type and tissue in fatty acid profiles of the 
different adipose tissues 

In the proportions of total and individual SFA, there were no interactions between oil 

type and AT type except for 21:0, which was found in a low, but greater proportion (P < 0.05) 

with the FO compared to the SO diet in all but the pericardial AT (Table 8). Concerning 

MUFA, some minor FA (about 1.0 % of total FA), namely t6-8-18:1, t9-18:1 and 20:1 n-9, 

were proportionally increased (P < 0.05) when SO was replaced by FO in intermuscular AT 

(1.3-, 1.1- and 2.3-fold, respectively) and perirenal AT (1.4-, 1.3- and 2.7-fold, respectively), 

but there was only a less pronounced or no such effect in pericardial AT and subcutaneous AT 

(Table 9). In PUFA, interactions were more frequently observed for individual n-3 than n-6 

FA (Table 10). In these cases, the proportional increase caused by FO compared to SO was 

more pronounced (P < 0.05) in perirenal AT compared to pericardial AT (20:3 n-3: 9.5-fold vs. 

3.3-fold; 20:4 n-3: 4.7-fold vs. 1.8-fold). Accordingly, while the n-6/n-3 FA ratio was reduced 

(P < 0.05) by FO instead of SO at least by 1.7-times in intermuscular AT, perirenal AT and 

subcutaneous AT, it was not reduced in pericardial AT. There were no interactions of oil type 

and tissue in the FO-specific FA, EPA and DHA. 

3.4. Discussion 

3.4.1. General effects of oils rich in either n-3 or n-6 fatty acids on the fatty 
acid profile of adipose tissues 

Rumen protection of oils is a key technology to ensure that substantial amounts of 

dietary FA are available as such in metabolism and get incorporated in body tissues. This is 

especially important for FA of the n-3 family, desired from a human health point of view but 

instead being biohydrogenated to other FA to a large extent in the rumen (Alves et al., 2015; 

Choi et al., 2000; Scollan et al., 2001). Prior to the invention of methods (Beindorff & Zuidam, 

2010; Bell, 1979; Kaur et al., 2015) to protect PUFA from degradation in the rumen, PUFA 

were infused directly into the abomasum (Marchello et al., 1969) and small intestine (Doreau 

& Ferlay, 1994; Ogilvie et al., 1961) to investigate the lipid metabolism of ruminants. Already 

Bell (1979) tested coating of oil sources with formaldehyde-treated proteins as a technique to 

protect the oils, and observed an increased transfer of dietary PUFA into bovine tissues. 
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Table 8 Proportions (mol % of total fatty acids) of saturated fatty acids (SFA) (presented as arithmetic means)1 in the four different adipose 
tissues (n=9) of the Angus heifers fed rumen-protected sunflower (SO) or rumen-protected fish oil (FO). 

Within a row, least squares means without a common superscript differ (P < 0.05). 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces.  
Significant differences are indicated as *P<0.05, **P<0.01, ***P<0.001, ns=not significant and †P<0.1 indicates a tendency. 
  

Tissue (T) Pericardial  Intramuscular  Perirenal  Subcutaneous  P-values 
Oil type (O) SO FO  SO FO  SO FO  SO FO SEM O T O × T 
10:0 0.07 0.07  0.06 0.07  0.07 0.08  0.06 0.07 0.005 *** ** ns 
12:0 0.14 0.15  0.13 0.13  0.14 0.15  0.11 0.12 0.018 † * ns 
14:0 4.08 4.07  3.94 3.88  3.85 3.78  3.77 3.93 0.287 ns ns ns 
14:0 iso 0.47 0.49  0.52 0.52  0.53 0.54  0.50 0.49 0.025 ns † ns 
14:0 aiso 0.56 0.58  0.60 0.61  0.64 0.68  0.52 0.54 0.039 ns *** ns 
15:0 1.10 1.13  1.10 1.14  1.09 1.18  0.94 0.99 0.069 † *** ns 
15:0 iso 0.39 0.38  0.40 0.38  0.39 0.37  0.37 0.35 0.017 * † ns 
16:0 27.67 27.57  26.17 25.99  26.79 26.29  25.95 26.47 0.589 ns ** ns 
16:0 iso 0.39 0.38  0.32 0.31  0.28 0.27  0.31 0.30 0.024 ns *** ns 
17:0 1.81 1.74  1.33 1.33  1.55 1.49  1.10 1.12 0.102 ns *** ns 
18:0 27.06 27.96  22.02 22.24  30.34 31.16  15.51 15.63 2.251 ns *** ns 
20:0 0.23 0.25  0.25 0.31  0.33 0.43  0.18 0.23 0.029 *** *** † 
21:0 0.02e 0.03de  0.03de 0.05b  0.04bc 0.06a  0.02e 0.03cd 0.005 *** *** * 
22:0 0.03 0.03  0.04 0.05  0.07 0.09  0.03 0.03 0.008 *** *** ns 
24:0 0.01 0.01  0.01 0.01  0.02 0.02  0.01 0.01 0.001 *** *** ns 
∑ SFA 64.0 64.9  56.9 57.0  66.1 66.6  49.4 50.3 2.48 ns *** ns 
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Table 9 Proportions (mol % of total fatty acids) of mono-unsaturated fatty acids (MUFA) (presented as arithmetic)1 in the four adipose tissues (n=9) 
of the Angus heifers fed rumen-protected sunflower (SO) or rumen-protected fish oil (FO). 
Tissue (T) Pericardial  Intermuscular  Perirenal  Subcutaneous  P-values 
Oil type (O) SO FO  SO FO  SO FO  SO FO SEM O T O × T 
C14:1 0.28 0.25  0.59 0.52  0.25 0.20  1.05 0.95 0.153 ns *** ns 
C16:1 2.71 2.75  4.07 4.08  2.66 2.61  5.69 5.53 0.473 ns *** ns 
C16:1aiso 0.10 0.07  0.11 0.11  0.07 0.07  0.23 0.23 0.036 ns *** ns 
C17:1 0.39 0.37  0.61 0.59  0.37 0.33  0.81 0.77 0.067 † *** ns 
18:1 n-9 21.12 19.69  27.83 25.70  20.90 18.05  33.06 30.59 1.959 *** *** * 
t6-8-18:1  0.20e 0.23cde  0.24cd 0.30b  0.25bc 0.35a  0.21de 0.25cd 0.019 *** *** * 
t9-18:1  0.24e 0.26de  0.30bc 0.34a  0.27cd 0.34a  0.29cd 0.32ab 0.012 * * ns 
t10-18:1  0.23 0.26  0.27 0.28  0.26 0.30  0.26 0.25 0.016 *** *** ns 
t11-18:1  3.48 3.95  3.10 3.82  3.28 4.18  2.62 3.19 0.271 *** *** ns 
t12-18:1  0.28 0.33  0.33 0.38  0.32 0.41  0.30 0.34 0.017 *** *** ns 
c10/t15-18:1  0.39 0.37  0.37 0.41  0.42 0.51  0.33 0.38 0.042 † *** ns 
c11-18:1 0.93 0.95  0.76 0.80  0.64 0.71  0.93 0.89 0.080 ns *** ns 
c12-18:1  0.77 0.32  0.47 0.55  0.71 0.73  0.67 0.89 0.166 ns ns ns 
c13-18:1  0.19 0.17  0.14 0.15  0.11 0.12  0.23 0.21 0.039 ns *** ns 
c14-18:1  0.35 0.36  0.35 0.32  0.36 0.32  0.30 0.28 0.024 ns ** ns 
c15-18:1 0.09 0.11  0.06 0.11  0.08 0.13  0.05 0.09 0.011 *** *** ns 
c16-18:1 0.15 0.15  0.17 0.19  0.11 0.13  0.22 0.24 0.015 ** *** ns 
20:1 0.17 0.19  0.20 0.24  0.17 0.21  0.22 0.26 0.013 *** *** ns 
20:1 n-9 0.13cd 0.16bc  0.10de 0.23a  0.09e 0.24a  0.10de 0.19b 0.027 *** * *** 
20:1 n-7 0.00d 0.01c  0.00d 0.02b  0.00d 0.03a  0.00d 0.01c 0.006 *** *** *** 
24:1 n-9 0.00d 0.04c  0.00d 0.06ab  0.00d 0.07a  0.00d 0.05bc 0.013 *** ** ** 
∑ MUFA 32.2 31.0  40.1 39.2  31.3 30.0  47.6 45.9 2.47 * *** ns 

Within a row, least squares means without a common superscript differ (P < 0.05). 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces.  
Significant differences are indicated as *P<0.05, **P<0.01, ***P<0.001, ns=not significant and †P<0.1 indicates a tendency. 
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Table 10 Proportions (mol % of total fatty acids) of polyunsaturated fatty acids (PUFA) (presented as arithmetic means)1 in the four adipose 
tissues (n=9) of the Angus heifers fed rumen-protected sunflower (SO) or rumen-protected fish oil (FO). 
Tissue (T) Pericardial  Intermuscular  Perirenal  Subcutaneous  P-values 
Oil type (O) SO FO  SO FO  SO FO  SO FO SEM O T O × T 
18:2 n-6 1.04 1.05  0.82 0.75  0.77 0.72  0.79 0.72 0.053 *** ns * 
t10,c12-18:2 0.00d 0.02c  0.00d 0.05b  0.00d 0.07a  0.00d 0.05b 0.011 ns *** ns 
t11,c15-18:2 0.51 0.59  0.42 0.58  0.41 0.60  0.39 0.54 0.037 *** *** *** 
t18:2 n-6 0.08 0.09  0.07 0.09  0.07 0.09  0.07 0.09 0.006 *** ** ns 
c9,t11-18:2 0.83 0.79  0.77 0.77  0.54 0.49  0.96 0.97 0.089 ns *** ns 
18:2 0.03d 0.03c  0.02de 0.05ab  0.02de 0.05a  0.02e 0.04b 0.005 *** *** ns 
18:3 n-3 0.90 0.96  0.61 0.70  0.56 0.62  0.62 0.71 0.054 *** ** *** 
20:2 0.03c 0.04b  0.03cd 0.04ab  0.03cd 0.05a  0.02c 0.04b 0.004 *** *** * 
20:3 n-6 0.03ab 0.04a  0.03bc 0.04a  0.02d 0.03ab  0.03cd 0.04a 0.003 *** *** *** 
20:3 n-3 0.03d 0.10c  0.03d 0.17ab  0.02d 0.19a  0.03d 0.15b 0.030 ** *** ns 
20:4 n-6 0.03 0.04  0.02 0.03  0.02 0.02  0.03 0.03 0.003 *** * *** 
20:4 n-3 0.05d 0.09c  0.04de 0.13ab  0.03e 0.14a  0.03de 0.10bc 0.020 *** † † 
20:5 n-3 0.02 0.06  0.02 0.08  0.01 0.06  0.02 0.06 0.012 *** *** *** 
21:5 n-3 0.00d 0.02c  0.00d 0.04ab  0.00d 0.05a  0.00d 0.04b 0.009 *** *** ns 
22:2 0.01 0.01  0.01 0.02  0.02 0.03  0.01 0.02 0.003 *** *** ns 
22:5 n-3 0.12 0.18  0.07 0.14  0.04 0.11  0.05 0.10 0.020 *** ns ns 
22:6 n-3 0.01 0.06  0.01 0.06  0.00 0.05  0.01 0.05 0.012 *** *** † 
Σ n-3 FA 1.16 1.47  0.78 1.33  0.66 1.22  0.76 1.22 0.108 ns *** ns 
Σ n-6 FA 1.19 1.22  0.97 0.92  0.90 0.88  0.92 0.88 0.057 *** ns *** 
n–6/n-3 FA 1.04bc 0.83cd  1.26a 0.71d  1.36a 0.73d  1.25ab 0.74d 0.116 *** *** ns 
Σ PUFA 3.76 4.17  3.00 3.77  2.58 3.38  3.07 3.75 0.167 *** ns * 

Within a row, least squares means without a common superscript differ (P < 0.05). 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces. 
Significant differences are indicated as *P<0.05, **P<0.01, ***P<0.001, ns=not significant and †P<0.1 indicates a tendency. 
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In the present study, the applied rumen-protection technique was proven effective as 

feeding the rumen-protected FO to Angus heifers resulted in a higher proportion of n-3 FA of 

total FA across AT type compared to the SO group. The successful rumen-protection of FO 

had already been demonstrated before with higher n-3 FA proportions in muscles (Wolf et al., 

2018b, chapter 2), plasma, the reproductive tract (Giller et al., 2018) and several organs 

(unpublished data, chapter 4) of the same animals. A significant increase in n-3 FA in AT by 

supplementing rumen-protected FO has been shown in a few studies with lambs (Ashes et al., 

1992; Kitessa et al., 2001). Similar studies in cattle are very scarce. In Charolais steers, intake 

of linseed or FO resulted in a 1.2-fold increase of total α-linolenic acid (ALA, 18:3 n-3) 

proportions in subcutaneous AT compared to a SFA-rich control diet (Scollan et al., 2003). 

However, none of the long-chain n-3 FA, namely EPA and DHA, were detected in 

subcutaneous AT of these steers, which was explained by the fact that PUFA in the FO diet 

were not protected against ruminal biohydrogenation. Feeding lambs with 30 g rumen-

protected tuna oil/kg DM of feed, compared to the 60 g rumen-protected fish oil/kg DM in the 

present study, resulted in about 5 and 3 times more EPA and 12 and 4 times more DHA in 

subcutaneous AT and perirenal AT, respectively (Kitessa et al., 2001). These findings might 

be explained by the EPA to DHA ratio, which was 1:4 in the latter and 1:0.6 in the present 

study or the higher DM intake of lambs compared to Angus heifers (4.1-5.2 vs. 1.7-2.0 % of 

the animals' body weight, respectively). Other reasons might be the difference in the degree of 

resistance to biohydrogenation (70-75 vs. 50-60 % in the present study (information given by 

the company of the oil products) or species-specific differences in FA incorporation levels. 

Total n-3 FA as well as the single n-3 FA, EPA and DHA, made up only a small proportion of 

all FA in the AT investigated in the present study, and even the increase achieved with FO was 

still quite marginal, especially when compared to proportions in muscles (Wolf et al., 2018b, 

chapter 2), reproductive tract (Giller et al., 2018) and organs (unpublished data, chapter 4). 

Even the proportions observed by Kitessa et al. (2001) in AT of lambs were rather low 

compared to other body tissues. This underlines the predominant function of AT as energy 

stores, mainly in the form of SFA and MUFA, without being a major reserve for functional FA. 

Long-chain PUFA are preferentially incorporated into phospholipid and cholesteryl ester 

fractions of cell membranes in all body tissues including adipocytes. Only if they are present 

in excess, they are incorporated into storage lipids of adipocytes (Bell, 1979). Consequently, as 

the lipid fraction in non-adipocytes is formed mainly by the phospholipid bilayer of the cell 

membranes, changes in PUFA proportions of total FA become more readily apparent in these 
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tissues as compared to adipocytes, where the SFA and MUFA stored in lipid droplets largely 

exceed and thereby dilute the PUFA from the cell membranes. Furthermore, the signaling 

molecules resulting from PUFA are only required in small amounts by the body to carry out 

their function, so that even small differences in the FA profile can have a biological effect. 

Feeding lambs a rumen-protected oil source containing 8 % more 18:2 n-6 (LA) than a 

control diet increased LA in the subcutaneous AT and perirenal AT by more than 2-fold (to 

approximately 5%) (Kitessa et al., 2001). Compared to that, the dietary LA (g/100 g total FA) 

in the present study differed by a factor of three and LA proportions in AT of both diet groups 

did not significantly differ. The difference is very likely explained by a higher LA 

concentrations in the treatment diet in Kitessa et al. (2001) compared to the present study (33 

vs. 15 g/100 g total FA), which probably also explains the higher incorporation in AT. Possible 

species-specific effects on tissue FA profiles from differences in the metabolism of n-3 and n-6 

FA have so far been described mainly in muscles (reviewed in De Smet et al., 2004; Raes et 

al., 2001). In the AT investigated in the present study, proportions of c9,t11-18:2 were not 

influenced by oil type while proportions of t11,c15-18:2 were higher when FO was 

supplemented compared to supplementation with SO. Both FA are biohydrogenation 

intermediates of LA and ALA, respectively. The LA was a main component in the SO 

compared to the FO supplement while ALA was present in similar amounts in both diets. On 

the one hand, this would suggest that t11,c15-18:2 could also be a biohydrogenation 

intermediate of EPA and DHA, owing to less than complete protection from biohydrogenation 

of the product used. On the other hand, LA has probably been incorporated to a greater extent 

in muscles (Wolf et al., 2018b, chapter 2) and organs (unpublished data) resulting in the quite 

low proportions in AT. In addition, longer n-6 PUFA than LA (e.g. AA) were almost absent in 

both diets, thus possibly no further substrate that could be reduced to c9,t11-18:2 was available. 



Preferential Partitioning of Rumen-Protected n-3 and n-6 Fatty Acids into Functionally Different Adipose 
Tissues 

 

 
58 

3.4.2. Differences among adipose tissue in the incorporation of n-3 and n-6 
fatty acids 

In the present study, four different AT were investigated in order to evaluate a potential 

function-specific partitioning of dietary long-chain PUFA. The AT are the main site for lipid 

storage as well as for de novo FA synthesis in ruminants (Drackley, 2000). The dominant form 

of stored lipids are triglycerides, which for instance account for 81% of subcutaneous AT in 

cows and the FA profile of bovine AT can be affected by several factors including breed, age, 

gender as well as diet and anatomical location (Liu et al., 2015; Turk & Smith, 2009).  

So far, little is known about the specific PUFA profiles of different AT in ruminants. In 

the few published studies, long-chain PUFA were mostly too little abundant to be detected or 

not present at all (Ashes et al., 1992; Scollan et al., 2001) due to previous ruminal 

biohydrogenation. Also in the present study, the AT were observed to contain proportionately 

small amounts of PUFA. However, individual and total PUFA proportions differed 

significantly between AT types. The predominant PUFA were (in decreasing order): LA, ALA, 

c9,t11-18:2, t11,c15-18:2, 18:2 and 22:5 n-3. Together, n-3 and n-6 FA added up to 1.5 to 3 % 

of total FA. Greatest proportions of n-3 and n-6 FA were found in the pericardial AT, which 

were lower and similarly abundant, respectively, in the other three AT investigated. Leiber et 

al. (2019) reported LA to be the most abundant PUFA of heart phospholipids, which is in 

accordance with the proportions in pericardial AT in the present study and can be confirmed 

for the composition of PUFA in cardiac lipids as well (unpublished data, chapter 4). Besides 

the brain, the heart is the only organ, which selectively uses FA, including PUFA, as energy 

source (Nazir et al., 1967). The heart, as a highly active muscle, is dependent on regular lipid 

supply, which is mainly provided by circulating free FA rather than by dietary lipids in 

chylomicrons (Jones et al., 1995). In earlier research, pericardial AT was therefore considered 

to store these FA and supply the heart if necessary (Marchington et al., 1989). Data from the 

present study suggests that this storage and supply function for the myocardium is also true for 

bovines. With regard to this context, the pericardial (including the epicardial) AT even attained 

interest for investigating associations between diet and cardiovascular diseases. In humans, 

Talman et al. (2014) observed that the epicardial AT has the greatest rate of lipogenesis and 

FA metabolism among visceral fat depots (Iacobellis, 2015). In the present study, the FA 

profiles of perirenal and pericardial AT were different from the lipid profile of intermuscular 

and subcutaneous AT. In addition to the aforementioned differential physiological functions of 

visceral and subcutaneous AT, a potential occurrence of brown adipocytes in visceral AT as 



Preferential Partitioning of Rumen-Protected n-3 and n-6 Fatty Acids into Functionally Different Adipose 
Tissues 

 

 
59 

described in perirenal AT in humans and sheep might further explain the differences between 

FA profiles (Hu et al., 2012; Suárez-Vega et al., 2018). Although brown AT is known to be 

only present in rodents or newborns within the first weeks of life (Basse et al., 2015), it was 

reported that human adults possess brown adipocytes (Virtanen et al., 2009) in perirenal AT 

(Nagano et al., 2015) which might be congruent with ruminants. However, the PUFA 

proportions in pericardial AT were greater compared to the other three AT. The presence of 

brown adipocytes might account for this difference as brown adipocytes are described to be 

smaller than white adipocytes, resulting in a larger cell surface in the same cell volume and 

therefore more PUFA that contribute to the cell membranes. Nevertheless, this argument is 

contradicted by the observed lower PUFA proportions in the perirenal compared to the other 

AT and hence would need to be verified. 

The lipids in the visceral AT, namely pericardial AT and perirenal AT, were about 8 % 

more saturated than the intermuscular AT, which was about 7 % more saturated than 

subcutaneous AT. Conversely, the lipids of the subcutaneous AT were composed of about 15 

% more MUFA than those of the pericardial AT and perirenal AT. The lipids of subcutaneous 

AT of lambs were reported with about 6 % more MUFA than in the perirenal AT lipids (Kitessa 

et al., 2001). Several studies reported a MUFA:SFA ratio above one in subcutaneous AT lipids 

compared to below one in intramuscular AT lipids in ruminants (Brzozowska et al., 2018; 

Demirel et al., 2004; Mapiye et al., 2013; Noci et al., 2007; Noci et al., 2007) while studies 

reporting FA profiles in ruminant intermuscular or pericardial AT were not found. 

Mechanically, visceral fats are the main barrier and protectors for the subjacent organs and 

therefore need to be more firm than subcutaneous AT, which is covered by the flexible skin. 

Different from that, the subcutaneous AT underneath the skin needs to be as flexible as the 

skin, which can be achieved by incorporating greater proportions of unsaturated FA. The body 

temperature on the animal's surface is generally lower than that in the centre of the body where 

the visceral fat is located. This lower temperature is another reason for the need of extra MUFA 

and PUFA in the subcutaneous AT to achieve the required flexibility. A higher MUFA content 

in subcutaneous AT, near the body surface, compared to the intramuscular AT was described 

earlier (Sturdivant et al., 1992). Stearoyl-CoA desaturase (SCD) is an enzyme abundant in 

animal tissues that converts 18:0 into MUFA (Ma et al., 2015; Sturdivant et al., 1992). The 

SCD catalytic activity can be stimulated by low temperatures (Hsieh et al., 2003; Ma et al., 

2015) and is highly correlated to changes in MUFA proportions (Hsieh et al., 2003). The SCD 

activity was shown to be especially high in subcutaneous AT of cattle (Chang et al., 1992; St 

John et al., 1991), most likely to counterbalance the rumen biohydrogenation activity and 
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increase MUFA proportions in subcutaneous AT. Consistent with the present study, three 

different bovine breeds showed lower MUFA proportions in the lipids of the perirenal AT than 

of the subcutaneous AT, and this was accompanied by lower SCD activity (Lee et al., 2011). 

3.4.3. Tissue-dependent response to the supply with either n-3 or n-6 fatty 
acids 

There were only few interactions of oil type and type of AT on individual FA or groups 

of FA. While interactions for the n-6 FA were clearly absent despite supplementation with 

rumen-protected SO rich in n-6, increasing the proportions of the respective n-3 FA by 

supplementation with rumen-protected FO tended to be more pronounced in perirenal AT and 

intermuscular AT than in subcutaneous AT and pericardial AT. The distribution pattern of total 

n-3 FA resulted from the corresponding shifts in 20:3 n-3 and 20:4 n-3 rather than from changes 

in EPA and DHA. Both, 20:3 n-3 and 20:4 n-3, have not been reported in AT in ruminant 

studies before, so that effects cannot be compared to data from the literature. In contrast to the 

other AT, the n-6/n-3 FA ratio in pericardial AT was not significantly affected. A minor 

response to the diet was also found in the heart muscle, which differed from other internal 

organs in the response to supplementation with n-3 FA (unpublished data, chapter 4). Leiber 

and colleagues (2019) found greater n-3 FA proportions in the inner organs of sheep that grazed 

on pastures of higher quality with corresponding lower amounts of secondary compounds while 

a lack of response was only described for the brain, which showed high and unchanged 

proportions of n-3 FA. Furthermore, Leiber et al. (2019) found no correlation of feed LA and 

ALA with any of the n-6 FA n-3 FA in the heart muscle phospholipids. In order to fulfil the 

presumed specific function of the pericardial AT, like that of heart muscle and brain, a 

mechanism seems to have developed to maintain a constant FA profile, especially with regard 

to the major PUFA and even under different dietary interventions. If FA are mobilized from 

the pericardial AT to support the function of the heart, the composition of the FA supplied 

indeed will be less responsive to short-term dietary changes (Jones et al., 1995). This 

assumption is further supported by the observation that the volume of pericardial AT adipocytes 

is only half of that of other adipocytes in the body (Marchington et al., 1989). Smaller cells 

form a proportionately larger cell surface, accompanied by more PUFA-containing cell 

membranes that are hence easier accessible. 

In all other AT investigated in the present study, a response to the supplementation with 

n-3 FA consistently resulted in a lower n-6/n-3 FA ratio. This is also true for the few other 

studies comparing the FA profile in different AT of ruminants under the influence of 
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supplementary n-3 FA. Kitessa et al. (2001) described a reduced n-6/n-3 FA ratio in 

subcutaneous AT, perirenal AT and omental AT of lambs when feeding rumen-protected n-3 

FA-rich supplements with a EPA:DHA ratio of 1:3.7 compared to tallow, but EPA and DHA 

proportions in AT were very low. Similarly, the supplementation of red clover silage with 15 

% of triple rolled linseed, rich in 18:3 n-3, was observed to decrease the n-6/n-3 FA ratio in 

subcutaneous AT and perirenal AT of crossbred steers (Mapiye et al., 2013). The response of 

perirenal AT to FO in the present study as well as in Kitessa et al. (2001) and Mapiye et al. 

(2013), was different than that of the pericardial AT and indicates that, although located in 

proximity of the kidneys, perirenal AT may not have a clear metabolic function to supply the 

kidneys with specific FA required. Further studies have to show whether the very small 

quantities of n-3 and n-6 FA found in all AT are indeed contributing to their metabolic function.  

3.5. Conclusions 

The present study demonstrated a marked difference in the FA profiles of pericardial 

AT, intermuscular AT, perirenal AT and subcutaneous AT in cattle. It was shown for the first 

time that dietary rumen-protected n-3 FA are incorporated into bovine pericardial AT, although 

at quite low proportions. Furthermore, n-3 and n-6 FA were found to occur in higher 

proportions in pericardial AT than in perirenal AT, intermuscular AT and subcutaneous AT. At 

the same time, the n-6/n-3 FA ratio was reduced by the supplementation with rumen-protected 

FO compared to rumen-protected SO in all AT, except in the pericardial AT, which has specific 

metabolic functions and thus appears to be more resistant to supply with different FA in order 

to maintain its function. High proportions of MUFA and, at a lower magnitude, PUFA seem to 

be characteristic for this functional AT. This could be relevant for the supply of the myocardium 

with these FA or metabolic modulators like prostaglandins. Similar to the investigated AT, 

where a different response was found to either FO or SO supplementation, a selective and 

specific incorporation of FA, especially PUFA, was also found in the functional intramuscular 

fat (Wolf et al., 2018b, chapter 2) and in the lipids of a number of tissues involved in 

reproductive function (Giller et al., 2018) or general metabolism (heart, liver, kidneys, lung, 

and spleen; unpublished data, chapter 4). These findings contribute to an improved 

understanding of the lipid metabolism in cattle. 
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A B S T R A C T 

Dietary polyunsaturated fatty acids (FA), especially n-3 and n-6 FA, play an important role in 

the regulation of FA metabolism in all mammals. However, FA metabolism differs between 

different organs, suggesting a distinct partitioning of highly relevant FA. For the present study 

in cattle, a novel technology was applied to overcome rumen biohydrogenation of dietary 

unsaturated FA. Angus heifers were supplemented with rumen-protected fish oil (FO) and 

sunflower oil (SO). The FA composition in blood and five important organs, namely heart, 

kidney, liver, lung and spleen, was examined. In blood, proportions of polyunsaturated FA were 

increased by supplementing FO compared to SO. The largest increase of eicosapentaenoic acid 

(EPA) proportion was found with FO instead of SO in the kidney, the lowest in the lung. 

Docosahexaenoic acid (DHA) was increased more in the liver than in kidney, lung and spleen. 

The heart incorporated seven times more EPA than DHA, which is more than all other organs 

and described here for the first time in ruminants. In addition, the heart had the highest 

proportions of ALA and LA of all organs. The proportions of polyunsaturated FA in the lung 

and spleen were exceptionally low compared to heart, liver and kidney. In conclusion, it was 

shown that the response to FO in the distribution of dietary n-3 FA was organ-specific while 

proportions of n-6 FA were quite inert with respect to the type of oil supplemented. 

 

4.1. Introduction 

As components of phospholipids, n-3 FA increase the flexibility and fluidity of cell 

membranes, and affect membrane proteins and associated pathways. The n-3 FA also serve as 

precursors for signalling molecules, such as anti-inflammatory eicosanoids and prostaglandins, 

thereby beneficially affecting the cardiovascular system and inflammatory processes (Colussi 

et al., 2014; Rizos & Elisaf, 2016; Sperling & Nelson, 2016). Therefore, increasing the contents 

of n-3 FA in ruminant organs may help to improve the immune-competence and lower 

inflammation incidence, which may result from high productivity, especially during the 

transition period in dairy cows (Bragaglio et al., 2015; Wankhade et al., 2018). However, high-

energy diets provided to highly productive livestock commonly contain lipids rich in n-6 FA 

such as arachidonic acid (20:4 n-6, AA) that are precursors of pro-inflammatory prostaglandins 

and compete with n-3 FA for the same elongation and desaturation enzymes in the animal's 

metabolism (Lands & Samuelsson, 1968). Hence, diets rich in n-6 FA are not only promoting 
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the formation of pro-inflammatory molecules, they can also create a depletion of n-3 FA and 

thereby decrease the formation of anti-inflammatory compounds. This nutritional imbalance 

can lead to disadvantages in maintaining hormonal balance, reproductive capacity or immune 

function (Hiller, 2014). It would also create animal-source foods with lipids rich in n-6 FA 

proportion (Rosa et al., 2014). The consumption of such foods can in turn increase the 

production of pro-inflammatory prostaglandins in humans with detrimental consequences for 

their health.  

The primary natural feed of ruminants is grass, the lipids of which contain high amounts 

of the essential FA α linolenic acid (18:3 n-3, ALA). In metabolism, ALA can be elongated to 

a small extent to the long-chain n-3 FA such as eicosapentaenoic acid (20:5 n-3, EPA) and 

docosahexaenoic acid (22:6 n-3, DHA) and, therefore, increase their respective proportions in 

muscles and organs (Rosa et al., 2014; Caldari-Torres et al., 2016; Nguyen et al., 2017). 

Feeding rumen-protected oils rich in polyunsaturated FA (PUFA) has been shown before to be 

an efficient means for incorporating n-3 and n-6 FA into bovine liver (Cook et al., 1972; 

Demirel et al., 2004). However, information about the incorporation of n-3 FA from enriched 

diets in the tissues of other bovine organs is scarce. Leiber et al. (2019) observed a large 

variation in ALA proportion of different organ lipids when lambs were fed grass-based diets 

differing in phenols and, with that, being differently affected by ruminal biohydrogenation. 

When EPA and DHA are supplied orally, they might be allocated differently to tissues 

depending on function as was shown earlier for muscles with different functions (Wolf et al., 

2018b, chapter 2). A similar variation in incorporation was observed in different adipose tissues 

(Wolf et al., 2018a, chapter 3) and tissues of the reproductive tract (Giller et al., 2018). The 

biggest constraint to transfer these FA efficiently to the metabolism of ruminants is ruminal 

biohydrogenation. Different rumen-protection techniques have been established to overcome 

this obstacle and to increase the amounts of dietary long-chain PUFA available for intestinal 

absorption (Beindorff & Zuidam, 2010; Jenkins & Bridges, 2007). A quite novel technology is 

based on mixing target oils with hydrogenated rapeseed oil with a melting point of 67 °C and 

bringing the products into powder form by spray chilling (industrial process applied by Erbo 

Spraytec AG, Bützberg, Switzerland). 

The present study, using products from this rumen-protection technology, provides 

insight into the fundamental distribution patterns to different organs of dietary long-chain n-3 

FA as opposed to dietary n-6 FA. The study focused on five important organs, also used for 

human consumption (heart, kidneys, liver, lung and spleen). These organs were examined to 

ascertain (i) if dietary n-3 and n-6 FA were incorporated in different proportions and (ii) if the 
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distribution of dietary n-3 and n-6 FA is affected differently by diet. For this purpose, organs 

were obtained from the animals of the same experiment, which had shown differences in 

muscles, adipose tissues and reproductive tract tissues as reported by Giller et al. (2018) and 

Wolf et al. (2018b, 2018a, chapter 2, 3).  

4.2. Animals, Materials and Methods 

4.2.1. Animals and Diets  

The experiment was approved by the Committee for Animal Care and Use of Canton 

Zug (approval no. ZG64/14) and performed at the ETH research station Chamau (Zug, 

Switzerland) (Giller et al. 2018). In brief, eighteen Angus heifers, purchased from different 

farms, were divided in a randomised manner into two groups of nine animals each with similar 

average body weight (338 ± 21 and 334 ± 23 kg) and age (590 ± 155 and 588 ± 189 days). All 

individuals were fed a straw-based basal diet consisting of 6.6 kg dry matter (DM)/day 

supplemented with 0.45 kg DM/day from two different sources of rumen-protected oil. The 

basal diet was composed (g/kg DM) of barley straw, 528; soybean meal, 135; wheat, 92; sugar 

beet molasses, 90; grass hay, 76; β-carotene, 12; commercial mineral mix, 5; sodium chloride, 

3. One group was supplemented with rumen-protected sunflower oil (SO, 'Sonnenblumenöl 

100,528′ from NUTRISWISS AG, Lyss, Switzerland), rich in n-6 FA, especially linoleic acid 

(18:2 n-6, LA), the second group received rumen-protected fish oil (FO, 'Marineöl Omega-3-

Konzentrat 33/22′, Henry Lamotte OILS GmbH, Bremen, Germany), rich in n-3 FA with high 

proportions of EPA and DHA. Nutrient and FA composition of both fat supplements and diets 

are displayed in Table 11. The realised dietary fat (ether extract) contents were 75 and 63 g/kg 

DM for the SO and FO diets, respectively (Table 11). The heifers were adapted to the diets 

during 12 weeks with increasing amounts of the respective supplements and were fed the final 

experimental diets for another 8 weeks. The heifers were kept in a free-stall barn and were fixed 

with a gridlock during eating. Separations between the troughs allowed for individual feed 

allocation. The daily ration was provided in three equal portions in the morning, at noon and in 

the afternoon. The animals were weighed periodically using a cattle balance. 

4.2.2. Slaughter and Sampling  

After the 8 weeks of treatment feeding and after being fasted overnight, the heifers were 

slaughtered at body weights of about 430 ± 30 kg on three dates at the abattoir of the University 

of Zurich (Zurich, Switzerland) located at a driving distance of 1 h from the research station 
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(Giller et al., 2018). The animals were stunned using a captive bolt gun, hung on their rear leg 

and killed by exsanguination via throat cut. At that time, blood was collected in EDTA tubes 

to obtain plasma samples by centrifugation at 1200 × g. These samples were stored at –80°C 

until analysis. Directly at slaughter, also heart, the left kidney, liver, lung and spleen were taken 

and weighed. Samples of each organ were cut into pieces of about 1 cm length, vacuum 

packaged and stored at –80°C until being analysed. More details on the experiment and the 

procedures applied at slaughter are described in Wolf et al. (2018b, chapter 2). 

4.2.3. Chemical Composition of Feeds 

Samples of the diets were oven-dried at 60°C for 24 h and ground to pass a 0.75 mm 

sieve. Diets and supplements (already in powder form) were analysed according to standard 

procedures (AOAC, 1997) for DM and ash (AOAC index no. 942.05; TGA-701, Leco 

Corporation, St. Joseph, Michigan, USA). Nitrogen was determined by a C/N analyzer (AOAC 

index no. 968.06; type TruMac CN, Leco, Kirchheim, Germany) and crude protein was 

calculated as 6.25 × nitrogen. Ether extract was determined by Soxhlet extraction using petrol 

ether as a solvent (AOAC index no. 963.15: Soxhlet extractor B-811, Büchi, Switzerland). 

4.2.4. Fatty Acid Analysis 

Fatty acids in the lipids of the diets and the rumen-protected oils were analysed as 

described in Willems et al. (2014) and Wolf et al. (2018b, chapter 2). The FA composition of 

the plasma was determined using FA methyl esters (FAME) prepared by transesterification 

with the help of trimethylsulfonium hydroxide (TMSH) as described in detail by Giller et al. 

(2018). Organ tissues were prepared according to method 2.301 of the International Union of 

Pure and Applied Chemistry (IUPAC 1987) and analysed via gas chromatography. At first, all 

samples were homogenized with a household blender (Moulintette type DP-700, Moulinex, 

Ecully, France). The procedure of lipid extraction and methylation of free FA to FA methyl 

esters (FAME) were performed as described by Wolf et al. (2018b, chapter 2) for muscles with 

small modifications. Compared to the standard procedure, total lipids were extracted in 

duplicate from 300 mg of liver and 500 mg of all other organs. Tissues were homogenized 

(Polytron PT6000, Kinematica AG, Luzern, Switzerland) for 1 min at 2’191 × g (14’000 rpm) 

and lipids were extracted with 19 ml hexane/isopropanol solution (HIP) (3:2, v/v). All samples 

were kept at 4°C until analysis. The FA profile was analysed on a gas chromatograph (HP 6890, 

Hewlett-Packard, Wilmington, PA, USA) equipped with a 200 m × 0.25 mm × 0.25 µm Varian 
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column (Varian Inc., Darmstadt, Germany) for cis and trans separation as described in Wolf et 

al. (2018b, chapter 2). The individual FAME were quantified by integrating the peak areas with 

the HP ChemStation® software (Aglient, Palo Alto, CA, USA). Proportions were expressed as 

percentages of the total area of detected FAME with a chain length up to 24:0. Quantification 

was performed by using the aforementioned internal standard. Individual FA were integrated 

using three external standards: an original FAME (37 component FAME Mix, Supelco Inc), a 

PUFA FAME (Matreya LLC Lipids and Biochemicals, PA 16803, USA) and a cis/trans FAME 

(Isomer Standard Mixture, Matreya LLC Lipids and Biochemicals, PA 16803, USA). 

4.2.5. Statistical Analysis 

Analysis of variance was performed on all data using the Mixed procedure of SAS 

version 9.4 (SAS Institute Inc., Cary, NC, USA). The model used for organ weights and plasma 

FA profile included oil type (n = 2) as main effect and considering slaughter date (n = 3) as 

random effect. The model for FA proportions included the main effects oil type, organ type (n 

= 5) and the respective interaction (oil type × organ) and slaughter date as random effect. 

Individual animals were considered as experimental units for all comparisons. Normal 

distribution and homogeneity of variance were tested by graphically inspecting the residuals 

for each variable. Data is described by arithmetic means, standard errors of means (SEM) and 

P-values. Effects at P < 0.05 were considered statistically significant. For multiple comparisons 

among means, Tukey’s procedure was used. In the discussion, where needed, data of the FA 

profiles were transformed from mole % to g/100g of total FA to be comparable to the majority 

of other studies.  

4.3. Results 

The specific FA profile of the two oil supplements correspondingly influenced also that 

of the complete diets (Table 11). In the FO, compared to the SO diet, especially the n-6/n-3 

ratio was substantially lowered. The characteristic FA were EPA and especially DHA in the 

lipids of the FO diet and LA in the lipids of the SO diet whereas the difference was small in 

ALA proportion of the diet FA, which probably mainly originated from the basal diet. The type 

of oil used in the diet did not affect the weight of any of the organs investigated (Table 12) 

illustrating that there was no confounding effect of FA profile and organ development. 
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Table 11 Proximate composition and proportions of fatty acids of the supplements rumen-
protected in mixture with hydrogenated rapeseed oil (n=1) and of the diets (n=3; mean of 
pooled diet samples; means ± standard deviation) 
 Pure supplements  Complete diets 
Oil type Sunflower oil Fish oil  Sunflower oil Fish oil 
Nutrients (g/kg dry matter)      

Organic matter 992 994  859 866 
Crude protein traces traces  104  94 
Neutral detergent fiber ‒ ‒  570  591 
Ether extract 948 950  75 63 

Fatty acids (FA; mole % of total identified FA)1  
16:0 9.25 9.10  9.53 ± 0.11 9.64 ± 0.10 
16:1 0.03 0.67  0.07 ± 0.01 0.42 ± 0.05 
18:0 (SA) 54.6 58.3  57.60 ± 1.0 59.90 ± 0.9 
t11-18:1 0.32 0  0.22 ± 0.01 0.23 ± 0.00 
18:1n-9 (OA) 9.63 3.01  7.63 ± 0.14 4.25 ± 0.33 
18:2n-6 (LA) 18.12 0.39  14.92 ± 0.75 5.12 ± 1.02 
t10, c12-18:2 0.03 0.57  0 0.29 ± 0.04 
18:3n-3 (ALA) 0.11 0.20  3.78 ± 0.98 4.00 ± 0.79 
20:0 1.07 1.20  1.18 ± 0.04 1.27 ± 0.02 
20:1n-9 0.05 0.44  0.06 ± 0.00 0.27 ± 0.03 
20:4n-6 (AA) 0.00 0.49  0.01 ± 0.00  0.26 ± 0.04 
20:4n-3 0.02 0.46  0.02 ± 0.00 0.24 ± 0.03 
20:5n-3 (EPA) 0.42 8.58  0.13 ± 0.03 4.46 ± 0.61 
22:0 0.02 0.31  0.50 ± 0.02 0.46 ± 0.03 
22:1n-9 0.00 0.30  0.02 ± 0.00 0.16 ± 0.02 
22:4n-3 0.00 0.40  0 0.22 ± 0.03 
22:5n-3 0.01 1.11  0.04 ± 0.02 0.64 ± 0.10 
22:6n-3 (DHA) 0.00 4.56  0.07 ± 0.02 2.59 ± 0.36 
24:0 67.6 0.17  0.25 ± 0.01 0.26 ± 0.01 
24:1 0.19 0.16  0.01 ± 0.00 0.10 ± 0.01 
∑ Saturated FA 13.9 71.7  70.80 ± 1.3 73.60 ± 1.1 
∑ Monounsaturated FA 18.5 10.8  9.98 ± 0.26 8.00 ± 0.57 
∑ Polyunsaturated FA 0.2 17.5  19.20 ± 1.8 18.40 ± 3.1 
∑ n-3 FA 0.18 15.4  4.00 ± 1.0 12.20 ± 1.9 
∑ n-6 FA 18.2 1.4  15.10 ± 0.8 5.70 ± 1.1 
n-6/n-3 FA ratio 103.69 0.09  3.73 ± 0.90 0.47 ± 0.16 

1 Only fatty acids making up > 0.1 mole % are displayed, all others were considered as 
traces.  
For more information, see Wolf et al. (2018b, chapter 2). 
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Table 12 Weights (g, arithmetic means) of the organs of the Angus heifers fed either rumen-
protected sunflower oil or rumen-protected fish oil (n=9). 
Oil type Sunflower oil Fish oil   SEM P-values 
Heart 1455 1560  60.6 0.209 
Kidney 370 355  15.6 0.430 
Liver 4362 4544  235.5 0.550 
Lung 2296 2348  180.1 0.801 
Spleen 694 765  41.3 0.203 
SEM, standard error of the mean. 

4.3.1. Effect of Oil Type on the Fatty Acid Profiles of Blood Plasma and 
Organs 

The lipids of the blood plasma had similar proportions of SFA while proportions of 

PUFA were increased (P < 0.001) and MUFA were decreased (P < 0.001) with FO compared 

to SO (Table 13). The FO diet, compared to the SO diet, specifically led to greater (P < 0.001) 

n-3 FA proportions, mainly from increased (P < 0.001) EPA and DHA proportions, as well as 

a lower (P < 0.001) n-6 FA proportion, mainly from a decreased (P < 0.001) LA proportion. 

Effects of oil type on groups of FA and important single FA in organs are presented in Table 14 

(P -values of further FA presented in Table 15-17). Comparable to plasma, the type of oil 

supplementation affected (P < 0.001) proportions of total MUFA and total PUFA but not total 

SFA in the organ lipids. With regard to single SFA, stearic acid (18:0, SA) was present in higher 

proportions in the FO than in the SO group (+1.3 %, P < 0.001) across all organs while 16:0 

did not differ between diet groups. The MUFA were found in lower proportions in the FO 

compared to the SO group (-4.6 %, P < 0.001), which was also true for most individual MUFA 

including oleic acid (18:1 n-9, OA) (-4.1 %, P < 0.001), but not for t11-18:1. Replacing SO by 

FO in the diet increased total PUFA in all bovine organs (+4.1 % on average, P < 0.001), which 

was also found for all individual PUFA. The proportions of EPA and DHA were increased (P 

< 0.001) to 3.5-fold and 2.6-fold levels, respectively, in the organ lipids of FO heifers compared 

to SO heifers. A substantial increase was also observed for total n-3 FA proportion (+10.4 %, 

P < 0.001). Concomitantly, less n-6 FA were found in organs of the FO than SO group (-6.0 

%, P < 0.001). The most abundant n-6 FA was LA that was also decreased in FO compared to 

SO heifers (-2.7 %, P < 0.001). These opposite changes in proportions of n-3 FA and n-6 FA 

resulted in a lower n-6/n-3 FA ratio in the FO than the SO group (-1.6 %, P < 0.001).  
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Table 13 Proportions (mol % of total identified fatty acids) of fatty acids1 (FA, arithmetic 
means) in the blood plasma of the heifers fed either rumen-protected sunflower oil or rumen-
protected fish oil (n=9). 

Oil type Sunflower oil Fish oil   SEM P -values 
14:0 0.69 0.64  0.038 0.368 
15:0 iso 0.59 0.49  0.047 0.114 
14:1 0.01 0.01  0.003 0.565 
15:0 anteiso 1.03 0.77  0.04 <0.001 
15:0 0.85 0.88  0.027 0.476 
16:0 iso 0.32 0.25  0.013 <0.001 
16:0 12.0 11.6  0.333 0.368 
16:1 1.17 1.07  0.139 0.513 
17:0 iso 0.42 0.42  0.021 0.866 
17:0 anteiso 0.40 0.70  0.049 <0.001 
17:0 0.59 0.62  0.023 0.217 
18:0 (SA) 20.9 21.5  0.612 0.439 
18:1 n-9 (OA) 15.20 9.66  0.643 0.001 
t9-18:1 0.25 0.26  0.018 0.658 
t11-18:1 1.56 1.49  0.101 0.584 
c11-18:1 0.56 0.70  0.016 <0.001 
c12-18:1 0.47 0.38  0.035 0.010 
18:2 n-6 (LA) 29.2 22.5  0.746 <0.001 
c9t11-18:2 0.36 0.18  0.016 <0.001 
t18:2 n-6 0.29 0.27  0.019 0.331 
18:3 n-3 (ALA) 3.95 6.38  0.272 <0.001 
18:3 n-6 1.18 0.23  0.100 <0.001 
20:0 0.13 0.18  0.014 0.020 
20:1 0.24 0.22  0.021 0.580 
20:3 n-6 1.58 0.56  0.056 <0.001 
20:4 n-6 (AA) 2.56 2.93  0.129 0.024 
20:5 n-3 (EPA) 1.91 11.45  0.772 <0.001 
22:5 n-3 1.02 1.53  0.057 <0.001 
22:6 n-3 (DHA) 0.51 1.98  0.106 <0.001 
24:0 0.05 0.07  0.008 0.059 
Σ Saturated FA 38.0 38.2  0.677 0.816 
Σ Monounsaturated FA 19.5 13.8  0.647 <0.001 
Σ Polyunsaturated FA 42.5 48.0  0.930 0.001 
Σ n-3 FA 7.38 21.35  1.004 <0.001 
Σ n-6 FA 34.8 26.5  0.789 <0.001 
n-6/n-3 FA ratio 4.83 1.27  0.273 <0.001 
SEM, standard error of the means. 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces. 
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4.3.2. Differences among Heart, Kidney, Liver, Lung and Spleen in Fatty Acid 
Profile 

The organs largely varied in their FA profiles (Table 14; p-values of further FA 

presented in Tables 15-17). This variation in FA proportions between organs were greatest, (P 

< 0.001) for 16:0, SA, OA, LA, AA, EPA and DHA, and differences ranged between 4.8 and 

15.0 %. Cardiac and renal lipids contained less SFA (P < 0.05) than those of lung and spleen, 

with intermediate proportions found in the liver. The PUFA proportions in cardiac, renal and 

hepatic lipids were similar and about two times greater (P < 0.05) than those in lung and spleen. 

The LA was incorporated differently in organs (P < 0.001), with the greatest proportion (P < 

0.05) found in the cardiac muscle lipids and the lowest in pulmonary and splenic lipids. The 

kidney contained proportionately most (P < 0.05) AA, while the lowest proportions of this FA 

was found in the lung and intermediate proportions were found in liver, spleen and heart. 

Additionally, the kidney contained more (P < 0.05) EPA than lung and spleen, with 

intermediate but different proportions in heart and liver. The hepatic lipids contained 

proportionately about three times more (P < 0.05) DHA than those of the kidney, and even 

lower proportions were found in pulmonary, splenic and cardiac lipids. The pulmonary lipids 

were lowest (P < 0.05) in SA and highest (P < 0.05) in 16:0 and MUFA. Concomitantly, OA 

was also found in greater (P < 0.05) proportion in the pulmonary lipids than in the lipids of the 

other organs, and was lowest in the liver. The splenic lipids contained proportionately more (P 

< 0.05) t11-18:1 than those of heart, liver, lung and kidney. 
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 Table 14 Proportions of selected fatty acids (FA, mol % of total identified FA; arithmetic means) in the lipids of the organs of the heifers fed either 
rumen-protected sunflower oil (SO) or rumen-protected fish oil (FO) presented either per organ across oil types (n=18) or per oil type across organs 
(n=9) (the interaction of oil type and organ are presented in Tables 15-17). 

Within a row, means without a common superscript differ (P < 0.05). SEM, standard error of the mean. SFA, saturated FA, MUFA, mono-
unsaturated FA; PUFA, polyunsaturated FA. 

 

 Oil type (T)  Organ (O)    P -values  
 SO FO  Heart   Kidney  Liver  Lung  Spleen  SEM   T O 
16:0 18.4 18.1  15.3d  18.7c  10.4e  25.4a  21.3b  1.31  0.378 < 0.001 
18:0 SA 23.3 24.6  22.3c  18.5e  32.5a  20.2d  26.2b  1.26  < 0.001 < 0.001 
t11-18:1 1.72 1.75  1.84b  1.35c  1.61bc  1.63bc  2.26a  0.299  0.596 < 0.001 
18:1 n-9 OA 16.46 12.43  14.25bc  12.44c  8.19d  21.77a  15.56b  1.305  < 0.001 < 0.001 
18:2 n-6 LA 9.47 6.76  17.25a  10.40b  5.60c  3.16d  4.16cd  1.805  < 0.001 < 0.001 
18:3 n-3 ALA 0.94 1.22  2.01a  1.02b  1.06b  0.62c  0.69c  0.048  < 0.001 < 0.001 
20:4 n-6 7.22 4.72  5.29bc  8.95a  6.01b  4.19c  5.41bc  0.947  < 0.001 < 0.001 
20:5 n-3 EPA 2.52 8.77  4.97c  10.10a  7.19b  2.42d  3.55d  1.531  < 0.001 < 0.001 
22:6 n-3 DHA 1.43 3.55  0.71d  2.39b  6.79a  1.32c  1.25c  0.753  < 0.001 < 0.001 
Σ n-3 FA 8.90 19.26  10.27c  17.58b  23.74a  8.40c  10.41c  2.045  < 0.001 < 0.001 
Σ n-6 FA 18.79 12.79  24.15a  20.69b  14.56c  8.49d  11.04d  2.444  < 0.001 < 0.001 
n-6/n-3 FA 
ratio 2.33 0.75  2.89a  1.61b  0.78d  1.18c  1.25c  0.366  < 0.001 < 0.001 

Σ SFA 47.0 47.5  42.1c  41.6c  46.8b  52.3a  53.7a  2.10  0.501 < 0.001 
Σ MUFA 24.1 19.5  22.5b  19.1c  13.9d  29.7a  23.8b  1.62  < 0.001 < 0.001 
Σ PUFA 28.9 33.0  35.4a  39.3a  39.4a  18.0b  22.5b  2.84  < 0.001 < 0.001 
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4.3.3. Interactions of Oil Type and Organ Type in Fatty Acid Profile 

Almost all individual MUFA and PUFA, but only half of the individual SFA were 

incorporated in different proportions into organ lipids when the type of oil supplement in the 

diet was modified (significant interactions; Table 16-17). Although half of the individual SFA 

showed an interaction between organ and type of oil supplement, proportionately these SFA 

made up only <2 % of total FA (Table 15). Significant interactions were found for most 

individual MUFA and PUFA, but not for 14:1, 16:1 aiso, c12-18:1, AA and 22:5n-3 (Table 16 

and 17). The MUFA proportions of renal and hepatic lipids were decreased (P < 0.05) with the 

FO compared to the SO diet, whereas no such difference was found in heart, lung and spleen 

(Table 16). This was mainly explained by the changes occurring in OA. The supplementation 

with FO increased (P < 0.01) proportions of total PUFA in kidney and liver while oil type had 

no effect on total PUFA proportions in heart, lung and spleen (Table 17). On the single FA 

level, out of 16 analysed PUFA, 7 were affected by oil type in the heart and the kidney, 8 in the 

spleen, 9 in the lung and 12 in the liver. The incorporation of total n-3 FA was 2.8-, 2.2-, 2.1- 

1.8- and 1.8-fold greater (P < 0.05) in kidney, heart, liver, lung and spleen, respectively, in the 

FO compared to the SO group (interaction, P < 0.001). The largest proportionate increase (P < 

0.05) of EPA with FO instead of SO was found in the kidney (+12.5 %), the lowest in the lung 

(+2.3 %) and intermediate increases occurred in the liver (+7.8 %), the heart (+4.7 %) and the 

spleen (+3.9). The proportion of DHA was more increased (P < 0.05) in the liver (+5.8 %), less 

intensively increased in the kidney (+2.0 %), the lung (+1.1 %) and the spleen (+0.9 %), while 

no significant increase was found in the heart with FO instead of SO. Regarding total n-6 FA, 

supplementation type and organ type did not interact, but LA was decreased (P < 0.05) only in 

the heart of FO compared to SO heifers (5.26 %), while its proportion was not significantly 

affected in the other organs. The main isomers of the conjugated LA, t10,c12-18:2 and c9,t11-

18:2, made up only small proportions of <1.0 % in all organs. In renal and hepatic lipids, 

proportions of c9,t11-18:2 were decreased (P < 0.05) to half with FO supplementation, but 

remained unchanged in heart, lung and spleen. The decrease in 20:3 n-6 with FO instead of SO 

was most pronounced (P < 0.05) and least pronounced in heart and kidney. In contrast, the 

decrease of AA in the organ lipids of the FO supplemented heifers was similar in all organs 

with on average about -2 to 3 %. 
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Table 15 Proportions (mol % of total identified fatty acids) of saturated fatty acids (SFA; arithmetic means)1 in the lipids of the organs of the heifers fed 
either rumen-protected sunflower oil (SO) or rumen-protected fish oil (FO) (n=9). 

Within a row, means without a common superscript differ (P < 0.05). SEM, standard error of the mean. 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces. 
  

Organ (O) Heart    Kidney   Liver    Lung  Spleen   P -values 
Oil type (T) SO FO  SO FO  SO FO  SO FO  SO FO  SEM T O T × O 

12:0 0.11cd 0.10d  0.15a 0.14ab  0.14abc 0.09d  0.10d 0.10d  0.11bcd 0.12bcd  0.010 0.004 < 0.001 < 0.001 
14:0 1.37 1.24  1.29 0.69  1.19 0.89  2.06 2.25  1.75 1.75  0.281 0.072 < 0.001 0.107 
14:0 iso 0.18cd 0.16cd  0.22bc 0.14d  0.31a 0.17cd  0.27ab 0.26ab  0.30a 0.29ab  0.036 < 0.001 < 0.001 < 0.001 
14:0 aiso 0.35ab 0.31ab  0.25bc 0.13d  0.37a 0.20cd  0.26abc 0.27abc  0.30abc 0.30abc  0.056 < 0.001 < 0.001 < 0.001 
15:0 0.74 0.75  0.99 0.87  0.54 0.44  1.01 0.96  1.36 1.47  0.101 0.422 < 0.001 0.192 
15:0 iso 0.27 0.23  0.24 0.15  0.18 0.10  0.29 0.25  0.36 0.30  0.022 < 0.001 < 0.001 0.123 
16:0 15.35 15.23  19.30 18.09  11.10 9.74  24.99 25.78  21.01 21.58  1.312 0.378 < 0.001 0.081 
16:0 iso 0.19de 0.17e  0.42b 0.26cd  0.29c 0.20de  0.60a 0.47b  0.31c 0.26cde  0.036 < 0.001 < 0.001 0.007 
17:0 0.78 0.72  0.87 0.69  0.87 0.83  0.83 0.87  1.07 1.05  0.088 0.069 < 0.001 0.403 
18:0 22.0 22.7  17.8 19.2  31.5 33.5  20.0 20.5  25.5 27.0  1.26 < 0.001 < 0.001 0.581 
20:0 0.26cd 0.40b  0.34bc 0.32bc  0.16d 0.19d  0.74a 0.64a  0.31bc 0.34bc  0.050 0.307 < 0.001 < 0.001 
22:0 0.15 0.18  0.16 0.19  0.13 0.11  0.36 0.30  0.13 0.14  0.027 0.814 < 0.001 0.061 
24:0 0.05bc 0.11a  0.02d 0.02d  0.04cd 0.05bc  0.08ab 0.09a  0.03cd 0.02d  0.013 0.007 < 0.001 < 0.001 

Σ SFA 41.8 42.4  42.1 41.0  46.9 46.3  51.7 52.9  52.6 54.7  2.10 0.501 < 0.001 0.569 
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Table 16 Proportions (mol % total identified fatty acids) of mono-unsaturated fatty acids (MUFA; arithmetic means)1 in the lipids of the organs of the heifers fed 
either rumen-protected sunflower oil (SO) or rumen-protected fish oil (FO) (n=9). 

Within a row, least squares means without a common superscript differ (P < 0.05). SEM, standard error of the mean. 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces. 
2 c6-8-18:1/t13-14-18:1 

Organ (O) Heart    Kidney  Liver    Lung  Spleen   P -values 
Oil type (T) SO FO  SO FO  SO FO  SO FO  SO FO  SEM T O T × O 

14:1 0.09 0.06  0.10 0.06  0.03 0.02  0.10 0.11  0.11 0.09  0.029 0.192 < 0.001 0.773 
16:1 1.78a 1.77a  1.66a 1.12b  1.12b 0.82b  2.02a 2.08a  1.83a 1.79a  0.145 0.006 < 0.001 0.010 
17:1 0.35a 0.32ab  0.36a 0.19c  0.21c 0.10d  0.33ab 0.30ab  0.26bc 0.20c  0.024 < 0.001 < 0.001 < 0.001 
18:1 n-9 15.10bc 13.40cd  16.01bc 8.87e  11.23de 5.16f  22.99a 20.55a  16.96b 14.17bcd  1.305 < 0.001 < 0.001 < 0.001 
t6-8-18:1  0.08cde 0.09bcd  0.06de 0.04e  0.07de 0.05de  0.09bcd 0.11bc  0.12b 0.18a  0.016 0.037 < 0.001 < 0.001 
t9-18:1  0.17c 0.18abc  0.18abc 0.10d  0.17bc 0.10d  0.20abc 0.21ab  0.20abc 0.22a  0.013 < 0.001 < 0.001 < 0.001 
t10-18:1  0.16bc 0.15c  0.12cde 0.08e  0.13cd 0.09de  0.21a 0.22a  0.20ab 0.20ab  0.017 0.021 < 0.001 0.006 
t11-18:1  1.82b 1.86ab  1.57bc 1.12c  1.60bc 1.63bc  1.53bc 1.73b  2.09ab 2.43a  0.299 0.596 < 0.001 0.043 
t12-18:1  0.17g 0.22f  0.24ef 0.28de  0.32c 0.48a  0.27de 0.33c  0.30cd 0.39b  0.022 < 0.001 < 0.001 < 0.001 
c6-8-18:12 0.11c 0.13c  0.00d 0.00d  0.40a 0.22b  0.00d 0.00d  0.00d 0.00d  0.042 0.011 < 0.001 < 0.001 
c10/t15-18:1  0.21bc 0.22bc  0.18cd 0.10e  0.14de 0.11e  0.21bc 0.24abc  0.26ab 0.29a  0.029 0.522 < 0.001 < 0.001 
c11-18:1 1.49b 1.62b  1.89a 1.43b  0.72de 0.57e  0.99c 0.92cd  0.97cd 0.90cd  0.136 0.001 < 0.001 < 0.001 
c12-18:1  0.91 0.72  0.63 0.34  0.55 0.31  1.00 0.83  0.94 0.67  0.141 < 0.001 < 0.001 0.944 
c13-18:1  0.13abc 0.14ab  0.17a 0.10cd  0.11bcd 0.07d  0.14abc 0.14abc  0.15ab 0.14abc  0.012 < 0.001 < 0.001 < 0.001 
c14-18:1  0.15bcd 0.11cd  0.17bc 0.07d  0.42a 0.11cd  0.18bc 0.16bc  0.22b 0.20b  0.041 < 0.001 < 0.001 < 0.001 
c16-18:1  0.09cde 0.15a  0.08cde 0.08de  0.06e 0.10cd  0.07de 0.14ab  0.08de 0.11bc  0.009 < 0.001 < 0.001 < 0.001 
20:1 0.07cd 0.10bc  0.10bc 0.06de  0.07cd 0.03e  0.11ab 0.13a  0.10ab 0.13ab  0.010 0.312 < 0.001 < 0.001 
20:1 n-9 0.11e 0.28a  0.24abc 0.14de  0.08e 0.11e  0.26ab 0.23abc  0.19cd 0.20bc  0.026 0.119 < 0.001 < 0.001 

Σ MUFA 23.1c 21.8c  23.9c 14.3d  17.5d 10.2e  30.8a 28.6ab  25.1bc 22.5c  1.62 < 0.001 < 0.001 < 0.001 
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Table 17 Proportions (mol % of total identified fatty acids) of polyunsaturated fatty acids (PUFA; arithmetic means)1 in the lipids of the organs of the heifers 
fed either rumen-protected sunflower oil (SO) or rumen-protected fish oil (FO) (n=9). 

Organ (O) Heart    Kidney   Liver    Lung   Spleen   P -values 
Oil type (T) SO FO  SO FO  SO FO  SO FO  SO FO SEM T O T × O 

c18:2 n-6 LA 19.88a 14.62b  12.05bc 8.75cd  7.02de 4.19ef  3.60ef 2.73f  4.82ef 3.51ef 1.805 < 0.001 < 0.001 0.036 
c9,t11-18:2  0.35bc 0.27c  0.55a 0.26c  0.54a 0.23c  0.53a 0.47ab  0.47ab 0.35bc 0.061 < 0.001 < 0.001 < 0.001 
t10,c12-18-2 0.02bcd 0.04ab  0.00cd 0.00d  0.07a 0.01cd  0.01cd 0.04bc  0.00d 0.03bcd 0.007 0.444 < 0.001 < 0.001 
t11,c15-18:2  0.13cd 0.23bc  0.17cd 0.16cd  0.10d 0.17cd  0.16cd 0.31ab  0.22bc 0.38a 0.043 < 0.001 < 0.001 < 0.001 
18:3 n-3 

ALA 1.74b 2.29a  1.06d 0.98de  0.81ef 1.31c  0.50g 0.75f  0.62fg 0.77ef 0.138 < 0.001 < 0.001 < 0.001 

18:3 n-6 0.11b 0.07bc  0.09bc 0.05c  0.39a 0.07bc  0.06c 0.04c  0.07bc 0.04c 0.041 < 0.001 < 0.001 < 0.001 
20:2 0.47bc 0.40cd  0.58ab 0.37cde  0.70a 0.30de  0.36cde 0.23e  0.36cde 0.26de 0.059 < 0.001 < 0.001 < 0.001 
20:3 n-6 1.32bcd 0.79ef  1.42bc 0.94def  3.71a 1.01cdef  1.13cde 0.62f  1.69b 0.73ef 0.332 < 0.001 < 0.001 < 0.001 
20:3 n-3 0.08f 0.53c  0.28e 0.88a  0.11f 0.73b  0.09f 0.41d  0.12f 0.47cd 0.076 < 0.001 < 0.001 < 0.001 
20:4 n-6  6.21 4.37  9.82 8.07  7.44 4.58  5.46 2.92  7.15 3.67 0.947 < 0.001 < 0.001 0.303 
20:4 n-3 0.34e 1.37b  0.32e 0.91c  1.14c 2.05a  0.21e 0.62d  0.22e 0.66d 0.134 < 0.001 < 0.001 < 0.001 
20:5 n-3  2.63efg 7.31c  3.85de 16.36a  3.30ef 11.08b  1.32g 3.62de  1.62fg 5.48cd 1.531 < 0.001 < 0.001 < 0.001 
22:4 n-3 0.10de 0.05e  0.16cd 0.05e  0.55a 0.09de  0.24c 0.09de  0.36b 0.11de 0.058 < 0.001 < 0.001 < 0.001 
22:5 n-6 0.05d 0.75a  0.02d 0.10cd  0.11cd 0.51b  0.02d 0.21c  0.03d 0.20c 0.090 < 0.001 < 0.001 < 0.001 
22:5 n-3  1.17 1.50  2.53 2.17  5.64 7.01  3.03 3.38  3.61 4.21 0.448 < 0.001 < 0.001 0.078 
22:6 n-3 0.34f 1.07def  1.37cde 3.41b  3.88b 9.69a  0.77ef 1.87c  0.78ef 1.71cd 0.753 < 0.001 < 0.001 < 0.001 

Σ PUFA 35.1c 35.8bc  34.0c 44.7a  34.7c 43.1ab  17.6d 18.5d  22.2d 22.8d 2.84 < 0.001 < 0.001 0.005 
Σ n-3 FA 6.40f 14.13cd  9.23ef 25.93b  15.46c 32.02a  6.06f 10.74de  7.34ef 13.48cd 2.045 < 0.001 < 0.001 < 0.001 
Σ n-6 FA 27.64 20.67  23.44 17.95  18.71 10.42  10.33 6.64  13.82 8.26 2.444 < 0.001 < 0.001 0.395 
n-6/n-3 FA 
ratio 4.31a 1.46cd  2.51b 0.70e  1.24d 0.33e  1.73c 0.62e  1.88c 0.62e 0.366 < 0.001 < 0.001 < 0.001 

Within a row, least squares means without a common superscript differ (P < 0.05). SEM, standard error of the mean. 
1 Only fatty acids making up > 0.1 mol % are displayed, all others were considered as traces. 
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4.4. Discussion 

The enrichment of n-3 FA in animal-derived food products like meat (Wolf et al., 

2018b, chapter 2) and milk (Bragaglio et al., 2015) is an intensively studied area in cattle. To 

the best of the authors’ knowledge, the present study is the first to present and compare the 

appearance of n-3 and n-6 FA in different bovine organs after feeding rumen-protected n-3 and 

n-6 FA supplements. The results have important implications for FA metabolism both directly 

in the animals as well as in humans consuming these organs as food. The organs investigated 

had quite different FA profiles, suggesting differences in their FA metabolism. Based on the 

modulatory function of dietary PUFA on the regulation of FA uptake and activation (Selberg 

et al., 2005; Schlegel et al., 2012), the present results point towards a regulation of tissue n-3 

and n-6 FA proportions by dietary n-3 vs. n-6 FA as well. 

4.4.1. General Effects of Oil Type on the Fatty Acid Profiles of Blood Plasma 
and Organs 

Feeding FO, rumen protected by a novel mix and spray technique, to growing heifers 

increased the proportions of the key n-3 FA by about two-fold across heart, liver, kidney, lung 

and spleen. This resulted in a decline to one third in the n-6/n-3 FA ratio compared to that found 

with rumen-protected SO. The present study also showed increased proportions of either total 

n-3 or n-6 FA with either FO or SO supplementation, respectively, which is in accordance with 

former studies on muscle and adipose tissues of cattle and lambs fed rumen-protected FO 

(Kitessa et al., 2001; Wolf et al., 2018a, 2018b, chapter 3, 2). Proportions of total PUFA in 

heart and kidney were more alike (41.0 and 38.4 g/100 g total FA, respectively) in lambs fed 

5% unprotected linseed oil rich in ALA (Nguyen et al., 2017) than those found in the present 

study with FO (35.8 and 41.5 g/100 g total FA, respectively). Pegolo et al. (2016) found even 

44% PUFA in hepatic total FA when young crossbred bulls were fed whole linseed. It got 

obvious from the present study that n-3 FA proportions in the organs investigated were elevated 

clearly more by FO than n-6 FA by SO. A similar pattern was found in the muscle lipids of the 

same animals (Wolf et al., 2018b, chapter 2). The FO diet provided 2 times more n-3 FA and 

almost 4 times less n-6 FA compared to the SO diet. The respective ratio was also different in 

the blood plasma with the FO group having 3 times more n-3 FA, but only 1.3 times less n-6 

FA than the SO group. This indicates that a differentiation between n-3 and n-6 FA already 

took place at the site of absorption. Furthermore, it seems that the transfer of n-3 FA from the 

blood to the organs investigated was much more pronounced than that of the n-6 FA. 
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Potentially, more n-6 than n-3 FA could have been incorporated into other tissues than those 

analysed in the present study, as was already shown for the reproductive tract (Giller et al., 

2018), in case the organs investigated indeed preferentially took up n-3 over n-6 FA from the 

blood. An opposite preference was shown for muscle phospholipids in cattle, fed exclusively 

pasture, rich in ALA, which contained more LA than ALA; this was attributed to a preferential 

incorporation of LA compared to ALA (Rosa et al., 2014; Wood et al., 2008). 

4.4.2. Differences in Partitioning of n-3 and n-6 Fatty Acids from the Oil Types 
in the Organs  

The present findings demonstrate an organ-specific level of uptake of structurally 

distinct long-chain PUFA by bovine organs. This may suggest specific biological needs, while 

the underlying mechanisms remain unclear. In general, an increase in PUFA compensated by 

a decline in MUFA by FO supplementation was only observed in kidney and liver, while 

MUFA and PUFA proportions remained unaffected by oil type in heart, lung and spleen. Pegolo 

et al. (2016) suggested that dietary PUFA play an important role in the liver for the regulation 

of hepatic metabolism and are transported to peripheral tissues only in smaller portions, leading 

to a disproportional partitioning of specific PUFA among tissues. Compared to skeletal muscles 

(Wolf et al., 2018b, chapter 2), kidney and liver contained four and five times more n-3 FA 

when animals were supplemented with rumen-protected FO. This might reflect the essential 

functions of these FA with respect to a stable lipid metabolism and blood cell formation as well 

as for avoiding metabolic diseases that are associated with the cardiovascular system (Demirel 

et al., 2004; Nguyen et al., 2017). It has been reported that the liver takes up circulating FA in 

proportions relative to their concentration in the bloodstream (Christie, 1981a; Vernon & Flint, 

1988). Hence, the liver from heifers fed rumen-protected FO possibly incorporated a large 

proportion of the circulating n-3 FA according to the significantly elevated proportions in the 

bloodstream described here and elsewhere (Giller et al., 2018). However, compared to the 

DHA:EPA ratios of 0.6:1 in the FO diet and 0.2:1 in the plasma of the FO fed heifers, it seems 

that the liver from FO fed heifers preferably incorporated DHA (0.9:1) and thus did not take up 

these FA proportionately from the blood plasma. A similar pattern was found when comparing 

the liver FA profile of cows supplemented with FO to that of a non-supplemented control group 

(Ballou et al., 2009). In the hepatocytes of these cows, Ballou et al. (2009) noted that the 

absolute increase in DHA was greater than that in EPA, which was in contrast to the ratio given 

in both, plasma and supplemented FO. This supports the assumption that hepatic cells have a 

preference to integrate DHA. Theoretically, EPA could also have been elongated to some extent 
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to DHA. However, it has been shown that the uptake of n-3 and n-6 FA by the liver 

downregulates genes for FA synthesis and desaturation of ALA and LA to EPA and AA (Hiller 

et al., 2013). A lower EPA production would then also result in less DHA production. In 

addition, it was reported for humans that supplemented EPA is elongated to 22:5 but not further 

desaturated to DHA (Croset & Lagarde, 1986; von Schacky & Weber, 1985). The hepatic lipids 

contained more DHA and total n-3 FA compared to those of kidney, heart muscle, lung and 

spleen. This observation is supported by the concept of tissue-dependent preferences for certain 

dietary FA (Hiller et al., 2013). In this respect, the liver appears to play an important role in 

providing the offspring with DHA in cattle (Moallem & Zachut, 2012). Hepatic lipid DHA 

proportion was also described to be higher in female than in male rats, which suggests a hepatic 

DHA storage until it is required for reproductive purpose (Childs et al., 2008). Consistent with 

this, supplementing DHA and other n-3 FA was repeatedly reported to improve reproductive 

performance of females (Mattos et al., 2000; Mattos et al., 2002; Elis et al., 2016).  

The renal lipids showed an even greater increase in total n-3 FA when animals were fed 

FO instead of SO than in the liver. This was mainly due to the increase in EPA proportion, the 

major n-3 FA in FO, and suggests an important role of EPA in the kidneys. The kidneys are 

responsible for fluid and electrolyte homeostasis as well as the elimination of waste products. 

Lipid components of the cell membrane such as EPA can affect these functions, e.g. by 

regulating membrane fluidity, which in turn influences ion transport (Christie, 1981a).  

The response to the dietary intervention of lipids in the heart, lung and spleen was less 

pronounced than that in the liver and kidneys. Nevertheless, a very selective PUFA 

incorporation was observed in all organs. The heart incorporated more EPA than DHA, 

resulting in a relatively low DHA:EPA ratio of 0.15:1. Such a high proportion of EPA compared 

to DHA in heart muscle was only described for humans receiving FO (Ohnishi et al., 2013). 

The authors considered this to be the result of a possibly greater importance of EPA for 

cardiovascular health than that of DHA. Accordingly, EPA appears to serve as a precursor of 

prostaglandin I3, which inhibits myocardial ischemic injury and atherosclerosis and induces 

neoangiogenesis (Ohnishi & Saito, 2013). Still, DHA proportions in the lipids of the heart 

muscle were 2.5 times higher than those of skeletal muscles, longissimus thoracis and biceps 

femoris (on average 0.29 g/100 g total FA), but similar to that of the extensor carpi radialis 

(0.84 g/100 g total FA) (Wolf et al., 2018b, chapter 2). The latter muscle is highly active (Dunne 

et al., 2005), probably similar to the activity of the heart muscle. Supplementing pigs with 250 

g linseed/kg diet increased n-3 FA proportions by 4 times in heart and liver compared to a 

control group (Cherian & Sim, 1995). At a much lower supplementation level, the FO still 
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doubled the proportions of n-3 FA in cardiac and hepatic lipids in the present study. While the 

n-3 FA proportions in bovine heart muscle were comparable to those of pigs in the study of 

Cherian & Sim (1995), the proportions in bovine liver were twice as high. This might indicate 

the presence of species differences so that n-3 FA are differentially partitioned in the organs of 

ruminants and monogastric animals. 

Of all organs, the cardiac lipids in addition had the highest proportions of ALA and LA, 

a pattern that was observed also in the adipose tissue surrounding the heart of the respective 

animals (unpublished data, chapter 3). This suggests a distinct requirement for these two FA in 

the bovine heart. Cardiac muscle phospholipids from grazing sheep also showed five and six 

times higher proportions of ALA and LA compared to for instance pulmonary phospholipids 

(Leiber et al., 2019). Consistent with our results, EPA and DHA proportions in cardiac 

phospholipids of these lambs were not affected by diet. In the same study (Leiber et al., 2019), 

the pulmonary lipids had greater EPA proportions when lambs were fed with forage of high 

compared to medium quality. Generally, FA are the main substrate for myocardial energy 

production (for review, see William et al., 2005). Nazir et al. (1967) reported that LA and ALA 

constitute a significant proportion of the total free FA in the subcellular fractions of the bovine 

heart muscle and suggested that these FA are preferentially oxidised by heart cell mitochondria. 

Compatibly, LA was the major PUFA in cardiac lipids of heifers but furthermore, EPA reached 

half of the LA level with FO supplementation. Other studies in cattle showed that the 

incorporation of total n-6 FA and AA, but not LA, was suppressed in liver (Ballou et al., 2009), 

muscle and adipose tissues (Wielgosz-Groth et al., 2017; Wood et al., 2008) with FO 

supplementation compared to non-supplemented diet. These observations were consistent with 

the present results for kidney, liver, lung and spleen. Nevertheless, the heart muscle showed a 

peculiarity compared to the other organs, since LA decreased with FO supplementation. To a 

point where the heart muscle is sufficiently supplied with FA as energy source to perform its 

function, there might be still capacity to incorporate LA into this metabolically very active 

organ compared to other organs. This phenomenon is mirrored in differently active muscles 

(Wolf et al., 2018b, chapter 2). Further studies that include a third (control) group without 

PUFA supplementation are required to determine the effects of qualitatively different oils on 

quantitative levels of n-3 and n-6 FA in bovine organs.  

Considering the aforementioned generally high total PUFA proportions in organs, the 

lung and spleen had PUFA proportions exceptional to this trend. Their PUFA proportions were 

not high and resistant to modification by oil supplementation. So far, only little is known about 

the FA composition of the spleen in ruminants. Being a major reservoir for immune cells, like 



Partitioning of Rumen-Protected n-3 and n-6 Fatty Acids is Organ-Specific in Growing Angus Heifers 
 

 
81 

phagocytes, T and B cells, the spleen is referred to as an immune organ. Immune cells have a 

high-energy demand, which is partly met by dietary lipids. Apart from an increased FA 

oxidation in activated T cells (Byersdorfer et al., 2013), the turnover of immune cells and, 

therefore, the conversion especially of PUFA from the phospholipids of the cell membranes 

into eicosanoids may result in lower PUFA levels in the spleen. Furthermore, the lower n-3 FA 

levels in spleen, lung and heart compared to kidney and liver might be associated with the 

activity level of Δ5-desaturase. This enzyme is responsible for the formation of EPA from its 

precursors and its activity was decreased by dietary n-3 FA in heart muscle and spleen of mice 

(Davidson et al., 2018) but not in the liver of FO-fed rats (Stawarska et al., 2018). In humans, 

Δ5-desaturase mRNA was found to be most abundant in liver, brain and heart and less abundant 

in the lung and kidney (Cho et al., 1999). While these findings are explaining the EPA and n-3 

FA levels found in bovine heart, spleen, liver and lung in the present study, the relatively high 

EPA and n-3 FA levels in the kidney cannot be explained by the potentially low Δ5-desaturase 

activity. 

Previous studies reported higher proportions of SFA in the pulmonary lipids than in 

other organs (Christie, 1981a). In this organ, phospholipids are not only an important 

constituent of the cell membranes. They are also a component of the lung surfactant, a 

phospholipoprotein produced by the pulmonary alveolar cells, which reduces the alveolar 

surface tension and prevents lung collapse (Christie, 1981a). Obviously, 16:0 is the major 

component of these pulmonary surfactants, followed by 16:1 (Goss et al., 2013). High 

pulmonary abundance was confirmed for the former but not for the latter in the present study. 

In muscle (Scollan et al., 2003) and adipose tissues (Vahmani et al., 2017), OA has been 

reported to be the major MUFA, which was the case also for the present bovine lung tissue. 

The lung is continuously exposed to high oxygen pressure and to photochemical oxidants such 

as ozone and nitrogen dioxide from ambient air. Through the production of free radicals, these 

gases can induce peroxidation of membrane lipids as shown for membrane PUFA in the lung 

(Kotha et al., 2014). As PUFA are more susceptible to oxidation than MUFA and SFA, PUFA 

levels could be deliberately kept low in the lung. 

4.4.3. Fatty Acid Profile of the Edible Organs in Relation to Human Health  

The currently high intake of SFA and n-6 FA from animal-source foods is of increasing 

concern for human health, and recommendations were implemented to selectively increase n-

3 FA intakes to prevent chronic diseases (Simopoulos, 2002). The n-3 FA proportions of 

cardiac, renal, hepatic and splenic lipids of FO heifers in the present study exceeded those of 
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muscles and would therefore presumably represent good sources for dietary n-3 FA. With a fat 

content of 40 g/kg (Christie, 1981b), 100 g liver from cattle supplemented with FO would 

provide 1.28 g of n-3 FA. With this amount, bovine liver would provide about 75% of EPA and 

about 34% of DHA provided by eating 100 g of salmon (EPA: 443 vs. 593 mg; DHA: 388 vs. 

1’155 mg, respectively) (Senser et al., 2009). Regarding the possible n-3 FA supply from eating 

liver, the use of rumen-protected FO in the present study was similarly efficient as unprotected 

FA in pigs (Komprda et al., 2016) where about half of the amount of FO resulted in half of the 

n-3 FA content of the liver. This suggests that using rumen-protection techniques potentially 

allows incorporation of n-3 FA into tissues of ruminants to be almost as effective as in 

monogastric animals. 

4.5. Conclusions 

A major finding was the generally higher n-3 and n-6 FA proportions in the lipids of 

liver and kidney compared to heart, lung and spleen and their higher n-3 FA proportions after 

FO supplementation. This demonstrates the presence of a differential partitioning of these FA 

into different organs, possibly reflecting their metabolic function or, like for the lungs, exposure 

to detrimental oxidative stress. We can further state that uptake of dietary n-6 FA from SO 

supplementation, though differing between organs, was much less pronounced than n-3 FA 

uptake from FO. The present study provides a so far rare comparison of the impact of 

nutritionally important FA on FA profiles of organs having different functions in the organism. 

Based on the FA profiles of the different bovine organs and their modification by diet, detailed 

analyses of enzyme gene expression and activities could reveal explicit changes in metabolism 

or inflammatory processes in future research. The study also demonstrates that supplementing 

cattle diets with rumen-protected n-3 FA is particularly efficient in enriching the liver, 

suggesting it to be an n-3 FA source almost as valuable to marine fatty fish. Because feeding 

FO to ruminants is not a sustainable way of increasing n-3 FA in animal-derived foods, the 

utility of other sources of long-chain n-3 FA such as microalgae should be evaluated. 
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A B S T R A C T 

In the present study, the effects of feeding 450 g/day of rumen-protected fish oil (FO) 

compared to sunflower oil (SO) to Angus heifers (60 g/kg total intake) were quantified. Animal 

performance was not affected whereas the physico-chemical meat quality, assessed in three 

muscles, was slightly affected by diet. The oxidative shelf life of the perirenal fat declined with 

FO compared to SO. Despite the formerly shown increased n-3 fatty acid proportions of meat 

due to FO supplementation, a trained sensory panel identified an only slightly more intense 

fishy flavour in grilled steaks and beef patties from the FO compared to the SO group. In FO 

compared to SO patties, flavour intensity was more pronounced. The perception of off-flavours 

was negligible and differences between muscles were larger than between diets. In conclusion, 

supplementing ruminants with FO containing nutritionally beneficial n-3 fatty acids results in 

few side-effects on meat quality, restricted to quite faint off-flavours and a shorter fat shelf life. 

5.1. Introduction 

Quality aspects such as flavour, physico-chemical properties and shelf life of meat and 

meat products are closely related to the amount and composition of fat associated with the meat 

(Dunne et al., 2011; Elmore, Mottram, Enser, & Wood, 1999; Mottram, 1998; Wood et al., 

1999). The lipids in beef are typically rich in saturated fatty acids (SFA) due to extensive 

biohydrogenation of unsaturated fatty acids (FA) in the rumen. From a human health 

perspective, foods rich in monounsaturated FA (MUFA) and polyunsaturated FA (PUFA), 

especially those of the n-3 group, are more desirable than foods rich in SFA (Department of 

Health, 1994). Therefore, an incorporation of the particularly beneficial long-chain n-3 PUFA 

20:5 (eicosapentaenoic acid, EPA) and 22:6 (docosahexaenoic acid, DHA) from natural sources 

such as fish oil or marine algae into ruminant muscles and adipose tissues is of interest. A 

substantial increase in muscle n-3 PUFA content has repeatedly been achieved by protecting 

these FA from ruminal biohydrogenation. Constraints associated with enriching tissues with 

EPA and DHA may include impairment of oxidative shelf life and consumer's perception of 

sensory quality aspects such as odour and flavour due to these FAs' high susceptibility to 

oxidation (Dunne et al., 2011; Elmore et al., 2005; Wood et al., 2003). Supplementation of 

ruminant diets with EPA- and DHA-rich fish oil (Elmore et al., 2005; Vatansever et al., 2000) 

or algae (Phelps et al., 2016; Rodriguez-Herrera, Khatri, Marsh, Posri, & Sinclair, 2017) 

resulted in meat products with more off-flavours, i.e., abnormal flavour (Nute et al., 2007) and 
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a more intense fishy and rancid flavour. Dietary unprotected fish oil rich in n-3 PUFA or 

sunflower oil rich in n-6 PUFA (González, Moreno, Bispo, Dugan, & Franco, 2014) included 

at < 60 g/kg did not affect physico-chemical meat quality such as water-holding capacity, 

colour, tenderness and intramuscular fat content in the longissimus muscle of goat kids and 

lambs (Najafi et al., 2012; Ponnampalam, Sinclair, Hosking, & Egan, 2002). Inclusion of 15 to 

30 g/kg of microalgae in the diet of Charolais cross heifers increased n-3 PUFA proportions in 

the longissimus thoracis (Rodriguez-Herrera et al., 2017). Concomitantly, tenderness of cooked 

beef steaks increased. This shows that dietary unprotected n-3 PUFA can affect meat quality, 

but studies on the extent to which this is the case for rumen-protected n-3-rich PUFA sources 

like fish oil are very rare. 

It is known for long that feeding diets rich in n-3 PUFA may reduce shelf life of body 

lipids in ruminants, as shown by Wood et al. (1999) for 18:3 n-3 from whole linseed. Feeding 

between 9 and 37 g of rumen-protected fish oil per kg of diet to beef heifers was found to 

increase EPA and DHA in the phospholipid fraction of the neck muscle in a curvilinear manner, 

but lipid oxidation under simulated retail display conditions was only increased at 37 g/kg 

rumen-protected fish oil (Dunne et al., 2011). Two studies, yet with unprotected fish oil, showed 

that the reduction in shelf life can further result in a reduced colour stability (Phelps et al., 2016; 

Vatansever et al., 2000). It has repeatedly been suggested that feeding PUFA to ruminants leads 

to undesirable volatile compounds in the meat (Campo et al., 2006; Elmore et al., 1999; Elmore 

et al., 2005; Mezgebo et al., 2017). Still, sensory evaluation of the quality of meat and meat 

products from fish oil-fed ruminants was only performed in few studies. Meat from different 

muscles may also be differently susceptible for developing off-flavours as deposition of dietary 

n-3 and n-6 PUFA in different muscles differs not only quantitatively but also qualitatively 

(Wolf et al., 2018b, chapter 2). To the authors' knowledge, studies are missing where the effects 

of feeding rumen-protected n-3 and n-6 PUFA on physico-chemical and sensory quality of 

different bovine muscles are quantified.  

Therefore, the following hypotheses were tested in a controlled experiment. (i) Sensory 

impression and fat shelf life are impaired when rumen-protected sunflower oil (rich in n-6 

PUFA) is replaced by rumen-protected fish oil. The extent to which the sensory perception of 

beef and beef products is impaired by supplemented dietary fish oil depends on (ii) type of 

muscle and (iii) fat content. (iv) Rumen-protected fish oil can be fed to beef cattle without 

adverse effects on performance and physico-chemical meat quality. For this purpose, meat 

(longissimus and biceps muscles) and perirenal fat were available from an experiment where 

fish oil instead of sunflower oil, both in rumen-protected form, had been fed. The muscles 
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examined for the present study have been shown to significantly differ in FA profiles with 

higher proportions of n-3 PUFA in fish oil-fed heifers compared to sunflower oil-fed heifers. 

Precisely, the fish oil supplementation increased the concentrations (mg/100 g muscle tissue) 

of EPA and DHA in the longissimus thoracis (15.9 to 26.4 and 3.26 to 9.18, respectively) and 

biceps femoris (24.6 to 43.9 and 5.07 to 14.0, respectively) (Wolf et al., 2018b, chapter 2). 

Further, the exchange was found to cause major changes in the ratio of n-6 and n-3 PUFA in 

muscles (varying from 2.0:1 to 1.3:1; Wolf et al., 2018b, chapter 2) and body fat tissue (varying 

from 1.2:1 to 0.7:1; chapter 3).     

5.2. Materials and Methods 

5.2.1 Animals, diets and slaughter  

Handling and husbandry of animals was approved by the Committee for Animal Care 

and Use of the Canton of Zug (licence no. ZG64/14 and ZG71/15). A total of 33 on average 17 

months old purchased Angus heifers were housed in a free-stall barn. At the start and the end 

of the experimental period the heifers were weighed on a cattle balance. Heifers were fixed in 

a gridlock during feeding allowing for individual feed allocation. After 12 weeks on the same 

diet, animals were allocated to two groups in a complete randomised way while aiming at 

similar average body weight and age in both groups. Subsequently, the heifers received for 8 

weeks 7 kg DM/day of a diet composed (g/kg dry matter (DM)) of barley straw, 528; soybean 

meal, 135; wheat, 92; sugar beet molasses, 90; second cut grass hay, 76; β-carotene, 12; 

commercial mineral mix, 5; sodium chloride, 3 and rumen-protected oil, 60. Fish oil (FO; rich 

in n-3 FA, 'Marineöl Omega-3-Konzentrat 33/22′, Henry Lamotte OILS GmbH, Bremen, 

Germany) and sunflower oil (SO; rich in n-6 FA, 'Sonnenblumenöl 100,528′ from 

NUTRISWISS AG, Lyss, Switzerland), processed to achieve rumen protection were used. This 

was accomplished by mixing the oils with hydrogenated rapeseed oil and their transformation 

into powder by spray chilling, applying an industrial process of a commercial producer (Erbo 

Spraytec AG, Bützberg, Switzerland). Per 100 g total FA, the fish oil supplement contained 

16.9 g n-3 FA and 1.4 g n-6 FA while the sunflower oil supplement contained 0.3 n-3 FA and 

18.3 g n-6 FA. The proximate and FA composition of the diets and oils is presented in detail in 

Wolf et al. (2018). 

More details on housing, and the detailed slaughter and tissue preparation procedures 

are described in Wolf et al. (2018). Briefly, the three muscles sampled were the longissimus 

thoracis (LT), the biceps femoris (BF) and the extensor carpi radialis (ECR). Two pieces of 
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meat were obtained per muscle, one of them 2 cm thick. The small size of the ECR allowed 

only the 2 cm thick piece to be harvested. The meat was stored on ice until arrival at the 

laboratory. The 2 cm thick meat samples were homogenized for 15 s in a household blender 

(Moulinette type DP-700, Moulinex, Ecully, France), vacuumed and frozen at –20 °C. The 

respective larger pieces of meat from LT and BF were weighed, vacuum packaged and aged for 

21 days at 4 °C. In addition, the complete perirenal fat was collected, vacuum packaged and 

stored at –20 °C. 

5.2.2. Physico-chemical meat quality analysis 

Temperature and pH of the muscles were measured at 24 h post mortem with a pH meter 

(Testo 205, Testo Ltd., Alton, Hampshire, United Kingdom) at the slaughterhouse. Before and 

after 21 days of ageing, the muscle samples were blotted dry and weighed to determine ageing 

loss by weight loss. A 1 cm slice of the aged sample was cut from the cranial and caudal side 

of the LT and BF, respectively, and allowed to bloom for 60 min in the dark at 4 °C. Using a 

Chroma meter (model CR-300 with light source C, D65; Konica Minolta, Tokyo, Japan), the 

CIE L* a* b* (lightness, redness, and yellowness, respectively) colour space was assessed on 

the freshly cut surface of the meat at five evenly distributed points. From these data, hue was 

calculated according to Warriss (2010). For later statistical analysis, the five data points per 

sample were averaged. Drip loss was determined following Honikel (1998) on two 1.5 cm thick 

slices placed in a net and hung in a weld plastic bag for 24 h at 4 °C. For cooking loss, a 3.5 cm 

thick slice was covered with two aluminium sheets and put on a grill preheated to 195 °C until 

the core reached 70 °C (controlled by a temperature sensor with data logger ALMEMO® 3290-

8, Thermo E4, NiCr-Ni, Type K Sensor, Ahlborn Mess- und Regelungstechnik GmbH, 

Holzkirchen, Germany). After cooling to room temperature for 2 h, cooking loss was 

determined by weighing. Shear force was measured afterwards using the Warner-Bratzler shear 

force protocol. Eight to ten cylindrical cores of a diameter of 1.27 cm were drilled in parallel to 

the muscle fibres with a cork borer (Fein, Model Asye 636, Germany). The shear blade was 

attached to a texture analyser (Stable Micro Systems, Model TA.HD, Haslemere, UK). Results 

per meat slice were pooled to one value for statistical analysis. The remainders of the LT and 

BF were stored at –20 °C for sensory assessments. 

The homogenized meat was analysed for DM and ash (AOAC, 1997, index no. 942.05; 

TGA701, Leco Corporation, St. Joseph, Michigan, USA). The protein content was calculated 

as 6.25 × nitrogen determined by a C/N analyser (AOAC, 1997, index no. 968.06; type TruMac 

CN, Leco, Kirchheim, Germany). The intramuscular fat content was analysed by ether extract 
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using a Soxhlet extraction system (model B-811, Büchi, Flawil, Switzerland; AOAC, 2006 

index no. 963.15). This was performed after 5 g of the samples had been hydrolysed with a 

Hydrolysis Unit B-425 (Büchi Labortechnik AG, Flawil, Switzerland) together with Celite 545 

and 100 ml of 4 M HCl. After boiling for 30 min, samples were filtered with hot distilled water 

through a quartz glass crucible with quartz sand (0.5 to 0.7 mm) and Celite 545. The remainder 

in the crucible was dried by microwave for two times 12 min at 600 and 450 W, respectively. 

The perirenal AT was homogenized, melted and sieved to remove connective tissue as 

described in Gangnat, Kreuzer, Clavijo McCormick, Leiber, and Berard (2016). It was 

subsequently analysed for its stability against oxidation via the induction time with a Rancimat 

(model 679, Metrohm, Herisau, Switzerland) at 20 l air/min and 120 °C. 

5.2.3. Sensory analysis 

The sensory evaluation was carried out according to a standard protocol 

(ISO13299:2003) in the sensory laboratory of Agroscope. An in-house trained panel of eight 

members performed sensory analyses on steaks from LT, BF and beef patties from LT, from 

the FO (n = 6) and SO (n = 6) treatment group. The twelve samples for the beef patty test were 

selected to guarantee the minimum sample weight needed (20 g per panellist per sample, 

Agroscope guidelines for sensory evaluation). The same animals as chosen previously for beef 

patty analysis were selected for the steak analysis. The LT samples from the remaining animals 

(21 from 33) were used for the beef patty test on the effect of oil type and fat addition. Samples 

were encoded with three-digit random numbers to ensure unbiased results. The panel attended 

two preparatory training sessions for the attributes to be evaluated for steak and patty analysis 

each. The panellists evaluated two samples from each treatment group per session with the order 

of presentation being randomised for each panellist within and between sessions. The panellists 

were asked to eat bread and drink temperate still water or light black tea after each sample to 

cleanse the palate. The attributes describing specific odours (in the nose), flavours (odour 

indirectly perceived retro-nasal) and flavours (resulting from the perception of taste on the 

tongue and flavour in the pharynx) were evaluated on a 10-cm scale, from 0 = low intensity; to 

10 = high intensity. The marks of the panellists on the line scales were electronically converted 

to numbers by measuring the position of each mark with a computer-assisted FIZZ digitizer 

(Biosystèmes, Couternon, France). The number of attributes evaluated differed between meat 

products depending on the importance for the research question and amount of material 

available.  
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Steaks Prior to sensory evaluation, the frozen LT and BF steaks were placed on a tray 

in a single layer and thawed overnight at 4 °C, blotted dry and stored at room temperature for 

1 h. Then, steaks were grilled on a pre-heated electric grill at 170 °C for 5 min and turned three 

times within that time. Three pieces (20 × 10 × 5 mm) per steak per panellist were covered with 

hot inverted glass bowls on pre-heated plates and immediately served. Temperature of meat 

pieces was between 50 and 58 °C, measured with an infrared thermometer (ET300, Laser 

Infrared Thermometer, Eventek). The attributes evaluated in steaks were fishy and fatty (flavour 

and odour), rancid (flavour) and sour (taste). The BF samples were tested in the first and LT 

samples in the last three of a total of six sessions. The proportions of the individual FA in total 

FA were used to calculate the peroxidation index (PI), which estimates the concentration of 

bisallylic hydrogen atoms found in unsaturated FA.  

Beef patties Beef patties were prepared from LT samples and the respective perirenal 

fat of the same animal. After thawing the material overnight at 4 °C, meat and fat were first 

mixed by grinding them together through a 8 mm steel plate (Brunner-Anliker AG, 8302 

Kloten, Switzerland) and then homogenized in a household blender (type CH250, Kenwood, 

Baar, Switzerland) for 15 s. Beef patties (0.9 ± 0.1 cm thick) were formed with a standard burger 

press (10.4 cm diameter). Patties were put on an electric grill (Indu-griddle type GR 3000, 

Hugentobler, Switzerland) preheated to 160 °C and grilled for 4 min on each side (flipped over 

each minute). Panellists were served three 1 cm3 pieces from two patties covered with hot 

inverted glass bowls on pre-heated plates. Patty temperature was between 50 and 58 °C 

according to the Eventek pyrometer when served to the panellists. In a first beef patty test, 

panellists elaborated if the diet-specific attributes fishy, fatty (flavour and odour) and rancid 

flavour were perceived differently when the beef patties were prepared with different levels of 

added perirenal fat (0, 100, 200 or 300 g/kg). This first test was also used to establish the 

description of standard sensory characteristics of the beef patties. For this first test, meat and 

fat from several animals of either the FO or the SO group had to be combined to produce enough 

patties for each of the four fat levels. Samples of both treatment groups were tested in a total of 

six sessions (alternately) with three samples from individual animals from one treatment group 

mixed to patties for each session. Eight different odours and 19 different flavours were 

evaluated using 0 = absent, 1 = weak, 2 = medium and 3 = strong as a scale for grading. The 

scores for fishy and rancid flavour differed, although not significantly, but numerically more 

between treatment groups in patties with 200 g/kg compared to 100 and 300 g/kg added fat. 

Due to the numerous attributes evaluated in the first test, the panel should therefore clarify the 

effect of oil type only on a few specific attributes in a second evaluation. In the second test, the 
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effect of fish oil supplementation was evaluated in beef patties with 200 g/kg fat, a content, 

which is common in market ground beef (EU, 2011) and which showed to be sufficiently high 

to influence sensory differentiation of FO and SO. In this second test, the panellists assessed a 

reduced set of diet-specific attributes, namely fishy and fatty odour and flavour, and rancid 

flavour, general flavour intensity as well as the tastes sweet, sour, bitter and umami. Samples 

were tested in a total of three sessions. Grading was done as for the steaks. 

5.2.4. Calculations and statistical analysis 

The PI was calculated as reported by Nagyová, Krajčovičová-Kudláčková, and 

Klvanová (2001): PI = (% dienoic × 1) + (% trienoic × 2) + (% tetraenoic × 3) + 

(% pentaenoic × 4) + (% hexaenoic × 5). The PI values were reported as arithmetic means ± 

standard deviation. Data were subjected to analysis of variance using the Mixed procedure of 

SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). The analysis of growth and slaughter 

performance included diet as fixed effect and slaughter date as random effect. The analysis of 

meat quality included diet, muscle type and their interaction as fixed effects, and slaughter date 

as random effect. The models used for the evaluation of the sensory data from the steaks 

included diet, muscle type and their interaction as fixed effects. For multiple comparisons 

among means, the Tukey-Kramer method was applied, both for the three muscles (in the 

respective traits where data from three muscles were available) across both diet types and for 

the interaction means of diet × muscle. The sensory data from the beef patties included diet, fat 

content (first test only) and the respective interaction (first test only) as fixed effects as well as 

session and panellist (and their interaction) as random effects. This should account for 

individual differences in use of the scale as well as the individual daily-dependent performance 

of the panellist (Lawless, 1998; Lundahl & McDaniel, 1988; Næs & Langsrud, 1998). Model 

assumptions were tested by graphically inspecting the residuals for each variable for normality 

and homogeneity of variance. Effects were considered statistically significant at P < 0.05. The 

tables display least square means (LSM), standard errors of means (SEM) and P-values. The 

correlations between the PI and sensory attributes were performed using Pearson correlation 

analysis. 
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5.3. Results 

5.3.1. Growth and slaughter performance 

Ages and body weights of the heifers from the two diet groups were similar at the start 

and at the end of the 8-weeks experiment (Table 18). Accordingly, no differences were 

observed in body weight gains. Also total daily DM intake and feed conversion ratio were 

unaffected by the diet. At similar dressing percentage, also hot carcass weights of the 

slaughtered heifers were comparable with some 200 kg. 

 

Table 18 Effects of feeding rumen-protected fish oil (FO) compared to rumen-protected 
sunflower oil (SO) on growth during 8 weeks of treatment feeding and slaughter 
performance.1 

Oil type FO  
(n = 17) 

SO  
(n = 16)  SEM P-value 

Age (days)      
At start of experiment 529 518  44.6 ns 
At slaughter 594 584  44.6 ns 

Body weight (kg)      
At start of experiment 355 341  10.8 ns 
At slaughter 419 406  12.8 ns 

Body weight gain (g/day) 964 954  243.9 ns 
Intake per day2      

Dry matter (kg) 6.9 6.9  0.03 ns 
n-3 fatty acids (g) 56.4 21.0  3.26 *** 
n-6 fatty acids (g) 24.4 78.1  1.99 *** 

Feed conversion ratio (kg feed/kg gain) 7.5 8.1  1.67 ns 
Hot carcass weight (kg) 217 205  7.0 ns 
Dressing percentage3 51.7 50.9  0.55 ns 

Significant differences are indicated as ***P < 0.001, ns = not significant. 
1 Least square means. 
2 Data from Wolf et al. (2018b, chapter 2). 
3 Ratio of hot carcass weight to body weight at slaughter. 

5.3.2. Physico-chemical quality of the meat 

Most physico-chemical meat quality traits differed between muscles, whereas 

differences due to diet as well as interactions between muscle type and diet were rare 

(Table 19). At 24 h post mortem, the ECR muscle had a higher (P < 0.05; Tukey-Kramer 

adjustment) pH compared to LT and BF (5.81 vs. 5.70 and 5.67, respectively). At that time, the 

BF still had a higher (P < 0.05) temperature than the LT and the ECR (5.34 vs. 2.98 and 3.27 °C, 

respectively). Redness and yellowness were more intense (both P < 0.001) in the BF than in the 
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LT (23.1 and 1.90 vs. 20.9 and 0.78, respectively), while lightness did not differ. Ageing losses 

amounted to about 3% or less and did not differ between muscles and diet groups. Drip loss 

was generally lower (P < 0.05) in the meat from the FO heifers compared to that of the SO 

heifers (1.13 vs. 1.29%, respectively), and was higher (P < 0.001) in the LT compared to the 

BF (1.33 vs. 1.08%, respectively). Cooking loss in the LT from SO heifers was 5% higher (P < 

0.05) compared to the LT from FO heifers whereas no such difference was found in the BF 

(interaction of diet × muscle, P= .034). Shear force was lower (P < 0.001) in the BF compared 

to the LT (37.3 vs 56.1 N, respectively). The ECR had a higher (P < 0.05) moisture content 

than the LT and BF (78.2 vs. 75.0 and 75.4 g/100 g, respectively) and contained only a third (P 

< 0.05) of the amount of intramuscular fat that was found in LT and BF (0.7 vs. 2.2 and 2.4 

g/100 g, respectively). Compared to BF and ECR, the LT contained more (P < 0.05) protein 

(20.3 and 19.9 vs. 21.7, respectively) and less (P < 0.05) ash (1.6 and 1.6 vs. 1.3 vs. g/100 g, 

respectively). Across all three muscles, the meat from the FO group contained more (P < 0.05) 

intramuscular fat than that of the SO group (1.96 vs. 1.58 g/100 g, respectively). The calculated 

PI values in the FO and the SO group were 19.8 ± 4.04 and 20.5 ± 5.93 for the LT, respectively, 

and 26.5 ± 2.17 and 26.2 ± 9.49 for the BF, respectively, and differed significantly (P = 0.006) 

between the muscles. 

5.3.3. Oxidative stability of the perirenal adipose tissue 

Oxidation products under high temperature and air flow were detected clearly faster 

(P < 0.001) with 7.14 h in the perirenal fat from the FO-fed heifers than in that from the SO-

fed heifers (11.16 h; SEM, 1.221 h; data not presented in tables). 
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Table 19 Differences between muscles in the effect of feeding rumen-protected fish oil (FO) instead of rumen-protected 
sunflower oil (SO) on physico-chemical quality.1 

Muscle (M) Longissimus 
thoracis 

 Biceps femoris 
 

Extensor carpi 
radialis  

P-values 

Oil type (OT) FO SO  FO SO  FO SO SEM OT M OT × M 
pH24 h  5.69 5.70  5.70 5.63  5.81 5.80 0.065 ns ** ns 
Temperature24 h (°C) 2.97 2.98  5.12 5.56  3.32 3.22 0.232 ns *** ns 
Colour             

L* (lightness) 36.3 36.7  35.9 36.2  − − 0.62 ns ns ns 
a* (redness) 20.8 20.4  23.0 23.2  − − 1.07 ns *** ns 
b* (yellowness) 0.80 0.76  1.71 2.10  − − 0.546 ns *** ns 
Hue2 (radian) 1.54 1.54  1.50 1.49  − − 0.025 ns *** ns 

Water holding capacity (%)            
Ageing loss21 days 3.02 2.75  2.66 2.69  − − 0.233 ns ns ns 
Drip loss 1.24 1.43  1.02 1.14  − − 0.094 * *** ns 
Cooking loss 26.5b 30.3a  29.4ab 29.0ab  − − 1.18 † ns * 

Shear force (N) 55.2 56.9  38.6 36.1  − − 3.54 ns *** ns 
Composition (g/100 g)            

Moisture 74.4 75.4  75.1 75.6  78.2 78.1 0.40 ns *** ns 
Ash 1.29 1.35  1.64 1.62  1.59 1.53 0.116 ns *** ns 
Protein 21.7 21.7  20.2 20.4  19.6 20.2 0.05 ns *** ns 
Fat 2.42 1.97  2.65 2.21  0.80 0.55 0.238 * *** ns 

Peroxidation Index 
(PI) 21.3 20.0  27.9 25.2  62.5 55.2 2.983 † *** ns 

Within a row, least squares means with varying superscript differ (P < 0.05). 
Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant and †P < 0.1 indicates a tendency. 
1 Least square means. 
2 Hue angle = tan–1 (b* / a*), when a* and b* are >0 (Warriss, 2010).
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5.3.4. Sensory scoring of the steaks 

The supplementation of heifers with FO resulted in a perception of a more intense fishy 

flavour (P < 0.05) in steaks compared to the supplementation with SO (1.13 vs. 0.67, 

respectively) (Table 20). Impressions of fishy and fatty odour, fatty and rancid flavour and sour 

taste were not affected by oil type. Across both diet types, fishy flavour was perceived more 

intensely (P < 0.05) in the BF than in the LT (1.24 vs. 0.57, respectively). While steaks from 

both muscles were comparable in sour taste impression at around 2.50, there was a trend (P < 

0.10) for a more intense fatty (1.69 vs. 1.26) and fishy (0.78 vs. 0.54) odour as well as fatty 

(1.71 vs. 1.37) and rancid flavour (0.46 vs. 0.31) in steaks from the BF compared to those from 

LT. Overall, intensity levels for all attributes were generally weak. No significant interaction 

between oil supplementation and muscle type was found for any of the six attributes tested. 

Except for the fatty flavour in the steaks of the SO group, which tended (−0.290, P = 0.078) to 

be negatively correlated with the PI, no correlations occurred between the PI of muscles and 

the sensory attributes evaluated by the panel. 

 

Table 20 Differences in sensory impressions between muscles from animals fed rumen-
protected fish oil (FO) compared to rumen-protected sunflower oil (SO) (n=12 per 
treatment).1,2 

Muscle (M) Longissimus 
thoracis   Biceps femoris  

 
P-values 

Oil type (OT) FO SO  FO SO  SEM OT M OT × 
M 

Odour           
Fatty 1.13 1.39  1.77 1.61  0.479 ns † ns 
Fishy 0.56 0.51  0.84 0.73  0.186 ns † ns 

Flavour and taste          
Fatty 1.26 1.47  1.85 1.58  0.420 ns † ns 
Fishy 0.63 0.51  1.64 0.84  0.311 * * ns 
Rancid 0.31 0.31  0.40 0.53  0.119 ns † ns 
Sour  2.42 2.38   2.76 2.48   0.658 ns ns ns 

Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ns = not 
significant and †P < 0.1 indicates a tendency. 
1 0 = low intensity, 10 = high intensity. 
2 Least square means. Evaluated with eight panellists.
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5.3.5. Sensory evaluation of the beef patties 

5.3.5.1. Sensitivity of sensory attributes to beef patty fat level and 
associated sensory profile 

Panellists discriminated 27 attributes with no (=0), bland (=1) or medium (=2) 

perception for beef patties from the FO and SO groups (Figure 4). In none of the attributes, the 

perception strong (=3) was reported. Concerning fat addition to the beef patties, fatty odour was 

perceived as more intense (P < 0.05) with 300 g/kg compared to 0 and 100 g/kg with 

intermediate value for the 200 g/kg (Table 21). Fishy odour was perceived bland and stronger 

(P < 0.05) in beef patties with 300 g/kg compared to 100 g/kg fat with intermediate value for 

patties with 0 and 200 g/kg. The five other odours were also assessed bland and their intensity 

was not distinguishable between different levels of added fat. Among the seven odours tested, 

mustard was the only one affected by the diet of the animals and although faint, it was scored 

higher (P < 0.05) in SO than in FO beef patties. Despite the low intensity, fishy flavour was 

perceived to a higher extent (P < 0.05) in beef patties prepared from FO than from SO fed 

heifers and was not rated differently when a different amount of fat was added. The opposite 

pattern as with fishy flavour was found for hay flavour, with a lower (P < 0.05) intensity in beef 

patties prepared from FO than SO fed heifers. The other attributes describing flavour were not 

affected by oil type. Bitter taste was less (P < 0.05) pronounced with 200 and 100 g/kg 

compared to 0 and 300 g/kg fat addition. The impression of fatty flavour intensified (P < 0.05) 

from 0 to 300 g/kg, with intermediate values between 100 and 200 g added fat/kg. A distinct 

increase (P < 0.05) in rancidity was recognized with 300 g/kg fat compared to 200, 100 and 0 

g added fat/kg. Soapy flavour was less (P < 0.05) detected in beef patties with 0 than with 200 

and 300 g/kg fat addition. Patties not supplemented with fat were perceived to have a more sour 

taste (P < 0.05) than with fat addition. Beef patties with 200 g/kg added fat were perceived 

sweeter (P < 0.05) compared to those with 0 g/kg with similar, intermediate values at 100 and 

300 g/kg fat. Looking at the evaluation values for fishy flavour between the FO and SO group 

at each fat level of added fat, the numeric difference seemed appreciable in patties with 200 

g/kg added fat compared to 0, 100 and 300 g/kg (0.36 vs. 0.10, 0.04 and 0.29, respectively, not 

shown in the results). This indication was further investigated in the second test.  
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Figure 4 Odour (1), flavour (2) and taste (3) attributes (Least square means) in beef patties 

(prepared from longissimus thoracis) with 0 (black line), 100 (red line), 200 (blue line) or 300 

(yellow line) g/kg added perirenal fat from of Angus heifers supplemented with rumen-

protected fish oil (a) or rumen-protected sunflower oil (b). 0 = absent, 1 = weak and 2 = medium. 
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Table 21 Effect of oil type (rumen-protected fish oil, FO, or rumen-protected sunflower oil, SO (n=8 per diet group)) and of addition of 
perirenal fat (PF, n=4 per fat addition) on individual olfactory and gustatory attributes in the sensory evaluation1 of beef patties prepared 
from the longissimus thoracis2. 
 Oil type (OT)  Fat addition (PF, g/kg)  P-values 
 FO SO  0 100 200 300 SEM OT PF OT × PF 
Odour            

Animal 1.34 1.10  1.25 1.14 1.25 1.25 0.237 † ns ns 
Fatty 0.61 0.70  0.48b 0.44b 0.73ab 0.96a 0.197 ns ** ns 
Fishy 0.24 0.15  0.15ab 0.09b 0.12ab 0.39a 0.141 ns * ns 
Grilled 1.06 1.14  1.27 1.15 1.03 0.96 0.229 ns ns † 
Grassy 0.39 0.54  0.49 0.42 0.36 0.58 0.186 ns ns ns 
Liver 0.73 0.66  0.71 0.84 0.55 0.70 0.202 ns ns ns 
Mustard 0.07 0.20  0.10 0.13 0.06 0.24 0.091 * ns ns 

Flavour and flavour           
Animal 0.93 0.69  0.78 0.84 0.71 0.92 0.182 † ns ns 
Bitter  0.25 0.34  0.43a 0.23ab 0.03b 0.48a 0.134 ns ** ns 
Bloody 0.48 0.35  0.50 0.49 0.29 0.37 0.165 ns ns ns 
Fatty 1.25 1.07  0.58c 1.03b 1.25b 1.77a 0.217 ns *** ns 
Fishy 0.34 0.15  0.26 0.17 0.26 0.29 0.145 * ns ns 
Gamey 0.47 0.54  0.74 0.48 0.35 0.45 0.179 ns † ns 
Grassy 0.38 0.38  0.42 0.29 0.32 0.48 0.141 ns ns ns 
Grilled 0.73 0.88  0.74 0.87 0.90 0.73 0.195 ns ns ns 
Hay 0.16 0.32  0.20 0.13 0.36 0.26 0.134 * ns ns 
Intensity  1.70 1.54  1.58 1.65 1.58 1.68 0.187 ns ns ns 
Liver 0.50 0.43  0.59 0.48 0.48 0.32 0.155 ns ns ns 
Metallic 0.45 0.47  0.65 0.42 0.23 0.54 0.229 ns ns ns 
Mouldy 0.14 0.11  0.29 0.06 0.06 0.10 0.099 ns † ns 
Mushroom 0.14 0.27  0.13 0.23 0.23 0.23 0.110 † ns ns 
Nutt 0.33 0.32  0.26 0.29 0.36 0.39 0.178 ns ns ns 
Rancid 0.38 0.23  0.23b 0.23b 0.13b 0.64a 0.163 ns ** ns 
Soapy 0.24 0.33  0.06b 0.29ab 0.39a 0.39a 0.151 ns * ns 
Sour  0.70 0.84  1.33a 0.65b 0.39b 0.72b 0.224 ns *** ns 
Sweet 0.66 0.62  0.31b 0.73ab 0.93a 0.57ab 0.181 ns ** ns 
Umami 0.94 0.77  0.86 0.95 0.85 0.76 0.305 ns ns ns 

Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant and †P < 0.1 indicates a tendency. 
1 0 = absent, 1 = weak, 2 = medium and 3 = strong.  
2 Least square means. Fat addition means carrying no common superscript differ significantly at P < 0.05. Evaluated with eight panellists. 
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5.3.5.2. Sensory scoring of the beef patties 

In the second sensory test with patties produced with 200 g/kg perirenal fat added and 

a reduced set of attributes, the flavour intensity was the most prominent sensory attribute 

detected by the panel and it was higher (P < 0.001) in beef patties prepared with material from 

FO compared to SO heifers (Table 22). Panellists perceived more fishy flavour (P < 0.01) and 

umami taste (P < 0.05) in FO than SO patties. The panel tended (P < 0.10) to perceive a stronger 

fatty flavour in FO than SO patties. The intensities of fatty odour, fishy odour, rancid flavour 

and of the tastes bitter, sweet and sour could not be distinguished between treatment groups.  

 

Table 22 Effect of feeding rumen-protected fish oil (FO) instead of rumen-protected sunflower 
oil (SO) on the sensory impression of beef patties prepared with meat of the longissimus 
thoracis muscle and perirenal adipose tissue (n = 6 per treatment) (200 g/kg).1,2 
Oil type FO  SO  SEM  P-values 
Odour        

Fatty 2.90  2.65  0.562  0.335 
Fishy 2.09  1.68  0.427  0.164 

Flavour and flavour        
Bitter 1.22  1.16  0.377  0.731 
Fatty 3.63  3.01  0.645  0.069 
Fishy 2.19  1.29  0.515  0.002 
Intensity 4.24  3.23  0.533  <0.001 
Rancid 1.68  1.33  0.362  0.234 
Sour 2.47  2.03  0.495  0.135 
Sweet 1.58  1.46  0.348  0.511 
Umami 2.23  1.78  0.564  0.031 

Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ns = not 
significant and †P < 0.1 indicates a tendency. 
1 0 = low intensity, 10 = high intensity. 
2 Least square means. Evaluated with eight panellists. 

5.4. Discussion 

5.4.1. Effects of oil type on animal performance and physico-chemical meat 
quality 

The present experiment demonstrated that rumen-protected SO can be replaced by 

rumen-protected FO in the diet of growing cattle without side-effects on growth and slaughter 

performance and only few, and rather beneficial, effects on physico-chemical meat quality. One 

of these was a lower cooking loss found in the LT of the FO-fed heifers compared to the SO-



Replacing Sunflower Oil by Rumen-Protected Fish Oil has only Minor Effects on the Physico-Chemical and 
Sensory Quality of Angus Beef and Beef Patties 

 

 
99 

fed heifers. No such effect of FO replacing maize (Wistuba, Kegley, & Apple, 2006) or other 

oils (Najafi et al., 2012) was found in the BF, and also in the present study the cooking loss of 

the BF did not change. Rather than being an effect of the type of rumen-protected oil, the 

difference in cooking loss of the LT can be explained as a muscle-specific characteristic (Klont, 

Brocks, & Eikelenboom, 1998) like differences in glycolytic potential and mitochondrial 

oxidative activity between LT and BF (Talmant, Monin, Briand, Dadet, & Briand, 1986). 

5.4.2. Effects of rumen-protected fish oil on the sensory quality of meat and meat 
products 

In order to provoke sensory differences and to reflect high-quality beef sale practices, 

the meat of the present study had been aged at refrigerated temperature for 3 weeks. 

Subsequently, the meat and fat samples had even been stored frozen for several months prior to 

sensory evaluation, which could have enhanced the development of off-odours and off-flavours 

associated with rancidity (Quevedo et al., 2018). Indeed, shelf life was about 30 % lower in the 

perirenal fat of the FO group compared to the SO group. Concomitantly, in the perirenal fat the 

proportions (g/100 g total fatty acids) of total PUFA increased from 2.68 to 3.57 and of total n-

3 PUFA from 0.69 to 1.32 (chapter 3) when SO was replaced by FO, respectively, whereas total 

n-6 PUFA were quite constant with 0.92 to 0.93 for FO and SO, respectively (chapter 3). A 

similar selective phenomenon of enriching dietary n-3 PUFA but not dietary n-6 PUFA was 

found in LT and BF, where the n-3 PUFA concentrations in the FO group reached 112 and 152 

mg/100 g muscle tissue, respectively (Wolf et al., 2018b, chapter 2). Meat from the BF of those 

animals contained 57.9 mg of EPA & DHA per 100 g tissue and hence can be labelled as “source 

of n-3 PUFA” (European Parliament, 2018), which requires the sum of EPA and DHA to be at 

least 40 mg per 100 g. However, compared to meat from salmon with 1′748 mg EPA & 

DHA/100 g tissue (Senser et al., 2009) and regarding the recommended daily n-3 PUFA intake 

of 250-500 mg (FAO, 2010), the amount of n-3 PUFA in meat from FO-fed heifers was still 

quite low. Diets rich in PUFA may also reduce colour stability (Dunne et al., 2011; Phelps et 

al., 2016), and FO containing FA more inclined to oxidation than those of SO might promote 

this problem. It has to be kept in mind though, that the present study focused on maximizing 

the difference in total and relative incorporation of the specific n-3 and n-6 PUFA using the 

same rumen-protection technique. This approach was used to create a large variation in 

metabolic supply with the respective PUFA from the two PUFA-rich oils and not to determine 

the level of transfer efficiency of bypass FA. Diets rich in PUFA may also reduce colour 
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stability (Dunne et al., 2011; Phelps et al., 2016), and FO containing FA more inclined to 

oxidation than those of SO might promote this problem. However, despite ageing (without 

subsequent frozen storage), the colour of aged beef did not differ between groups in the present 

study whereas muscles clearly differed in redness, yellowness and hue. Sensory impairments 

due to decreased fat shelf life, like that observed in the perirenal fat, would be expected to get 

more pronounced with increasing fat content of meat (Yim, Kim, & Chung, 2015) and meat 

products. This was tested in two different muscles and a meat product (patties) with beef 

complemented with perirenal fat from the same animals. The patties indeed displayed an 

increasing intensity of rancid flavour with increasing levels of fat addition. It is known that 

flavour intensity increases with intramuscular fat content (marbling) in meat (Brewer, Zhu, & 

McKeith, 2001; Yim et al., 2015). However, to the authors' knowledge, the effect of feeding 

rumen-protected FO to cattle has not yet been compared between different muscles or in beef 

patties. Unexpectedly, intensity of rancid flavour was not increased in the meat of the FO group 

different from other studies, whereas a mix of FO and linseed oil was found to clearly reduce 

the oxidative stability in (broiler) meat (González-Ortiz, Sala, Cánovas, Abed, & Barroeta, 

2013). However, in the present study no saturated fat but a PUFA rich oil (SO) was used as a 

control. Vatansever et al. (2000) also did not find differences in rancid flavour in steaks from 

steers fed 30 g/kg FO compared to a diet rich in saturated FA. Nevertheless, the concomitant 

supplementation with vitamin E in that experiment might have prevented rancidity to be 

exhibited. In meat from lambs fed unprotected FO or FO/microalgae meal rich in long-chain n-

3 PUFA supplemented at 60 g/kg DM, rancid flavour was perceived, and this particularly strong 

in chops from the FO/microalgae-containing diet group compared to the FO or linseed oil 

groups (Nute et al., 2007). This was related to a greater concentration of long-chain n-3 PUFA 

in the longissimus of the FO/microalgae compared to the FO group. The findings by Nute et al. 

(2007) suggest that protecting the FO in the way done in the present study appears to slow down 

oxidation even before feeding, as the level of oxidation occurring in the meat of the present 

study was still rather low. On a closer look, panellists perceived significantly more, although 

still bland, rancid flavour in BF than LT steaks in the present study. The BF contained similar 

levels of n-3 PUFA (4.14 and 3.49, respectively) as the LT but higher levels of 18:2 n-6 and 

total n-6 PUFA than the LT (4.62 vs. 3.48 and 7.19 vs. 5.31 g/100 g total FA, respectively) at 

similar intramuscular fat content (Wolf et al., 2018b, chapter 2). This would suggest that the 

development of rancid flavour is promoted more by fat rich in n-6 PUFA than in n-3 PUFA 

proportions. Nevertheless, data from Wolf et al. (2018b, chapter 2) compared between three 

muscles, of which the third, the ECR, differed significantly from LT and BF. When ECR was 
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excluded from data analysis, greater n-3 (P < 0.001) and n-6 PUFA proportions (P = 0.006) 

were found in BF compared to LT (4.37 vs. 3.71 and 7.32 vs. 5.41 g/100 g total FA, 

respectively). While the occurrence of n-3 PUFA has been clearly associated with off-flavour 

development, a possible link with n-6 PUFA has not yet been targeted. However, the authors 

of the present study tried to establish this connection. The susceptibility to oxidation of PUFA 

is dependent on the number of double bonds in the FA chain. Accordingly, flavour differences 

would be assumed to be dependent on differences in the proportions of n-3 PUFA, EPA and 

DHA (20:5 and 22:6, respectively) rather than that of LA (18:2 n-6). The autoxidation rate of 

PUFA in mono- and diglycerides has been found to follow the usual kinetic rate law, while this 

principle does not seem to be easily applicable to triglycerides (Cosgrove, Church, & Pryor, 

1987), which is the major form of FA stored in muscles. This aspect might help to understand 

why the relationship between FA profile and flavour development in meat was less clear than 

anticipated. In addition, Richard, Kefi, Barbe, Bausero, and Visioli (2008) observed that 

supplementing human aortic endothelial cells with n-3 PUFA reduced the formation of reactive 

oxygen species compared to n-6 PUFA supplementation. Therefore, it can be hypothesised that 

potentially rather n-6 PUFA than n-3 PUFA might be responsible for the development of 

rancidity in meat, with the latter ones even diminishing the exhibition of rancid flavour. 

Differences in the composition of pro-oxidants and endogenous antioxidants might possibly be 

another explanation for the observed tendencies of sensory differences between LT and BF. 

Information about the tissue concentrations of natural antioxidant vitamin E would have given 

further support to that, but vitamin E was not analysed in the present study. 

Different from the perception of rancidity, fishy flavour can be clearly related to 

supplementation with FO and therefore likely its n–3 PUFA. However, the intensity of the fishy 

flavour intensity appears to be variable with different dietary proportions and with different 

composition of the n-3 PUFA. In the study by Nute et al. (2007), the grilled loin chops from the 

lambs fed either unprotected FO or FO/microalgae meal were rated highest for fishy flavour, 

which the authors particularly associated with the high content of EPA in the FO. Another study 

also related EPA to abnormal flavour and negatively correlated its proportion to overall liking 

of beef (Mezgebo et al., 2017). Similarly, Vatansever et al. (2000) found a more intense fishy 

flavour in steaks from steers fed diets supplemented with 30 g/kg unprotected FO compared to 

the same amount of linseed or a mixture of linseed and FO. Also others found that, feeding 

unprotected FO to cattle increases the intensity of fishy flavour in beef steaks (Wistuba et al., 

2006) and in beef patties (Vatansever et al., 2000). Even partially substituting beef tallow with 

encapsulated FO (30 g/kg) in the formulation of beef patties increased off-flavour perception 
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(Keenan et al., 2015). Feeding microalgae, the source of the n-3 PUFA in sea fish, to heifers 

seems to be similarly adverse as feeding fish meal regarding the perception of off-flavour in 

steaks (Phelps et al., 2016). In the present study, using 60 g/kg FO in the diet, the fishy off-

flavour, although noted in the beef steaks and patties, did not seem to be a major acceptance 

problem as panellists, although not explicitly asked to evaluate flavour acceptance, stated in 

personal notes that the fishy flavour was not recognized or considered as an ‘off-flavour’.  

Concerning generally flavour impression, that of the FO beef patties was found to be 

more intensive than that of the SO beef patties irrespective of fat content. The fishy flavour as 

well as the PUFA profile in general might have contributed to this. Spanish and British panels 

rated flavour intensity in lamb meat higher when containing proportionately more 18:3n-3 and 

lower with more 18:2n-6 (Sañudo et al., 2000). Consistent with that, flavour was reported to be 

perceived more intense in grass-fed compared to grain-fed lambs (Priolo, Micol, & Agabriel, 

2001) where the meat is characterised by higher proportions of 18:3n-3 and 18:2n-6, 

respectively. The peroxidation index (PI; Nagyová et al., 2001) could give information to more 

clearly assess the contribution of n-3 and n-6 PUFA to the differences in sensory analysis, which 

seem independent of muscle lipid content (Wolf et al., 2018b, chapter 2). However, there was 

no clear correlation between the PI of the muscles from the SO or the FO diet and the sensory 

attributes investigated in steaks.  

In the present study, the intensity of FO-specific odour and flavour attributes like fishy 

flavour was generally perceived weaker in the steaks than in the beef patties (with 200 g/kg 

perirenal fat). This was likely due to the lower fat content in the steaks and can also be supported 

by the increasing intensity of the perception of these attributes in beef patties between 0 or 100 

and 300 g/kg fat. Furthermore, it is known that the fat content of meat products affects their 

sensory perception such as tenderness, juiciness and flavour (Jiménez Colmenero, 2000). 

Vatansever et al. (2000) found a much higher lipid oxidation in beef patties than in steaks. The 

authors gave an explanation alternative to the differences in fat content, namely the action of 

processing of the patty material (mincing, mixing, cooking and overnight storage). 

The broad sensory profiling carried out in the present first sensory study on the beef 

patties prepared from pooled material from each diet group helped to reduce the number of 

attributes to few important ones, because certain general flavours and odours in the beef patties 

had not been affected by the oil type at all. This allowed panellists concentrate in the second 

test on the attributes relevant to the research question. In addition, varying the percentage of 

perirenal fat added offered the opportunity to get some indications about the importance of fat 

content of beef products on the perception of fishy and rancid off-flavours.  
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5.4.3. Differences between muscle types, and their response to rumen-protected 
fish oil 

Muscles differ in quality (Dunne et al., 2008; Giller et al., 2018) because they vary in 

muscle fibre type profile, glycolytic potential and oxidative capacity. This is related to 

differences in functions and workload depending on their anatomical location in the body 

(Bendall & Swatland, 1988; Lonergan et al., 2007). One rarely investigated muscle is the ECR, 

primarily important for locomotion (Dunne et al., 2008) and thus involved in case of intense 

movements. An interesting property of the ECR found in the present study was its comparably 

high ultimate pH, which indicates a low glycolytic and high oxidative potential compared to 

LT and BF (Dunne et al., 2008). Dunne et al. (2008) also showed that, compared to the 

longissimus dorsi (LD), the ECR of Charolais crossbred steers had a lower drip loss, a higher 

shear force and a higher water loss during grilling. The lack of material did not allow 

determining these traits in the ECR in the present study. Consistent with Dunne et al. (2008), 

the ECR was found to have a higher moisture content and lower fat and protein content than 

the LT.  

Furthermore, the valuable cuts including LT and BF substantially differ in meat quality 

(Giller et al., 2018; Rusman, Soeparno, Setiyono, & Suzuki, 2003). In the present study, the BF 

was more red, showed less drip loss and had a lower shear force (i.e., was likely more tender) 

than the LT. This points towards a higher proportion of red fibres (‘slow twitch’ – type 1) in 

the BF compared to the LT which was actually found in the study of Giller et al. (2018). The 

possible association of red fibres with a lower density of connective tissue (Burson & Hunt, 

1986; Li, Zhou, & Xu, 2007) may also explain the lower shear force of the BF. Still, collagen 

or other structural proteins were not measured in the present study and several others found 

tenderness and shear force to be opposite, i.e. less favourable, in the BF than the LT (Field, 

Riley, & Chang, 1969; Wu, Kastner, Hunt, Kropf, & Allen, 1981). Different from the present 

study, also cooking loss has been reported to be lower in the LD than in the BF (Browning, 

Huffman, Egbert, & Jungst, 1990; Rusman et al., 2003). However, to the knowledge of the 

authors, these two muscles have rarely been compared in one study and the present study is the 

first to compare their sensory perception with regard to attributes related to off-odours and off-

flavours. The grilled meat from the two muscles differed significantly in fishy flavour and 

tended to do so for the attributes fatty and fishy odour as well as rancid flavour; this always to 

the advantage of the LT (less intensive) over the BF (more intensive). This may be explained 

by the observation that, at similar intramuscular fat content, the BF contained more n-3 and n-

6 PUFA as well as total PUFA than the LT (131, 221 and 373 vs. 98, 144 and 259 mg/100 g 
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muscle, respectively; Wolf et al., 2018b, chapter 2). As mentioned before, a possible 

explanation for differences between muscles in flavour could be the total but also the 

proportionately greater amounts of n-6 PUFA in the BF compared to the LT. Future 

investigations should focus on fractioning neutral and polar FA to increase the understanding 

of differences in FA incorporation rates in different muscles. Besides the muscle FA profile, 

muscle fibre types have been associated with the sensory quality of meat. Muscles with a high 

percentage of large red (type I) fibres have been shown to develop more off-flavours compared 

to white (IIb) fibres (Seideman & Crouse, 1986). With regard to the predominance of red (type 

I) fibres in the BF compared to the predominance of white (type IIb) fibres in the LT (Aalhus, 

Robertson, & Ye, 2009; Hunt & Hedrick, 1977), the significantly stronger odours and flavours 

of BF compared to LT in our study are in accordance with Seideman and Crouse (1986). 

Conclusively, differences in sensory attributes were greater between muscles than 

between oil types. Despite the clear quality differences between muscles, their response to 

supplementation of FO compared to SO, if any, was quite uniform. The only diet × muscle 

interaction found was that on cooking loss, which was discussed above. Most importantly, any 

odour, taste and flavour differences between groups occurred similarly in both muscles. 

5.5. Conclusions 

The present study showed that the attempt to enhance n-3 long-chain PUFA in body 

tissues of ruminants is indeed associated with some distinct quality and flavour characteristics. 

The occurrence and intensity of specific odours, tastes and flavours seems to depend on fat 

content, which is higher in beef products like beef patties than in lean meat. This problem could 

be counteracted by adding fat tissue not originating from the fish-oil fed animals. However, 

these sensory impairments were overall astonishingly small and this even in meat aged for 3 

weeks. Therefore, they are unlikely to be of significance for commercial practice. The sensory 

differences between the two valuable cuts, longissimus thoracis and biceps femoris, were even 

greater in magnitude in some of the off-flavours than those caused by replacing rumen-

protected sunflower oil by fish oil. Together with the lack of impairments in growth and 

slaughter performance as well as in physico-chemical meat quality, this overall indicates that 

meat and meat products enriched by health-promoting n-3 long-chain PUFA via rumen-

protected fish oil would affect palatability less than expected. As the substantially reduced 

oxidative shelf life in perirenal fat illustrated, meat and fat from such animals might not be 

suitable for the production of long storage meat products.  
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A B S T R A C T 

Microalgae have a great potential as sources of dietary n-3 fatty acids (FA), and they 

largely vary in FA composition due to biodiversity. However, intensive ruminal 

biohydrogenation will decrease their value in ruminant nutrition, and the high oil content of the 

microalgae could also be detrimental for certain rumen microbes. In the present study, the in 

vitro the transformation (proportionate disappearance) of the main n-3 FA present in three 

different microalgae species in comparison to fish oil was assessed using the in vitro system 

Hohenheim Gas Test. A basal diet (control) remained unsupplemented or was supplemented 

with either Nannochloropsis gaditana, Phaeodactylum tricornutum, Schizochytrium sp. or fish 

oil, aiming at similar dietary n-3 FA contents. The experiment was performed with two different 

algae batches and with rumen fluid from four different cows in three runs. The proportions of 

individual FA, as analysed by gas chromatography in diet and incubation residues, as well as 

the proportionate disappearance of diet-specific FA and formation of biohydrogenation 

products were calculated. Differences in the amounts of α-linolenic acid, eicosapentaenoic acid 

and docosahexaenoic acid recovered after 24 h of incubation were similar to those in the diets 

plus rumen fluid at 0 h. The disappearance of n-3 FA was smallest (P<0.05) in fish oil and was 

proportionately greater in N. gaditana, P. tricornutum and the control than in Schizochytrium 

sp. The apparent formation of the main biohydrogenation intermediate, vaccenic acid, was 

smaller (P<0.05) with Schizochytrium sp. than with N. gaditana and P. tricornutum and greatest 

with fish oil whereas it was not generated in the control. Out of the three microalgae species 

tested, Schizochytrium sp. appeared to be least affected by rumen microbial activity, although 

the apparent disappearance of the long-chain n-3 FA was still proportionately higher than in the 

fish oil. In conclusion, the study showed that the n-3 FA present in microalgal material are more 

susceptible to ruminal biohydrogenation than unprotected fish oil. 

 

6.1 Introduction 

A number of different microalgal species, which can be cultured, have been studied as 

substitute for marine fish oil in aquaculture feeds (Brown et al., 1997; Ganuza et al., 2008; 

Muller-Feuga, 2013; Spolaore et a., 2006). Like fish oil, microalgae are rich in the long-chain 

n-3 fatty acids (FA) eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 

22:6 n-3). They are even considered to be the source of these FA in fish oil (Dembitsky et al., 
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1991; Harwood & Guschina, 2009; Pohl & Zurheide, 1979). They not only differ in their 

detailed FA profiles but also in their structural composition and in secondary compounds. Since 

FAO/WHO (1993) and EFSA (2012) recommended a substantial level of dietary supply of 

long-chain n-3 FA, the food industry has been trying to provide correspondingly enriched 

products. Lately, microalgae have been investigated as feed supplement also in ruminants, and 

their use was found to increase n-3 FA concentrations in ruminant milk, meat and adipose 

tissues (Meale et al., 2014; Rodriguez-Herrera et al., 2017; Vahmani et al., 2013). However, 

different from monogastric animals including fish, some microbes in the rumen of ruminants 

are inclined to biohydrogenate unsaturated FA in case these are accessible to them, owing to 

the low tolerance of other microbes. Dohme et al. (2003) showed that the lipolysis and 

biohydrogenation of fish oil incubated in rumen fluid via a batch culture technique decreased 

with increasing levels of oil indicating that the biohydrogenation capacity of the rumen 

microbes was exceeded. The high oil content of the microalgae could therefore, be helpful to 

transfer a high proportion of n-3 FA to the metabolism but could also be detrimental to certain 

rumen microbes and thus ruminal digestion (Boeckaert et al., 2007a; Franklin et al., 1999). The 

inclusion of DHA-rich algae together with sunflower or linseed oil was shown in vitro to inhibit 

the biohydrogenation of linoleic acid (LA; 18:2 n-6) and α-linolenic acid (ALA; 18:3 n-3), 

respectively, and still to increase the occurrence of biohydrogenation intermediates, like 

vaccenic acid (VA; t11-18:1) and the corresponding isomer of the conjugated linoleic acids, 

rumenic acid (RA; c9,t11-18:2) (Boeckaert et al., 2007b). The latter is known for its health-

promoting effects (MacDonald, 2000). Schizochytrium sp., rich in DHA, are heterotrophic 

single cell organisms and currently among the first microalgae successfully cultivated via 

fermentation on an industrial scale. It was the model organism used to investigate rumen 

biohydrogenation pathways of long-chain n-3 FA in vitro (Boeckaert et al., 2007a; Machado et 

al., 2014). Less well researched are Phaeodactylum tricornutum, producing EPA, is a diatom 

with a shell structure and Nannochloropsis gaditana, rich in ALA and LA. N. gaditana contains 

a cellulosic inner wall (Scholz et al., 2014), which could function as a natural protection for FA 

from ruminal biohydrogenation. Gaps in knowledge include the possible difference in ruminal 

biohydrogenation of long-chain n-3 FA from microalgal species varying in n-3 FA due to either 

different accessibility of the FA to the microbes or constituents decelerating this process.  

In the present study, the following hypotheses were tested. (i) The n-3 FA in microalgae 

are partially protected from ruminal biohydrogenation and are therefore preserved better than 

when incubating unprotected fish oil. (ii) The degradation (proportionate disappearance) of 
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specific n-3 FA originating from different microalgal species varies. (iii) The extent to which 

ruminal biohydrogenation affects n-3 FA in microalgae depends on the n-3 FA, which is most 

prevalent. This was investigated in vitro in three microalgal species in comparison to fish oil 

using the Hohenheim Gas Test (HGT) as established in vitro rumen fermentation model. 

6.2. Materials and methods 

6.2.1. Microalgae and diet composition 

The photoautotrophically grown micro algae strains N gaditana and P. tricornutum as 

well as the heterotrophically produced Schizochytrium sp. were purchased as dried materials in 

two independently cultivated lots each from the Institute for Food and Environmental Research 

(ILU e.V., Nuthetal, Germany). The fish oil was purchased from one lot (Henry Lamotte Oils 

GmbH, Bremen, Germany). The two photoautotrophic algae were grown in a photobioreactor 

and the resulting sludge was lyophilised and transformed to powder by Astaxa GmbH 

(Ritschenhausen, Germany) and later ground with a centrifugal mill through a 0.75 mm screen. 

Schizochytrium sp. was cultivated in fermenters supplied with an organic carbon source but 

without light. The resulting sludge was transformed to powder with a particle size of 0.1 mm 

by spray-drying (Xiamen Kingdomway Group, Xiamen, China). The algae species selected 

substantially differed in proportions of n-3 and n-6 FA. The three algae, N. gaditana, P. 

tricornutum, Schizochytrium sp. and the fish oil contained, per g of total FA methyl esters, 

298.7, 34.1, 2.5 and 6.0 mg ALA, 26.1, 204.1, 5.7 and 340.9 mg EPA and 0, 8.2, 519.8 and 

219.6 mg DHA, respectively. The four lipid sources were tested together with a basal diet that 

provided per incubation 162 mg hay, 33 mg barley, and 9 mg soybean meal. These feeds had 

ether extract contents of 39, 38 and 47 mg/g dry matter (DM), respectively. Five experimental 

treatments were tested, all including the same amount of basal diet either not supplemented 

(control) or supplemented with N. gaditana (Nanno), P. tricornutum (Phaeo), Schizochytrium 

sp. (Schizo) or fish oil (FO, positive control) in amounts of 38.8, 37.7, 13.8 and 6.6 mg DM, 

respectively. The different amounts provided were intended to provide the same dietary 

contents of n-3 FA for all algae and the fish oil. The complete FA composition (mg/g FA methyl 

esters) of all treatment diets and the blank (incubation liquid without treatment) are shown in 

Table 23. The amounts of total and diet-specific FA provided in mg per HFT syringe are 

presented in Table 24. 
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Table 23 Fatty acid (FA) profile1 (mg/g total FA methyl esters (FAME), arithmetic means) of 
the four different treatment diets2 containing either Nannochloropsis gaditana (Nanno), 
Phaeodactylum tricornutum (Phaeo), Schizochytrium sp. (Schizo) or fish oil with the basal diet 
or of the basal diet3 alone (control). The FA profile was calculated from the analysis of the 
individual diet components and the incubation liquid (blank4; average of two different samples). 

Diets Blank3 
 

Control 
 

Nanno 
 

Phaeo 
 

Schizo 
 

Fish oil 
12:0 4.42  2.47  1.62  1.31  1.33  0.80 
14:0 18.90  6.06  6.10  28.42  6.34  7.39 
14:0 iso 6.46  0.26  0.89  0.84  1.41  0.30 
14:0 aiso 4.40  0  0.01  0.01  0.05  0 
15:0 17.82  1.89  2.25  4.28  10.98  1.17 
15:0 iso 14.25  11.97  18.34  16.72  4.70  3.82 
16:0 219.0  211.2  201.9  176.2  236.9  100.7 
16:0 iso 0.68  12.81  9.73  14.50  4.81  4.57 
17:0 6.18  2.07  1.80  2.13  10.55  2.37 
17:0 iso 0  0  52.34  7.26  0.41  0.18 
18:0 (SA) 445.7  20.9  13.2  12.2  15.6  32.0 
20:0 7.05  7.00  3.45  3.04  4.66  5.64 
22:0 5.60  10.24  5.16  5.01  5.10  4.94 
24:0 6.54  8.57  4.61  11.62  82.25  2.65 

∑ SFA 759.5  298.9  326.0  278.2  308.8  168.7 
14:1 21.54  0  0.09  0  0  0 
15:1 0  22.52  11.08  9.79  8.26  7.20 
16:1 13.62  2.33  17.88  109.59  2.88  16.79 
t10-18:1 4.03  0  0  0  0  0 
t11-18:1 (RA) 26.73  0  0  0  0.19  0 
t12-18:1 3.33  0  0  0  0  0.15 
t13-14/c6-8-18:1 4.44  17.96  28.36  12.14  6.83  56.14 
c9-18:1 (OA) 42.3  37.8  28.3  21.0  13.8  12.2 
t15/c10-18:1 4.47  0  0  0  0  0 
c11-18:1 4.64  5.35  9.61  19.66  5.16  24.63 
c12-18:1 3.30  0  0  0  0  0.06 
c14-18:1 5.49  0.49  0.56  1.34  0.68  0.49 
20:1 n-9 0.44  2.65  1.46  1.15  0.97  12.01 
20:1 0  0.98  0.48  3.03  1.78  14.79 
22:1 0  1.74  0.89  2.26  3.08  13.60 

∑ MUFA 140.0  94.3  100.7  185.6  45.2  167.0 
16:2 n-4 0.37  0.49  0.79  21.57  0.18  2.26 
16:3 n-4 0.84  0.29  0.14  57.37  0.11  2.64 
18:2 n-4 0  0  0  0  0  2.77 
c9,t11-18:2 (RA) 13.00  0.38  0.19  0.17  0.14  0.12 
t11,c15-18:2 8.79  0.01  0.01  0  0  0.48 
c18:2 n-6 (LA) 57.0  254.2  228.0  139.8  93.4  86.8 
18:3 n-3 (ALA) 20.0  320.5  309.4  158.6  119.1  103.4 



Lipids in microalgae, characterised by different n-3 fatty acids, are more susceptible to ruminal 
biohydrogenation than fish oil  

 

 
110 

Table 23 continued 
Diets Blank3 

 
Control 

 
Nanno 

 
Phaeo 

 
Schizo 

 
Fish oil 

20:4 n-6 (AA) 0  0  1.84  6.10  1.12  13.11 
20:4 n–3 0  1.23  0.60  1.18  2.68  0.38 
20:5 n-3 (EPA) 0  3.21  14.82  116.89  4.80  235.12 
22:2 0  4.04  2.72  2.08  1.64  1.26 
22:4 n-6 0  15.67  7.98  7.52  6.52  4.85 
22:4 n-3 0  0.29  0.14  0.13  0.28  13.50 
22:5 n-3 0  1.01  0.78  1.32  1.88  34.66 
22:6 n-3 (DHA) 0  0  0  4.66  329.24  150.85 

∑ PUFA 107.0  606.8  573.3  536.3  646.0  541.7 
∑ n-3 FA 20.2  328.4  328.1  284.8  460.5  544.4 
∑ n-6 FA 56.8  271.4  239.1  155.0  103.5  107.6 
n-6:n-3 FA ratio 2.81  0.83  0.73  0.54  0.22  0.20 

1 Fatty acids occurring at < 2 mg/g FAME in all diets were considered as traces and not presented. 
2 Average data from diets based on two lots of each algal type each. 
3 Consisting of hay, barley and soybean meal (793, 162 and 46 mg/g DM, respectively). 
4 Calculated from the rumen fluid multiplied with the dilution factor of the buffer mixture. 

 

Table 24 Calculated amounts of fatty acid methyl esters (mg/HGT syringe, arithmetic means ± 
standard deviation) supplied per treatment diet, consisting of the basal diet1 supplemented with 
one of three algae (n=12): Nannochloropsis gaditana (Nanno), Phaeodactylum tricornutum 
(Phaeo), Schizochytrium sp. (Schizo) or fish oil (n=6) compared to the basal diet (n=12) alone 
before the in vitro incubation. 

Diets Control  Nanno  Phaeo  Schizo  Fish oil 
Total FA 3.15 ± 0.02  5.99 ± 0.05  6.68 ± 0.04  7.95 ± 0.05  8.76 ± 2.50 
          
18:0 (SA) 0.07 ± 0.012  0.08 ± 0.012  0.09 ± 0.012  0.13 ± 0.012  0.27 ± 0.09 
c9-18:1 (OA) 0.12 ± 0.012  0.18 ± 0.012  0.15 ± 0.012  0.13 ± 0.012  0.12 ± 0.012 
18:2 n-6 (LA) 0.82 ± 0.01  1.39 ± 0.01  1.00 ± 0.01  0.83 ± 0.02  0.87 ± 0.02 
18:3 n-3 (ALA) 0.99 ± 0.012  1.84 ± 0.01  1.11 ± 0.012  1.01 ± 0.01  1.03 ± 0.02 
20:4 n-6 (AA) 0  0.01 ± 0.012  0.04 ± 0.012  0.01 ± 0.012  0.11 ± 0.05 
20:5 n-3 (EPA) 0.01 ± 0.012  0.08 ± 0.012  0.73 ± 0.01  0.04 ± 0.012  1.92 ± 0.85 
22:6 n-3 (DHA) 0  0  0.03 ± 0.012  2.48 ± 0.03  1.23 ± 0.55 
∑ n-3 FA 1.05 ± 0.012  1.98 ± 0.012  1.98 ± 0.01  4.21 ± 0.03  4.64 ± 1.60 
∑ PUFA 1.91 ± 0.01  3.45 ± 0.03  3.62 ± 0.02  5.12 ± 0.03  5.79 ± 1.73 

1 The basal diet consisted of hay, barley and soybean meal (793, 162 and 46 mg/g DM, respectively). 
2 Value < 0.01. 
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6.2.2. In vitro incubation 

For the in vitro incubation performed in three runs with the HGT (Menke & Steingass, 

1988), rumen fluid was collected from two (four in total) rumen-fistulated lactating Holstein 

cows fed forage-based diets with some concentrate housed at Agroscope (license no. 

2016_11_FR; Cantonal Veterinary Office Fribourg). In each run the rumen fluid of each 

individual cow and each algal lot were incubated separately (n=12 in total per algal type). Two 

replicates of rumen fluid without (blank) and with basal diet (control) were incubated per cow 

and run as well (n=12 in total). Since the FO came from one single lot, it was incubated together 

with the basal diet once per cow and run (n=6 in total). The rumen fluid was collected before 

morning feeding, kept on ice, transported for about 5 h and gently reheated afterwards. No 

relevant difference in fermentation properties had been observed in a pre-study (data not shown) 

between rumen fluids kept on ice and kept at 39°C for 1 h. The rumen fluid was filtered through 

one layer of gauze (SEFAR, Heiden, Switzerland) with a pore size of 0.25 mm and mixed (1:2, 

v/v) with preheated (39°C), reduced buffer (Menke & Steingass, 1988). The glass syringes 

prepared with the pre-defined amounts of the experimental diets were filled with 30 ml of the 

rumen-fluid buffer mixture and incubated at 39°C for 24 h as described by (Soliva & Hess, 

2007). After 24 h incubation, the combined incubation liquid and feed residue was thoroughly 

mixed and divided into two tubes for FA analysis, which were frozen at –80 °C and for analysis 

of fermentation characteristics (in preparation for submission).  

6.2.3. Fatty acid analysis 

Algae, FO and diets were analysed for contents of ether extract (extraction System B-

811; Buchi, Flawil, Switzerland; AOAC, 1997; ID 963.15) and FA. The latter were also 

assessed in the post-incubation material as described by Khiaosa-Ard et al. (2009) apart from 

using 11:0 (Fluka Chemie, Buchs, Switzerland) instead of 21:0 as the internal standard. In brief, 

after lipid extraction and the evaporation of liquids, the free FA were methylated to FA methyl 

esters (FAME) by adding 2 ml methanolic NaOH and 3 ml BF3 (IUPAC, 1987). The reaction 

was stopped with 7 ml NaCl. The FAME were diluted in hexane and separated by gas 

chromatography (GC; model HP 6890; Agilent Technologies, Inc., Wilmington, PA, USA) 

using a flame-ionization detector and a equipped with a CP7421 column (wall-coated open 

tubular fused silica 200 m × 0.25 mm; Varian Inc., Lake Forest, CA, USA) for separating cis- 

and trans-isomers. Details on FAME preparation, GC parameters and FA analysis were 

described by Wolf et al. (2018). The FA were identified with the help of a 37-component 
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standard (Sigma-Aldrich, 1996), a PUFA-3 (qualitative) standard and a cis-trans FAME isomer 

standard mixture (Matreya LLC Lipids and Biochemicals, PA 16803, USA). The FA in the 

samples were quantified using the known amount of the internal standard and a response factor. 

One of the 12 post-incubation samples of the Schizo treatment was lost. 

6.2.4. Calculations and statistical analysis 

As described by Khiaosa-ard et al. (2011), the degree of FA biohydrogenation was 

described by the recovery of n-3 and n-6 FA and the appearance of biohydrogenation products. 

Amounts were derived from the incubation liquid-feed residue mixture after 24 h incubation in 

relation to the amounts of FA put into the HFT pistons at 0 h. For the latter, the amounts of FA 

present in the incubation liquid before incubation were added to the amount of FA provided by 

the treatment diets. The proportionate decrease rates of the diet-specific unsaturated FA were 

calculated by relating the difference of corresponding amounts at 24 h and 0 h to the amount at 

0 h. The proportionate formation rates of the biohydrogenation products were related to the 

corresponding likely substrates. These were either LA (in case of RA) or ALA (in case of 

t11,c15-18:2) or the sum of VA, LA and ALA (Jouany et al., 2007; Khiaosa-ard et al., 2011; 

Mosley et al., 2002). Accordingly, the apparent decrease or production rates (∆; x-fold) were 

calculated with the following equations: 
 

∆c9-18:1 = (c9-18:124 h ‒ c9-18:10 h) / c9-18:10 h 

∆18:2 n-6 = (18:2 n-624 h ‒ 18:2 n-60 h) / 18:2 n-60 h 

∆18:3 n-3 = (18:3 n-324 h ‒ 18:3 n-30 h) / 18:3 n-30 h 

∆20:5 n-3 = (20:5 n-324 h ‒ 20:5 n-30 h) / 20:5 n-30 h 

∆22:6 n-3 = (22:6 n-324 h ‒ 22:6 n-30 h) / 22:6 n-30 h 

 

∆c9,t11-18:2 = (c9, t11-18:224 h ‒ c9, t11-18:20 h) / 18:2 n-60 h 

∆t11,c15-18:2 = (t11,c15-18:224 h ‒ t11,c15-18:20 h) / 18:3 n-30 h 

∆t11-18:1= (t11-18:124 h ‒ t11-18:10 h) / (c9-18:10 h + 18:2 n-60 h + 18:3 n-30 h) 
 

Data was subjected to analysis of variance with the Generalised linear model procedure 

of SAS (version 9.4; SAS Institute Inc., Cary, NC, USA) according to the unbalanced sample 

size in the treatment groups. Treatment was considered as fixed effect. As lot number (of algae) 

showed no significant effect for diet-specific FA or biohydrogenation products it was excluded 

from the model. The residuals of each variable were graphically tested for normal distribution 
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and homogeneity of variance. The results are presented as arithmetic means and standard 

deviations (SD) or standard errors of the mean (SEM). Differences were considered significant 

at P<0.05 and trends were assumed at P<0.10. Tukey’s method was applied for multiple 

comparisons among treatment means.   

6.3. Results 

6.3.1. Effect of treatment diets on the fatty acid composition of the incubation 
residue 

The proportions of several individual FA as well as saturated FA (SFA), 

monounsaturated FA (MUFA) and polyunsaturated FA (PUFA) in the lipids of the incubation 

residue differed significantly among treatments with microalgae and compared to the FO and 

the control treatments and the pure rumen-fluid buffer mixture (blank; Table 25). The lipids of 

the blank were mainly composed of SFA, which were ten times higher in proportion compared 

to either MUFA or PUFA resulting in higher and lower proportions SFA and MUFA/PUFA, 

respectively, than all five dietary treatments (P<0.05). Compared to the blank, the SFA 

proportions were lower (P<0.05) by 10, 24, 22 and 35% with diets Nanno, Phaeo, Schizo and 

FO, respectively. These differences were similar for stearic acid (SA; 18:0), which was about 

21 and 27 % lower (P<0.05) in Phaeo, Schizo and FO, respectively, compared to the blank, and 

9 and 15 % compared to control and Nanno. The 16:0 was lower (P<0.05) with control than 

with Phaeo, but its proportions in blank, Nanno and Schizo were intermediate and lowest in 

FO. Contrarily, MUFA proportions were greatest with FO, accounting to about twice as much 

as in blank and Schizo whereas proportions were intermediate in control, Nanno and Phaeo. 

The lipids in the residues from the Nanno diet contained most VA and the residue from the FO 

diet contained most c9-18:1 compared to the other treatments (P<0.05). The n-3 FA were 

predominantly found in the lipids of the FO diet residue with 5 % lower proportions in Schizo 

and about five to 15 times lower proportions in the residues from the other algal treatments and 

the blank (P<0.05). Proportions of EPA in the lipids of the fermentation residue were about 10 

times greater with FO compared to Phaeo and even 50 times greater than with Nanno and Schizo 

(P<0.05). The EPA was almost absent in the control and blank. Proportions of DHA were 

proportionately more than two times greater with Schizo compared to FO and DHA was almost 

absent in the residues from the other algae treatments, control and the blank (P<0.05). The total 

n-6 FA proportions were greater (P<0.05) in the residues from control compared to the other 

treatments, of which the Nanno residues contained proportionately more than those from Phaeo, 



Lipids in microalgae, characterised by different n-3 fatty acids, are more susceptible to ruminal 
biohydrogenation than fish oil  

 

 
114 

Schizo and FO, and the blank presented smallest proportions (P<0.05). This pattern was the 

same for LA. The total n-3 FA were about six and eight times greater in proportion than the n-

6 FA proportions in the residues from Schizo and FO, whereas proportions of n-3 and n-6 FA 

differed numerically by 5 to 12 mg/g total FAME in the residues of the other treatments. In the 

control residues, proportionately more (P<0.05) RA was found than with FO, Schizo and Phaeo, 

and intermediate proportions were found with blank and Nanno. The proportion of t11,c15-18:2 

was almost two times higher (P<0.05) in residues from Nanno compared to Schizo, FO and the 

blank, whereas the proportions with Phaeo and control were intermediate. 
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Table 25 Fatty acid (FA) profile1 (mg/g total FA methyl esters, arithmetic means) of the incubation liquid-feed 
residue mixture after 24 h of fermentation of the treatment diets (algae: Nannochloropsis gaditana (Nanno, 
n=12), Phaeodactylum tricornutum (Phaeo, n=12) and Schizovhyrium sp. (Schizo, n=11) or fish oil (n = 6), the 
control diet alone (n=12) and the blank2 (n=12). 

Diets Blank Control Nanno Phaeo Schizo Fish oil SEM P-value 
12:0 8.60a 9.09a 5.26b 6.18b 5.45b 3.64b 0.874 <0.001 
14:0 19.5b 28.7a 19.4b 28.0a 19.6b 15.1b 1.66 <0.001 
14:0 iso 10.17 10.65 10.07 9.31 7.53 6.88 1.202 0.039 
14:0 aiso 22.5 26.2 18.2 19.1 17.6 10.9 3.58 0.074 
15:0 23.2c 30.2a 23.4bc 24.3bc 25.8b 15.9d 1.00 <0.001 
15:0 iso 5.24 7.12 7.05 6.85 4.56 3.90 0.961 0.032 
16:0 218bc 208c 232b 257a 231b 150d 7.6 <0.001 
16:0 iso 0.61b 1.98b 2.54b 9.12a 1.74b 2.71b 1.026 <0.001 
17:0 8.57b 7.82 bc 7.86bc 7.39c 10.45a 6.65c 0.410 <0.001 
17:0 aiso 0.20c 4.88ab 7.42a 3.86ab 1.60bc 2.27bc 1.425 <0.001 
18:0 (SA) 499a 390b 366b 301c 279c 233d 17.5 <0.001 
20:0 6.66cd 7.13cd 9.03c 25.38a 6.07d 13.81b 1.391 <0.001 
21:0 0.03c 0.18c 0c 0.84b 0.29bc 2.23a 0.418 <0.001 
22:0 5.91b 6.56a 5.07c 5.90b 6.61a 6.05ab 0.381 <0.001 
24:0 6.55bc 6.18c 4.96cd 8.35ab 2.94d 10.00a 0.887 <0.001 

∑ SFA  835a 742b 718b 711b 620c 481d 14.9 <0.001 
15:1 0.46b 3.29a 2.92ab 1.83ab 0.75ab 0.82ab 0.895 0.008 
16:1 14.7b 13.1bc 14.2b 26.5a 10.6cd 13.6bc 0.90 <0.001 
16:1 aiso 5.01b 10.90a 8.18ab 7.14ab 4.68b 3.46b 2.033 0.005 
t6-8 18:1 1.32c 1.91c 3.25b 2.82b 1.55c 7.34a 0.268 <0.001 
t9-18:1 0.95c 1.62c 2.74b 2.91b 1.09c 5.62a 0.314 <0.001 
t10-18:1 2.68c 2.90c 5.08b 4.78b 2.39c 7.62a 0.408 <0.001 
t11-18:1 (VA) 20.8d 37.0c 60.1a 47.6b 27.0d 45.1b 2.61 <0.001 
t12-18:1 2.50c 2.38c 5.80b 6.26b 2.00c 9.02a 0.333 <0.001 
t13-14/c6-8-18:1 3.59c 3.45c 6.73b 6.43b 2.66c 8.19a 0.434 <0.001 
c9-18:1 (OA) 18.1c 23.8b 25.6b 23.1b 18.0c 39.1a 1.52 <0.001 
c10/t15-18:1 3.66c 3.48c 6.58b 6.30b 2.78c 8.25a 0.450 <0.001 
c11-18:1 2.52c 4.69b 5.21b 6.52b 5.19b 11.16a 1.069 <0.001 
c12-18:1 1.85ab 2.14a 2.30a 1.43b 1.34b 1.83ab 0.291 0.003 
c14-18:1 5.21ab 6.33ab 8.32ab 8.72a 3.70b 8.45ab 1.743 0.024 
c15-18:1 0.92 8.83 7.56 5.78 5.27 2.66 3.050 0.063 
20:1 n-9 0c 0.30c 0.19c 4.39b 0.15c 8.91a 2.321 <0.001 
20:1 n-7 0b 0.61b 0.35b 2.19a 0.36b 2.72a 0.453 <0.001 
20:1 0c 0.32c 0.27c 2.22b 0.49c 3.93a 0.658 <0.001 
22:1 0.61c 1.33bc 0.69c 1.39bc 3.20b 7.87a 2.037 <0.001 
24:1 n-9 0.03b 0.24b 0.05b 0.85b 14.73a 3.73ab 5.931 <0.001 

∑ MUFA 85.1e 129.1c 167.0b 169.6b 108.3d 200.6a 6.85 <0.001 
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Table 25 continued 
Diets Blank Control Nanno Phaeo Schizo Fish oil SEM P-value 

16:3 n-4 0.82b 0b 0.11b 6.03a 0.53b 0.21b 0.787 <0.001 
c9,t11-18:2 (RA) 23.8ab 26.9a 16.4ab 14.6b 13.3b 12.6b 3.99 0.002 
t11,c15-18:2 8.90c 11.14b 14.89a 11.97b 7.67c 7.56c 0.794 <0.001 
t18:2 n-6 0.20b 1.69ab 2.95a 1.35ab 0.41ab 0.59ab 0.941 0.032 
c18:2 n-6 (LA) 17.0d 30.0a 26.5b 21.9c 22.2c 13.1e 1.22 <0.001 
18:3 n-3 (ALA) 12.5c 28.9a 29.1a 23.2b 21.5b 12.6c 1.05 <0.001 
18:4 n-3 0.94b 2.62b 1.06b 2.64b 1.33b 7.92a 2.712 <0.001 
20:4 n-6 (AA) 0.16b 0b 0.16b 0.35b 0.28b 7.56a 0.887 <0.001 
20:4 n-3 0.08b 0.40b 0.14b 0.17b 0.58b 4.90a 2.439 <0.001 
20:5 n-3 (EPA) 0.20b 0.64b 1.95b 12.11b 2.40b 121.22a 15.702 <0.001 
22:4 n-6 5.27c 12.20a 9.19ab 8.99ab 6.74bc 6.62bc 1.084 <0.001 
22:5 n-6 3.09 4.36 2.84 2.68 2.25 1.98 0.723 0.191 
22:5 n-3 0.19b 0.18b 0.17b 0.31b 1.12b 18.76a 2.445 <0.001 
22:6 n-3 (DHA) 0c 0c 0.16c 0.73c 182.00a 86.46b 11.606 <0.001 

∑ PUFA 78.5d 128.9c 116.8c 119.6c 271.5b 317.4a 29.97 <0.001 
∑ n-3 FA 15.9c 36.8c 36.9c 43.1c 213.5b 258.7a 32.28 <0.001 
∑ n-6 FA 26.7d 48.9a 41.8b 35.4c 32.9c 31.8cd 1.32 <0.001 
n-6:n-3 FA ratio 1.82a 1.35b 1.14bc 0.83c 0.16d 0.14d 0.188 <0.001 

Within a row, means without a common superscript differ, (P < 0.05). 
1 Fatty acids occurring at < 2 mg/g FAME in all diets were considered as traces and not presented. 
2 Incubation liquid without treatment. 
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6.3.2. Amounts of diet-specific fatty acids and biohydrogenation products found in 
the fermentation residues 

The amounts of total, diet-specific and biohydrogenation-specific FA found in the residues 

differed (P<0.001) between treatments except for RA (Table 26). The control residue contained 

the least amount of total FA, which was also reflected by most of the individual FA, whereas the 

FO residue contained almost three times as much and the microalgae fermentation residues showed 

intermediate amounts. The greatest amount of total FA in FO residue was associated with about 

two to almost four times more (P<0.05) oleic acid (OA; c9-18:1 n-9) and about 20 times more 

EPA than in the residues of the microalgae or control, respectively. Different from that, DHA was 

found in similar high amounts (P<0.05) in the residues of Schizo and FO, and was absent in Nanno. 

Phaeo and control. The Nanno treatment resulted in more (P<0.05) ALA and, together with Schizo, 

more LA in the residue compared to all other treatments. Schizo increased the content in n-3 FA 

by 6-fold compared to the other two microalgae, it contained about half the amount n-3 FA of FO 

residue (P<0.05). The SA was found in a smaller amount (P<0.05) in the control residue than with 

the supplemented diets, which were mainly comparable. The biohydrogenation intermediate, VA, 

was found in greater amounts in the FO and Nanno residues, less so in Schizo and control residues, 

and intermediate with Phaeo. The t11,c15-18:2 was found in higher amounts (P<0.05) in Nanno, 

Phaeo and FO residues than that of Schizo and control. Amounts of RA did not differ.  
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Table 26 Amounts (mg per 30 ml) of total and selected fatty acid methyl esters (arithmetic means) 
present in the incubation liquid-feed residue mixtures after 24 h of fermentation of the treatment 
diets (algae: Nannochloropsis gaditana (Nanno, n=12), Phaeodactylum tricornutum (Phaeo, 
n=12) and Schizochytrium sp. (Schizo, n=11) or fish oil (n=6)) and the control diet (n=12). 

Diets Control  Nanno  Phaeo  Schizo  Fish oil  SEM P-value 
Total FA  5.41c  9.36b  8.65b  9.33b  14.33a  1.954 <0.001 
             
Diet-specific FA              
c9-18:1 (OA) 0.13b  0.24b  0.20b  0.17b  0.57a  0.099 <0.001 
18:2 n-6 (LA) 0.16b  0.24a  0.19b  0.21ab  0.17b  0.016 <0.001 
18:3 n-3 (ALA) 0.16b  0.27a  0.20b  0.20b  0.17b  0.017 <0.001 
20:5 n-3 (EPA) 0b  0.02b  0.10b  0.02b  1.90a  0.435 <0.001 
22:6 n-3 (DHA) 0b  0b  0.01b  1.70a  1.35a  0.311 <0.001 
∑ n-3 FA  0.20c  0.34c  0.38c  1.98b  4.06a  0.935 <0.001 
∑ PUFA 0.68c  1.08c  1.04c  2.65b  4.93a  1.026 <0.001 

Biohydrogenation products         
18:0 (SA) 2.12c  3.41a  2.60bc  2.61abc  3.14ab  0.240 <0.001 
t11-18:1 (VA) 0.20b  0.57a  0.41ab  0.25b  0.64a  0.091 <0.001 
t11,c15-18:2 0.06c  0.14a  0.10ab  0.07bc  0.11abc  0.016 <0.001 
c9,t11-18:2 (RA) 0.13  0.14  0.12  0.11  0.15  0.015 0.105 

Within a row, arithmetic means without a common superscript differ, (P < 0.05). 
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6.3.3. Recovery and production rates of diet-specific fatty acids and 
biohydrogenation products 

A decrease of OA by fermentation (x-fold of supply with diet and rumen fluid) was 

found with control and the three microalgal treatments but not with FO (Table 27). The 

decrease of both, LA and ALA by incubation in rumen fluid was not affected by treatment. 

With the microalgal treatments, EPA proportionately disappeared to the same extent as with 

control, whereas it remained constant with FO (P<0.05). Another pattern was found for DHA. 

This FA decreased less (P<0.05) with Schizo than with Phaeo whereas it even slightly increased 

with FO. The DHA was absent in Nanno and control both before and after incubation. The 

disappearance of total n-3 FA was smallest (P<0.05) with FO and proportionately greater with 

Nanno, Phaeo and control than with Schizo. The same pattern (P<0.05) was found for total 

PUFA. The production of biohydrogenation intermediates was very small but differences 

(P<0.001) between treatments were found. The apparent production of VA was smaller 

(P<0.05) with Schizo than with Nanno and Phaeo and was greatest with FO. Obviously, no VA 

was generated with the basal diet alone. The isomer t11,c15-18:2 was produced with treatments 

Nanno, Phaeo and FO but not with Schizo and control (P<0.05). There was no net production 

of RA in any treatment. The SA decreased with all supplementation treatments and with control 

but to the least extent (P<0.05) with Nanno. With FO, 20:4 n-3 in the group of other 

intermediates, was greatly elevated (P<0.05), but it was even lost with the control and the 

microalgal treatments. The production of 22:5 n-6 was apparently greater (P<0.05) with FO 

than with Schizo and was intermediate with control, Nanno and Phaeo. 
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Table 27 Decrease of unsaturated fatty acids (FA, x-fold the initial, arithmetic means) provided by 
treatment diets (algae: Nannochloropsis gaditana (Nanno, n=12), Phaeodactylum tricornutum (Phaeo, 
n=12) and Schizochytrium sp. (Schizo, n=11) or fish oil (n=6) and the control (n=12) and generation 
(x-fold of FA substrates) of biohydrogenation products after 24 h of incubation1.  

Diets Control  Nanno  Phaeo  Schizo  Fish oil  SEM P-value 
Diet-specific FA          
c9-18:1 (OA) -0.26c  -0.15b  -0.20bc  -0.23bc  +0.09a  0.074 <0.001 
c18:2 n-6 (LA) -0.87  -0.87  -0.87  -0.84  -0.87  0.354 0.122 
18:3 n-3 (ALA) -0.86  -0.87  -0.84  -0.83  -0.86  0.350 0.114 
20:5 n-3 (EPA) -0.59ab  -0.79b  -0.86b  -0.39ab  -0.02a  0.248 0.015 
22:6 n-3 (DHA) 0a  0a  -0.80c  -0.32b  +0.10a  0.231 <0.001 
∑ n-3 FA  -0.83c  -0.84c  -0.82c  -0.55b  -0.19a  0.242 <0.001 
∑ PUFA -0.75c  -0.74c  -0.76c  -0.55b  -0.28a  0.220 <0.001 

Biohydrogenation products        
18:0 (SA) -0.49b  -0.03a  -0.29b  -0.34b  -0.20ab  0.141 <0.001 
t11-18:1 (VA) 0.00c  +0.08b  +0.06b  +0.02c  +0.15a  0.060 <0.001 
t11,c15-18:2 -0.01c  +0.04a  +0.03ab  0.00b  +0.03ab  0.012 <0.001 
c9,t11-18:2 (RA) +0.02  +0.02  +0.01  +0.01  +0.04  0.016 0.196 

Other intermediates        
20:4 n-3 -0.51b  -0.66b  -0.78b  -0.76b  +24.27a  9.907 <0.001 
22:5 n-6 +5.42  +4.16  +2.33  +1.80†  +7.84†  3.199 0.038 

Within a row, means without a common superscript differ, (P < 0.05). 
1 Negative values indicate decrease, positive values indicate production of FA. 
† P < 0.10 indicates a tendency. 
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6.4. Discussion 

The aim of the present study was to test if and to which extent rumen microbes modify 

FA present in microalgae included in a ruminant diet. Microalgae with varying PUFA profiles 

had been selected which were included into the experimental diets in proportions yielding 

similar n-3 FA. This meant per syringes amounts of 40 mg of N. gaditana and P. tricornutum 

as opposed to only 14 mg of Schizochytrium sp. and 4 mg of FO. 

6.4.1. Effects of the different algae on the fatty acid profile of the incubation 
residue 

The blank reflected composition of and changes caused by microbes occurring in the 

pure buffered rumen fluid with possible residues of dietary lipids of the cow’ last meals and 

biohydrogenation products thereof. The lipids in the residue consisted of about 84 % SFA and 

16 % unsaturated FA, indicating intensive complete biohydrogenation to saturated FA. This 

finding corresponds to the mostly saturated free FA making up the lipids entering the small 

intestine of ruminants (Drackley, 2000). In accordance with Boeckaert et al. (2007a), 

supplementation of all three microalgae species increased the proportions of MUFA and PUFA 

in the incubation residue lipids compared to the basal diet only (control) whereas FO 

supplementation resulted in greatest post-incubational proportions of MUFA and PUFA, of 

which OA, EPA and DHA were the major representatives. This coincides with the specific FA 

profile of the FO diet before incubation. When cows were supplemented with Schizochytrium 

sp. by Boeckaert et al. (2007a), they found increased proportions of ruminal n-3 FA, especially 

DHA, compared to an unsupplemented control, like was the case in the present study. Different 

to Boeckaert et al., (2007a), proportions of EPA in the incubation residues were not 

significantly increased with algae treatments compared to the control in the present study, but 

this was the case for FO. Among algae, P. tricornutum resulted in the numerically highest EPA 

proportions in the residue. As expected from the algal composition, the residue of the 

fermentation of the N. gaditana diet had the greatest proportions of ALA and LA compared to 

the other algae and to FO. The proportions of the two biohydrogenation intermediates produced 

from ALA and LA, t11,c15-18:2 and RA, respectively, were found to be higher by about 3 to 

7 % with N. gaditana than with the other supplementation treatments. The first was lower and 

the second higher in the incubation residue of the control. The high occurrence of these 

intermediates was expected because lipids of both diets were richest in ALA and LA as well. 

The proportion of the intermediate VA, resulting from biohydrogenation of either ALA or LA, 
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was increased with any diet compared to the blank but to a different extent indicating different 

levels of ruminal biohydrogenation activity. There is evidence that EPA or DHA or both inhibit 

the final biohydrogenation step, and hence increase VA and decrease SA. This was shown in 

vitro by adding EPA and DHA to a total mixed ration as substrate in a batch culture system 

(Toral et al., 2017) or by including microalgae in the cows’ diet before analysing the rumen 

fluid (Or-Rashid et al., 2008). These findings are in accordance with proportions of the 

respective biohydrogenation intermediates found in the incubation residue in the present study. 

However, Schizochytrium sp., prevalent in DHA, showed the lowest accumulation of VA and 

greater disappearance of SA compared to N. gaditana. This might be explained by the smaller 

amounts of ALA and LA found as substrates for biohydrogenation in Schizochytrium sp. N. 

gaditana, instead, containing mainly ALA and LA showed the greatest accumulation of VA 

and smaller decrease of SA in the incubation residue at the same time compared to P. 

tricornutum and Schizochytrium sp. and FO. As the supplementation of N. gaditana also 

resulted in greater proportions of t11,c15-18:2 and RA, it was concluded that microalgae 

species varying in their PUFA profile possibly affect rumen biohydrogenation differently. This 

might be explained by a reduction in activity of specific microbial species. Accordingly, Or-

Rashid et al. (2008) and Shingfield et al., (2003) suggested that the activity of microbial species, 

which convert VA to SA and are able to biohydrogenate cis/trans-18:2 FA, is reduced by algal 

or fish oil supplementation, respectively. 

6.4.2. Recovery of algae-specific fatty acids after incubation in rumen fluid 

One important purpose of supplementing ruminants with n-3 FA is their transfer to milk 

and meat. Therefore, a high recovery rate is desired. We expected a higher recovery rate for the 

n-3 FA incorporated in the microalgae and therefore theoretically less accessible to rumen 

microbes than FO. Relative to their initial amounts, the diet-specific unsaturated FA, OA, EPA, 

DHA as well as the sum of n-3 FA and PUFA were decreased (except for OA and DHA in the 

FO treatment) to different extents by the incubation in rumen fluid for 24 h. In general, the 

proportionate disappearance or even production of FA was very low. The decrease of PUFA 

and n-3 FA by incubation was less pronounced with Schizochytrium sp. than with N. gaditana 

and P. tricornutum but more pronounced than with FO. Interestingly, EPA and DHA from FO 

stayed almost unchanged during 24 h incubation compared to the algae, where DHA 

disappearance in addition was two times greater with P. tricornutum than with Schizochytrium 

sp. Dohme et al. (2003) found that increasing levels of FO supply in vitro indeed clearly 
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reduced biohydrogenation of EPA and DHA, and the authors stated that the biohydrogenation 

capacity of the microbes might have been increasingly exceeded. However, the same effect was 

described for the rumen fluid of cows supplemented with increasing amounts of algal meal 

from the DHA-rich microalgae, which was a partially delipidated residue of Crypthecodinium 

cohnii (Or-Rashid et al., 2008). It cannot, therefore be excluded that the differences between 

algal and FO n-3 PUFA in the present study was partially an effect of the experimental setup, 

where the very low amount of FO equalled only one drop to be put into the syringes via 

pipetting. More supplemental material, as provided with the algae, especially with N. gaditana 

and P. tricornutum, has a bigger surface and, due to the powdery form, was likely better 

distributed in the incubation liquid. This might have affected the degree of FA modification in 

a way, which might not occur exactly the same in vivo. 

6.4.3. Generation of biohydrogenation products and other intermediates during 
incubation 

In case dietary unsaturated FA are not resistant to ruminal biohydrogenation and thus 

may not be transferred to milk and meat, certain intermediates, especially VA and the CLA 

isomer RA are considered favourable to be transferred to the metabolism of ruminants, where 

VA is partially transformed to RA. Undesired is the complete biohydrogenation to SA, a 

representative of the saturated FA. Although LA was numerically differently occurring in 

control, algal and FO diets, this FA seemed to have been biohydrogenated by rumen microbes 

to a similar extent as can be concluded from its decrease and the proportionate production of 

RA, its main intermediate. The production of the main ALA biohydrogenation intermediate, 

t11,c15-18:2, was numerically quite similar among diets despite some significant treatment 

effects, and its production was associated with an undifferentiated decrease in ALA. 

Comparable results of disappearing LA and ALA by ruminal fermentation and the generation 

of significantly more t11,c15-18:2 rather than RA were described by Boeckaert et al. (2007b). 

The incubation of microalgae with varying amounts of individual n-3 FA resulted in the varying 

production of VA and decrease of SA in the present study. Former studies associated the 

supplementation of microalgae or FO containing specifically high amounts of EPA and DHA 

with the accumulation of VA as major biohydrogenation intermediate and the decrease of the 

final product, SA, in the rumen (Boeckaert et al., 2007a, b; Dohme et al., 2003; Or-Rashid et 

al., 2008; Shingfield et al., 2003; Toral et al., 2017; Tsiplakou et al., 2016). However, to the 

authors’ knowledge there has been no study so far comparing the ruminal degradability of the 
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microalgal biomass from different species and therefore the effect on the extent to which 

biohydrogenation is different between microalgae species differing in the composition of their 

n-3 FA. The present study showed that supplementing a basal ruminant diet with n-3 FA-rich 

substrates resulted in a small but significant production of VA with FO compared a lower, 

intermediate rate with N. gaditana and P. tricornutum and almost zero production with 

Schizochytrium sp. Apart from the typical rumen biohydrogenation products, there was 

disappearance or production of some other long-chain intermediates known from metabolic 

transformation of DHA and EPA in the body of mammals (Cho et al., 1999a, 1999b). In 

addition, the effects on some of the long-chain intermediates could be of interest for the 

understanding of the biohydrogenation of the 20 and 22 n-3 FA in the rumen. It has been 

speculated that other long-chain PUFA apart from EPA and DHA influence the inhibition of 

bacterial activity (Shingfield et al., 2003). The enrichment with 22:5 n-6 is particularly 

interesting, as it was not supplied with the diets or ruminal fluid. Shingfield et al. (2003) also 

found increased proportions of this FA in the milk of cows supplemented with fish oil. The 

present study suggests differences in the biohydrogenation of the same fatty acids from 

microalgae and fish oil in the rumen, how and to which extent the beneficial n-3 FA from 

different types of microalgal species can be absorbed in the small intestine of ruminants though 

needs further research. 

6.5. Conclusions 

The present results show that the n-3 FA of different types of microalgae were 

biohydrogenated to different extents when incubated with a basal diet for 24 h in a rumen-fluid 

buffer mixture in vitro. Of the three microalgae species tested, Schizochytrium sp. appeared to 

be least affected by rumen microbial activity, although the apparent disappearance of focus n-

3 FA, in particular EPA and DHA, was still proportionately higher than that found with 

supplementation of pure fish oil. Therefore, especially Schizochytrium sp. could be a means to 

transfer EPA and DHA unchanged to the small intestine and, consequently, to milk and meat. 

The present findings suggest that composition and concentration of n-3 FA in microalgal 

supplements are of importance for type and extent of ruminal biohydrogenation, but cell 

structural differences may also have contributed to this difference. Future studies need to 

investigate the bioavailability of the most valuable n-3 FA from these and other microalgal 

species to enrich animal-source foods instead of being forced to use marine fish sources for this 

purpose.
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CHAPTER 7 

 

 

Conclusive Discussion and Implications 
 

 

7.1. The degree of rumen-protection of the fat supplementation product used in the 
present project 

The mixing of hydrogenated plant oil with a highly unsaturated oil and subsequent 

drying by spray chilling is a novel technology aiming to protect the polyunsaturated fatty acids 

(PUFA) in the target oil from biohydrogenation in the rumen. The oil supplements in the present 

study were intended to protect PUFA in fish and sunflower oil from ruminal degradation by 

50-60 % according to the producer’s statement. The present doctoral thesis focused on the 

incorporation levels of fatty acids (FA) but the calculation of the realised FA transfer would 

need further investigation to determine the amounts of FA also entering the rumen and 

especially the small intestine, which would have required also an in vitro experiment. 

Therefore, the real resistance against biohydrogenation of the rumen-protected oils could not 

be determined. Furthermore, the exact FA transfer from FA intake to FA incorporation into the 

tissues would require not only knowledge about the concentration but also the weight of the 

tissues in the body; in addition, inaccuracy would arise from some loss of FA through oxidation 

and incomplete absorption or gain by bacterial de novo synthesis of FA (Fievez et al. 2007). 

Another possibility is to have a control group that is supplemented with the respective treatment 

oil (in this case fish oil) without being treated with a rumen-protection technique as the 

protection level otherwise is difficult to assess (Ashes et al. 1992). However, even unprotected 

n-3 FA e.g. from fish oil are not completely biohydrogenated as our in vitro research showed 

(chapter 6) and increasing dietary proportions of fish oil seem to increasingly exceed the 

capacity of the rumen microbes for biohydrogenation (Dohme et al. 2003). As an approach to 

get more information about the bioavailability of the FA from the rumen-protected oil sources, 

the partitioning of n-3 and n-6 FA could be quantified by determining the ether extracts of 

organs and adipose tissues. In studies where sheep were fed formaldehyde-treated lipids rich in 
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linoleic acid (LA), the respective proportions in the subcutaneous adipose tissue (AT) increased 

10-fold compared to a control (Mills, Searle, & Evans 1979). In a meta-analysis of in vivo 

studies in ruminants, the protection level of formaldehyde-treated oil rich in LA was 

investigated (Jenkins & Bridges 2007). These authors found out that it is more difficult to 

reduce LA loss from protected oil sources when the intake of unsaturated FA is low. They 

concluded that the low concentration of LA in protected oils of the analysed studies could be 

the reason that ruminal LA losses from protected oil sources were similarly high as those from 

unprotected oil sources. Applying these results to the present project, higher proportions of 

PUFA than the 13 and 15 % rumen-protected n-3 and n-6 FA fed to animals in the present study 

as rumen-protected lipid supplements could even increase the level of incorporation of these 

FA in bovine tissues more efficiently than what was found in the present project. This might 

also be achieved by feeding grass or grass silage instead of straw. However, Jenkins & Bridges 

(2007) were mainly analysing rumen-protection by the use of calcium salts and formaldehyde-

treatment, which is a different technique to the one used in the present project. Therefore, 

comparisons would have to include recent techniques, as the formaldehyde treatment is not 

sustainable considering the possible toxic effects of formaldehyde in long-term exposure (NTP 

2016).  

7.2. The effect of feeding rumen-protected n-3 and n-6 FA on bovine tissues 

In the present project, the intention was not only to investigate the incorporation of n-3 

FA but also to evaluate the incorporation of n-6 FA by feeding fish oil and sunflower oil, 

respectively, when provided in the same rumen-protected form. An increase of PUFA 

proportions in plasma lipids according to rumen-protected dietary PUFA compared to an 

unprotected control group has been described in lambs (Lee et al. 2007). A major finding of the 

present study was that the incorporation of FA from the two PUFA families differed 

significantly in blood plasma and all investigated tissues between oil types. Across tissues, 

feeding rumen-protected fish oil significantly increased proportions of total n-3 FA and the oil-

specific FA, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). This was true also 

for proportions of total n-6 FA and the oil-specific FA, LA, in organs and muscles but not in 

the AT. This is in contrast to the study of Scollan et al. (2004), where Charolais steers were fed 

a rumen-protected lipid supplement containing high proportions of α-linoleic acid (ALA) and 

LA, and both FA were significantly increased in the phospholipid fraction of the longissimus 

and in the lipids of subcutaneous AT. Kitessa et al. (2001) fed a diet containing rumen-protected 

tuna oil, which was rich in EPA, DHA and LA compared to a control diet containing tallow to 
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compensate for the total fat content in both diets. They reported increased proportions of EPA, 

DHA and LA in the longissimus muscle and in subcutaneous, perirenal and omental AT when 

feeding rumen-protected tuna oil. As both of these studies used different oil sources with FA 

profiles differing from those used in the present project, it is difficult to find an explanation for 

the contrast in the effect of rumen-protected lipid supplementation on the AT n-6 FA and LA 

proportions. Apart from working with different species or breed types (Choi et al. 2000; 

Demirel et al. 2007), Kitessa et al. (2001) used male and female lambs and Scollan et al. (2004) 

used steers while the study animals in the present project were Angus heifers. Gender has been 

reported to influence meat FA composition and profiles (De Smet et al. 2004). Noci et al. (2007) 

found no difference in LA proportions of the subcutaneous AT of heifers that grazed either 

without supplementation or that were supplemented with sunflower oil. Hence, a gender effect 

might interact with a diet effect in cattle according to the incorporation of n-6 FA.  

A relatively high content of low quality roughage (barley straw) in the diet was used in 

the present study to ensure that effects of supplements were amplified due to as low a dietary 

lipid content as practical, other than the supplements, so that effects were not ‘diluted’. 

Furthermore, barley straw was chosen to assure little to no contribution to n-3 FA in tissues 

from the basal diet by ALA or the conversion from ALA to EPA and DHA (Williams & Burdge 

2007). It is known that ALA proportions of fresh grass or grass silage can be much greater 

compared to hay (approximately 50-60 % vs. 20-40%, respectively) (Boufaïed et al. 2003; 

Oksanen & Thafvelin 1965; Shingfield et al. 2007). Therefore, the effects of rumen-protected 

dietary n-3 and n-6 FA supplementation might promote greater n-3 FA incorporation in bovine 

tissues in grassland-based feeding systems. When sheep grazed on high-quality forage of alpine 

vegetation, which contained greater ALA proportions than that of low quality, this difference 

was reflected in the ALA proportions of subcutaneous AT and longissimus muscle (Willems et 

al. 2014), supporting the former argument. A future question in research could investigate the 

effect of rumen-protected n-3 FA supplemented in grazing systems. In order to increase the 

long-chain n-3 FA, specifically EPA and DHA, more sustainable sources than fish oil need to 

be found. An option might be cultivated microalgae (Franklin et al. 1999; Harwood & Guschina 

2009; Meale et al. 2014). Our in vitro results show that microalgae characterised by different 

n-3 FA (Nannochloropsis gaditana, rich in ALA; Phaeodactylum tricornutum, rich in EPA; 

Schizochytrium spp. rich in DHA), could be fed to ruminants even in unprotected form, since 

parts of it, as found with unprotected fish oil, seem to be less biohydrogenated, and another part 

at least increases biohydrogenation intermediates like t11-18:1 with presumed favourable 

human health relevance as well (Table 27). Also naturally grown macroalgae are currently 
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under investigation as dietary ingredient for improving ruminant health. For instance, brown 

macroalgae were reported to modulate the cows’ immune system (Saker et al. 2001) and to 

improved ruminant-derived foods by an increased iodine content of cow’s milk (Chaves Lopez 

et al. 2016). 

7.3. Partitioning of n-3 and n-6 FA in different kinds of bovine tissues and the 
interaction with dietary rumen-protected supplementation  

In order to increase n-3 FA of bovine tissues used for human consumption, feeding 

experiments focused on the longissimus muscles often together with the subcutaneous AT or 

the perirenal AT to confirm an efficient transfer. The present project aimed at revealing the 

impact of biologically highly relevant nutrients on several structures of the vegetative system, 

organs as well as muscles and AT. Concomitantly, the effects of n-3 FA supplementation on 

the reproductive organs have been studied (Giller et al. 2018) from the same experiment, data 

which were not part of the present project but also contributed to the understanding of lipid 

metabolism in cattle. The brain, which is known to be highly concentrated in DHA (Brenna & 

Diau 2007; Garcia et al. 1998; Rapoport 1999), was not sampled for the present project. As 

DHA was proportionately lower in the used fish oil, a significant effect on brain lipids was not 

expected. Furthermore, the distribution of EPA and DHA in the brain has been reported to be 

resistant to dietary interventions, which were found to affect these FA in other body tissues 

(Leiber et al., 2018). On the other hand, the examination of the FA profile of the heart and its 

corresponding AT has generated new and very interesting results concerning the research of 

the lipid metabolism in ruminants. It would be of further interest to determine, e.g. if the 

perirenal and the intermuscular AT can be differentiated in their endocrine function from the 

subcutaneous AT. From all tissues investigated, it was clear that substantially more LA was 

found compared to EPA and DHA. It was shown that ALA is more biohydrogenated in the 

rumen than LA according to being more toxic to the rumen bacteria (Maia et al. 2007), which 

explains why, at a similar intake, there are higher LA proportions compared to ALA in ruminant 

tissues. This might also be true for the n-3 FA, EPA and DHA, although maybe to a lesser 

extent as these FA have been identified as also more toxic than ALA and LA for rumen bacteria 

(Maia et al. 2007). Therefore, if experimental oils in the present project were not fully rumen-

protected and could affect rumen biohydrogenation, more LA than EPA and DHA could have 

escaped the rumen and hence could have been incorporated more efficiently into tissues. On 

the other hand, at tissue level, n-3 FA, if they pass the rumen, seem to be preferentially 

incorporated into tissues.  
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Across different diets, the highest proportions of PUFA were found in the lipids of 

blood plasma and decreased in the other organs, muscles and AT. Independent of oil type, in 

the present study, the PUFA in organ, muscle and AT lipids represented about 70, 35 and less 

than 10 %, respectively of the PUFA in plasma lipids. The alteration of PUFA composition in 

the plasma lipids according to rumen-protected dietary PUFA has been described also in lambs 

(Lee et al., 2007). In accordance with the present project, approximately one third of LA 

proportions from blood serum lipids was found in muscle lipids of lambs (Lee et al., 2007). 

The LA proportions in the psoas muscle of lambs were lower than those in the longissimus 

muscle (Lee et al. 2007). These differences between tissue types were found in all tissues 

investigated in the present project. Scollan et al. (2004) found about 7 times less LA in the 

subcutaneous AT compared to the longissimus phospholipid fraction of Charolais steers fed a 

rumen-protected lipid supplement rich in LA. This ratio in favour of muscle to subcutaneous 

AT for LA was similarly found in Angus heifers and has been described for n-3 and n-6 FA in 

ruminants before (Enser et al. 1996; Wood et al. 2008). This overall outcome suggests a tissue-

specific metabolism of n-3 FA, which is suggested to be correlated to tissue function resulting 

in enrichment or depletion of n-3 FA. It limits the conclusions possible from studies 

investigating FA incorporation only in one or few tissues. 

The present project was able to demonstrate the essential difference in the partitioning 

of n-3 compared to n-6 FA in the bovine body. Furthermore, it revealed that the effect of 

supplementation on the incorporation of n-3 FA was specifically pronounced in certain bovine 

tissues like the extensor muscle, liver and kidney. The partitioning of EPA and DHA in the 

kidney and liver, respectively, reveals insights that can be especially useful in the medical and 

therapeutic context of health and immune function by the production of anti-inflammatory 

eicosanoids with increased incorporation of n-3 FA. The interaction of the effects of FA 

supplementation type and tissue type have shown that basic research in animal physiology and 

animal nutrition needs a broad application of analyses to gain deeper knowledge in metabolic 

processes. The partitioning of n-3 and n-6 FA in the bovine organ, muscle and adipose tissues 

motivates the examination of possible effects on a molecular level, e.g. activity of ion 

channels/transporters in the cell membranes or intracellular actions affecting nuclear receptors 

and transcription factors. For instance, the association of DHA with a downregulated FA 

turnover and a decreased inflammatory response is already known, but the potential effects on 

DNA methylation and alteration of gene expression have so far only been examined in rats and 

humans (Kale et al. 2010; Kulkarni et al. 2011). The increasing availability of sustainable n-3-
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rich feed sources like microalgae for livestock nutrition gives rise to investigations of possible 

transgenerational effects in livestock science. 

7.4. Future perspective on the research of n-3 FA in cattle 

The FA profile is one of the endpoints of lipid metabolism that determines sensory, 

nutritional and physico-chemical properties of animal-derived foods (Hiller 2014; Hocquette et 

al. 2010). Besides an increased n-3 FA incorporation into a highly active muscle of the 

forelimb, the importance of organs like liver and kidney as sources of n-3 FA comparable to 

that of marine fish, has been demonstrated when cattle is supplemented with a rumen-protected 

n-3 FA source. Both organs are already part of food products, e.g. consumed as spreads, in 

sausages or in ragout, respectively (Rimbach et al. 2010). Furthermore, organs are part of 

traditional Swiss (“Metzgete”) and Austrian meals (“roasted or sour liver or kidney”) which 

also formerly included “spleen slices”, “liver rice”, “lung strudel”, which could be still a dish 

richer in n-3 FA compared to a steak. Organs with such high n-3 FA proportions also support 

the ”nose-to-tail” movement. At the same time, the nutritional value of foods cannot only be 

evaluated by the FA profile. Also other ingredients, positively and negatively linked to human 

health, have to be included in such considerations, like vitamins and purines or heavy metal 

residues (BLV 2017; Zhang et al. 2012). Nevertheless, the sensory perceptions of organs would 

need to be evaluated as fish oil was found to affect, although only to a minor extent, the flavour 

of beef while physico-chemical effects were mainly absent. The approach of feeding rumen-

protected n-3 FA is suitable for the production of n-3 FA enriched meat from ruminants 

although there might be more efficient and more importantly, more sustainable solutions than 

fish oil (Bélanger-Lamonde et al. 2018; Tallis et al. 2018). According to the development of 

the massive overfishing, fish as source of n-3 FA in food and especially in feed is no longer 

sustainable and alternative sources such as microalgae are investigated (Franklin et al. 1999; 

Lemahieu et al. 2013; Spolaore et al. 2006; Stamey et al. 2012). Giving the attention to the 

original source of n-3 FA in fish, researchers already in the early fifties experimented with 

cultivating microalgae, which have been found to contain large amounts of EPA and DHA in 

their lipids (Harwood & Guschina 2009; Jiang et al. 2004; Wang et al. 2015). The nutritional 

composition of microalgae is still under investigation and researchers started to examine the 

accessibility of their nutrients for ruminants. Boeckaert et al. (2007a) reported decreased SFA 

and increased MUFA and PUFA in the rumen of fistulated dairy cows, supplemented with 

DHA-rich microalgae, which resulted in incomplete biohydrogenation of LA and ALA and 

accumulation of biohydrogenation intermediates. They also reported a change in the microbial 
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composition assuming to affect biohydrogenation. Franklin et al. (1999) found increased 

concentrations of conjugated LA, DHA and t11-18:1 in the milk of dairy cows when marine 

algae were supplemented. Our work on the ruminant biohydrogenation of three different algae 

species (Wolf et al., in preparation for Algal Research) also showed that the cultivation of 

microalgae has a high potential for the effective supplementation of ruminant diets to improve 

n-3 FA in ruminant-derived food. Due to the massive diversity of microalgae species and 

strains, more research is needed to detect the most efficient ones for the use as feed in livestock. 

Besides the effects of microalgae on the FA profiles of ruminant food products, also a reduction 

of methane production has been claimed (Han & McCormick 2014; Machado et al. 2014), 

which could not be confirmed by Kiani et al. (unpublished data). These potential multiple 

functions of microalgae open up the research field for investigations on efficient applications 

in ruminant nutrition and physiology for the future.  
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