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ABSTRACT 

 

Hannes Bergmann 

 

Genetic predisposition for common-type obesity determines lipid metabolism responses 

to polyunsaturated fatty acid supplemented high-fat diets 

 

Obesity related disturbances in fatty acid metabolism can lead to metabolic diseases such as 

type-2 diabetes, fatty liver, metabolic syndrome and many types of cancer, all of which affect 

pets, farm animals and humans alike. Dietary supplementation with fish oil derived essential 

omega-3 polyunsaturated fatty acids (PUFA n-3) is a common treatment choice to improve 

health outcomes in those with excess body fat accumulation and high-energy diets. PUFA n-3 

modulate fatty acid metabolism through a variety of linked mechanisms that normally result 

in partitioning of surplus fat into adipose tissue storage and increased oxidative fat utilisation. 

This study uses a mouse model of common-type obesity to show that complex genetic 

predisposition for excess body fat accumulation can in fact impair the desirable effects of 

PUFA n-3 supplementation on fatty acid metabolism. 

 

Immunoblot measurements and relative quantification of metabolic marker proteins in key 

metabolic tissues of polygenic lean DUhTP or obese DU6 mice revealed that PUFA n-3 

supplemented high-fat feeding caused divergent lipid metabolism responses. Adipose tissue 

from lean DUhTP mice expressed high levels of the lipogenic marker SREBP1 and insulin-

signalling marker PKCζ, whilst adipose tissue samples from obese DU6 mice did not. 

Adipose tissues from obese DU6 mice also lacked high protein levels of the fat mobilisation 

and oxidation markers HSL and CPT1 that were increased in lean DUhTP mice, indicating 

that common-type obesity in DU6 mice prevented dietary PUFA n-3 mediated nutrient 

storage and fat oxidation in adipose tissue. The divergent metabolic adaptions to PUFA n-3 

supplemented high fat feeding occurred only in adipose tissue, whilst metabolic marker 

expression profiles in the liver and skeletal muscle tissue were comparable between lean 

DUhTP and obese DU6 mice. 
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Feeding of a high fat diet enriched with plant oil derived PUFA n-6 by comparison did not 

replicate PUFA n-3 induced observations in adipose tissue and was characterised by high 

expression of the lipogenic markers FAS and SREBP1 in livers from obese DU6 mice. 

 

Expression profiles of multiple markers for fatty acid metabolism across multiple tissues 

revealed focussed phenotypical differences between polygenic lean DUhTP and obese DU6 

mice that were exposed to the same high fat diet, suggesting that the underlying genetic 

structure of common-type obesity in this model may also be driven by few causative genetic 

variants. This observation encourages further investigation of common-type obesity in 

animals and humans as an oligogenic trait. 

 

In summary, these findings show that genetic predisposition for common-type obesity can 

negatively influence lipid metabolism responses to dietary PUFA n-3 treatment, suggesting 

that knowledge about the genetic background of a patient should be cautiously considered 

before recommending the use of PUFA n-3 as a nutraceutical. 
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ZUSAMMENFASSUNG 

 

Hannes Bergmann 

 

Genetische Prädisposition zum Übergewicht beeinflusst den Fettstoffwechsel bei der 

Fütterung von Hochfett-Diäten angereichert mit mehrfach ungesättigten Fettsäuren 

 

Fettleibigkeitsbedingte Störungen im Fettsäurestoffwechsel können bei Menschen sowie bei 

Haus- und Nutztieren gravierende Stoffwechselerkrankungen, wie zum Beispiel Typ-2 

Diabetes, Leberverfettung, metabolisches Syndrom oder gar bestimmte Tumorarten 

hervorrufen. Aus Fischöl gewonnene essentielle, mehrfach ungesättigte Omega-3 Fettsäuren 

(PUFA n-3) sind dafür bekannt durch verschiedenste Mechanismen eine 

gesundheitsfördernde Umverteilung von Nährstoffen in das Fettgewebe sowie deren 

vermehrte oxidative Verbrennung zu bewirken. Daher werden Omega-3 Fettsäuren häufig zur 

Behandlung von Individuen mit einer hochenergetischen Ernährungsweise und einer daraus 

resultierenden überschüssigen Körperfettansammlung angewandt. Die vorliegende Arbeit 

beschreibt anhand eines Mausmodels, wie genetische Prädisposition zur Fettleibigkeit die 

Fettstoffwechselfunktion so verändern kann, dass die gesundheitsfördernde Wirkung einer 

Behandlung mit Omega-3 Fettsäuren ausbleibt. 

 

In dem hier untersuchten Fütterungsmausmodel wurde der Fettstoffwechsel anhand von 

Konzentrationsmessungen bestimmter Marker-Proteine in Fett-, Leber und Muskelgewebe 

beurteilt. Es wurde festgestellt, dass sich der Fettstoffwechsel von Mäusen des genetisch zur 

Fettleibigkeit prädisponierten DU6 Stammes bei fettreicher Ernährung mit Omega-3 

Fettsäuren vom Stoffwechsel der genetisch dünnen DUhTP Mäuse unterscheidet. Eine 

fettreiche, mit Omega-3 Fettsäuren angereicherte Ernährung von Mäusen der dünnen DUhTP 

Linie resultierte in hohen Fettgewebsmesswerten für die Stoffwechselindikatoren SREBP1, 

PKCζ, HSL und CPT1, wohingegen Messwerte für diese Marker in fettleibig prädisponierten 

DU6 Mäusen geringer ausfielen. Diese Beobachtungen deuten an, dass DU6 Mäuse, im 

Gegensatz zu dünnen DUhTP Mäusen, durch ihre genetische Fettleibigkeit in der Einlagerung 

von Nährstoffen in das Fettgewebe, sowie der Mobilisation und oxidativen Nutzung von 
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Fetten beeinträchtigt sind. Diese Diskrepanz zwischen dünnen DUhTP und dicken DU6 

Mäusen in der Reaktion des Fettstoffwechsels auf fettreiche, mit Omega-3 Fettsäuren 

ergänzte Ernährung wurde nur im Fettgewebe beobachtet, nicht jedoch in der Leber oder 

Muskulatur. 

 

Um auszuschließen, dass die ermittelten Unterschiede der Fettstoffwechsel Anpassung in 

genetisch dünnen DUhTP und dicken DU6 Mäusen nicht nur durch eine Hoch-fett Ernährung 

ausgelöst wurden sondern eine spezifische Reaktion auf Omega-3 Fettsäuren darstellt, wurden 

alle Stoffwechselmessungen an Mäusen wiederholt, die mit Omega-6 Fettsäure 

angereichertem Futter zum Vergleich ernährt wurden. Der Fettstoffwechsel in diesen Tieren 

unterschied sich deutlich von Omega-3 Fettsäure gefütterten Mäusen und war durch hohe 

Messungen von FAS und SREBP1 Indikatoren der Fettsynthese speziell im Lebergewebe von 

adipösen DU6 Mäusen gekennzeichnet. 

 

Bei Untersuchung der Messprofile mehrerer Stoffwechselindikatoren in Geweben von 

Omega-3 oder Omega-6 Fettsäure ergänzt, fettreich ernährten dünnen DUhTP und dicken 

DU6 Mäusen fiel es auf, dass die Unterschiede, die im Fettstoffwechselphänotyp zwischen 

diesen genetischen Mauslinen auftreten, auf bestimmte Stoffwechselwege und Gewebe 

fokussiert sind. Dadurch scheint es, dass den Stoffwechselunterschieden in diesem 

Mausmodell eine ähnlich genetisch fokussierte Variation zugrunde liegt und daher die 

gemeine Fettleibigkeit innerhalb genetisch geschlossener Populationen auf einen oligogenen 

Vererbungsmechanismus hin untersucht werden sollte. 

 

Zusammenfassend wurde in dieser Arbeit gezeigt, dass genetische Prädisposition zur 

Fettleibigkeit die Auswirkungen von diätetischer Omega-3 Fettsäure Behandlung auf den 

Fettstoffwechsel potentiell nachteilig beeinflussen kann. Daher sollten bei einer 

nahrungsergänzenden Behandlung von Patienten mit Omega-3 Fettsäuren Informationen über 

genetische oder familiäre Prädispositionen zur Fettleibigkeit erlangt und berücksichtigt 

werden. 

 
 
 



	   XX	  

 
 



	   1	  

 

 

 

 

 

 

Chapter 1: Introduction and Literature 

Review 
  



	   2	  

1.1 Introduction 

Besides carbohydrate and protein, fat is one of the three macronutrients that sustain life in the 

animal kingdom. While many different types of fats and lipids exist (Han, 2016), this study 

focuses on the metabolism of fatty acids, a carboxylic acid with an either saturated or 

unsaturated long aliphatic chain. They are typically stored as triacylglycerols (TAG), also 

known as triglycerides or fat. Fatty acids can be consumed as an external food source or 

synthetised de novo within the organism. Fatty acids are most renown for their high caloric 

energy density compared to carbohydrate or protein. Hence, fatty acids are predominantly 

viewed as a very compact format to store food energy and therefore to play a key role in 

energy metabolism. Beyond energy metabolism, fatty acids may contribute to many other 

important functions, which include roles in storage and transport of lipophilic substances, as a 

lubricant or viscosity agent, as a thermal or mechanical insulator, as a hydrophilic barrier, a 

membrane anchor or even as signalling molecules. In order to meet these fatty acid-specific 

roles in the body, all tissues contain fatty acids and can recruit metabolic pathways that are 

able to handle different types of fatty acids. 

 

Fatty acid metabolism and its appropriate regulation in response to dietary challenges are 

essential for energy homeostasis and health in animals and humans (Rosen and Spiegelman, 

2014). Defects or de-regulation of fatty acid metabolism can lead to diseases such as obesity 

or type II diabetes mellitus (T2DM) and related metabolic derangements linked to ‘all-cause’ 

mortality (Flegal et al., 2013, Berrington de Gonzalez et al., 2010). It is well established that 

body weight variability and fat metabolism has a genetic basis (Farooqi and O'Rahilly, 2006, 

O'Rahilly and Farooqi, 2006, Martinez et al., 2014, Ichihara and Yamada, 2008, Hetherington 

and Cecil, 2010, Lopes et al., 2016) and that exposure to nutrients, such as different types and 

quantities of fatty acids, interact with metabolic genotypes (Campion et al., 2004). For 

example, the same type of diet can elicit differential metabolic responses in individuals 

depending on the presence of single nucleotide variants (SNV) (Martinez et al., 2014). Whilst 

we have a good understanding of the pathways involved in fatty acid and energy metabolism, 

our knowledge about the complex genetic and dietary interplay that regulates the metabolism 

of fatty acids is limited (Lopes et al., 2016). Strong interests in gaining a better understanding 

of the complex metabolic regulation by predisposing traits is reflected in rapidly expanding 
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fields of nutrigenomics and personalised nutrition (De Caterina, 2010). The individual 

metabolic variability in response to nutrition may be explained by the additive contribution of 

many common genetic variants across all aspects of energy metabolism (Galgani et al., 2008, 

Subbiah, 2007, El-Sayed Moustafa and Froguel, 2013). However, possible consequences of 

genetic predisposition and high fat diets on the expression of protein networks relevant for 

fatty acid metabolism are unclear (Chilton et al., 2014). This study examines the effect of n-6 

polyunsaturated fatty acid (PUFA n-6) and PUFA n-3 enriched high fat diets on adipose, liver 

and muscle tissue fatty acid metabolism in a polygenic mouse model. Selectively bred 

recombinant inbred (RI) mouse strains are used to reveal the type of confounding effect 

genetic predisposition has on fatty acid metabolism. The following paragraphs therefore 

provide an overview on fatty acid metabolism, the known effects of high fat diets and dietary 

polyunsaturated fatty acids on fatty acid metabolism and the use of relevant mouse models to 

understand the genetics of common polygenic obesity. 

 

1.2 Fatty acid metabolism 

The largest caloric energy reserves in the bodies of animals and humans are held in adipocyte 

lipid droplets (LD), containing TAGs, or three fatty acids bound to a glycerol backbone. 

Whilst adipose tissue is the specialised organ to store and handle fatty acids, liver and muscle 

tissue also contain lipid droplets, are quantitatively relevant contributors to fatty acid 

metabolism and fulfil tissue specific roles in this respect (Frayn et al., 2006). The pathways of 

fatty acid metabolism resemble processes that either collect, synthesise and store or mobilise, 

degrade and utilise fatty acids. Thus, fatty acid metabolism can be subdivided into processes 

that facilitate either fatty acid storage or fatty acid utilisation (Figure 1.1). 

 

1.2.1 Fatty acid storage 

To achieve fatty acid storage, free fatty acids (FFA) can either be taken up from the 

bloodstream or synthetised through a process referred to as de novo lipogenesis (DNL). 

During fatty acid uptake, postprandial packaging of chylomicrones in the intestines and more 

mature very low-density lipoprotein particles (VLDL) from the liver carry triacylglycerols 

through the bloodstream to reach endothelial capillary walls within storage target tissues, such 

as adipose tissue, but also the muscle and liver.  
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Figure 1.1: Fatty acid metabolism 
 
Simplified overview of fatty acid metabolism pathways 
exemplary depicted for adipocytes. VLDL, very low density 
lipoprotein; LPL, lipoproteinlipase; NEFA, non-esterified fatty 
acid; FFA, free fatty acid; TAG, DAG, MAG, tri-, di-, mono-
acylglyceride; HSL, Hormone sensitive lipase; FAS, Fatty 
acid synthase; CPT, Carnitine palmitoyltransferase. Colour 
shadings indicate pathways that either facilitate fatty acid 
storage (orange, top panel) or utilisation (blue, bottom panel). 
Also see explanations in the text. 
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These tissues produce lipoprotein lipase (LPL), which bind to endothelial 

glycosaminoglycans of local capillary beds at ‘binding-lipolysis sites’ and recruit VLDL to 

degrade triacylglycerols in the luminal space of the vasculature and subsequently liberate free 

fatty acids (FFA) (Figure 1.1) (Young and Zechner, 2013, Olivecrona, 2016). FFA travel 

across the cell membranes to enter target tissue cells, such as adipocytes, by diffusion, fatty 

acid transporter accelerated diffusion and lipid raft membrane incorporation and flipping 

(Schwenk et al., 2010). Fatty acid removal from the bloodstream is an important mechanism 

and is regulated by protein kinase B (Akt) and protein kinase C type ζ (PKCζ) mediated 

insulin signalling, muscle contraction stimulated AMP-activated protein kinase (AMPK) in 

myocytes, but also by transcription factor peroxisome proliferator-activated receptors α and γ 

(PPARα and γ) activating fatty acids (Glatz et al., 2010). Insulin and AMPK signalling 

predominantly modify fatty acid transporter membrane locations, whereas PPAR activation 

changes mRNA expression and subsequently fatty acid transporter protein levels (Glatz et al., 

2010, Martin et al., 2000, Rakhshandehroo et al., 2010). Once fatty acids have entered the 

target cells, their re-esterification to a glycerol backbone commences, whereby the addition of 

the last fatty acid chain to diacylglycerol by diacylglycerol acyltransferase (DGAT) is thought 

to be rate limiting in this process (Figure 1.1) (Yen et al., 2008). DGATs are regulated by 

fatty acid and diacylglycerol availability, and transcriptionally controlled during adipogenesis 

by factors, such as PPARγ (Yen et al., 2008). It is also interesting to note that the source of 

fatty acid substrate from either dietary fat or de novo synthetised origin is thought to regulate 

the type of DGAT, DGAT1 or DGAT2 that is used for TAG synthesis. ER membrane bound 

DGATs release newly synthetised triacylglycerols into the lipid membrane bilayer, leading to 

subsequent expansion of the inter-lipid bilayer space and budding of cytosolic triacylglycerol 

reservoirs covered by a lipid monolayer and perilipin-protein coat (Walther and Farese, 2012, 

Thiam et al., 2013, Wilfling et al., 2014). The resulting specialised organelles are known as 

lipid droplets and associate with vast array of enzymes and regulators relevant for fatty acid 

metabolism. Lipid droplets can either bud anew from cytosolic membranes or grow from pre-

existing droplets by ‘permeation-’ or ‘coalascence-’ fusion mechanisms with other LDs to 

form very large droplets (Wilfling et al., 2014). Lipid droplets thus represent the ultimate 

storage organelles of fatty acids and can almost take up the entire cytosol, thereby giving 

white adipocyte their histologically characteristic appearance of a ‘signet ring’. 
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Whilst most fatty acid stored as triacylglycerol in lipid droplets are derived from pre-existing 

FFA molecules taken up from the tissue vasculature, de novo lipogenesis represents a second 

pathway to generate fatty acids, particularly when dietary provision of carbohydrates is high. 

Regulation and biological roles of de novo lipogenesis in different tissues are poorly 

understood. Despite a quantitatively minor role in fatty acid production, possibly up to around 

20% (Guo et al., 2000, Donnelly et al., 2005, Timlin and Parks, 2005), de-regulation of DNL 

through production of PPAR agonists appears to greatly impact on fatty acid storage and 

utilisation mechanisms (Cao et al., 2008, Postic and Girard, 2008, Lodhi et al., 2011, Lodhi et 

al., 2012). Liver and adipose tissue, but also mammary tissue during lactations in females, are 

major locations of new fatty acid synthesis. The quantitative lipogenic potential of adipose 

tissue is thought to be lower than that of liver tissue (Swierczynski et al., 2000, Letexier et al., 

2003, Wang et al., 2015), but could also be an important buffering and regulatory mechanism 

to manage excess carbohydrate levels in the body (Lafontan, 2008). Thus, although DNL 

contributes relatively little to the stored amounts of fatty acids in the body overall, the DNL 

process itself still represents an indication of the metabolic state of excess carbohydrate and 

energy supply. As a result DNL modifies fatty acid metabolism on multiple levels, such as 

TAG synthesis enzyme selection or selective transcriptional activation, accordingly (Wang et 

al., 2015, Saponaro et al., 2015). DNL is therefore seen as an indicator of metabolic health, 

whereby increased DNL in the liver is associated with poor outcomes, such as insulin 

resistance, as opposed to increased DNL in adipose tissue, which is associated with insulin 

sensitivity (Wang et al., 2015, Ma et al., 2015). 

 

During de novo lipogenesis fatty acids are synthetised from carbohydrate precursors, 

predominantly glucose, but also induced by high fat diets (Strable and Ntambi, 2010). Fatty 

acid synthase (FAS) and acetyl-Coenzyme A (CoA) carboxylase (ACC) are two key multi-

enzymes complexes that are used for this process. These enzymes are expressed mostly under 

the control of the transcription factors liver-X-receptor (LXR), sterol response element-

binding protein-1c (SREBP1c) and carbohydrate-response-element-binding protein 

(ChREBP) in many tissues, such as the liver and adipose tissue, but also in muscle tissue 

(Horton, 2002, Herman et al., 2012, Strable and Ntambi, 2010, Nadeau et al., 2004, Funai et 
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al., 2013). DNL synthetises palmitic acid (hexadecanoic acid, C16:0) as a default precursor 

fatty acid molecule, which then can be further modified through elongation or desaturation 

processes to synthetise all non-essential fatty acids. During palmitic acid synthesis ‘activated’ 

CoA-acyl monomers, acetyl- and malonyl-CoA are joint to form a hydrocarbon fatty acid 

chain through a constant cycle of carbonyl-group reduction and dehydration, followed by 

additional joining of malonyl-CoA. These steps are carried out in association with a large 

multi-enzyme complex, referred to as fatty acid synthase (Semenkovich, 1997, Chirala and 

Wakil, 2004). The malonyl-CoA building blocks are provided by irreversible carboxylation of 

acetyl-CoA, which is facilitated by the other large multi-enzyme complex essential for DNL, 

ACC (Tong, 2005). Fatty acids produced by DNL are eventually incorporated into 

triacylglycerol storage lipid droplets.  

 

DNL is regulated through modulating transcription of its enzyme systems, including FAS and 

ACC, as well as enzymes that contribute substrates and energy equivalents to facilitate 

lipogenesis (Strable and Ntambi, 2010, Beaven et al., 2013, Wang et al., 2015). Transcription 

factors, such as SREBP1, LXR and ChREBP respond to metabolic cues in order to regulate 

DNL. These cues are usually increases in nutrient levels, such as glucose or fatty acids, or 

increased levels of nutrient response hormones, such as insulin or glucagon. Responsiveness 

to these cues also suggests that SREBP1 not only controls lipogenesis, but also intricately 

connects with regulation of energy metabolism in general. Indeed, SREBP1 has been found to 

be required for maintaining high levels of glycolysis and glycogenesis in livers of diabetic 

mice (Ruiz et al., 2014), highlighting SREBP1 as a key regulator of excess nutrient 

availability. Transcriptional co-factors or receptors often sense nutrients and hormones and 

induce transcriptional activation of pro-lipogenic genetic programs via the mentioned key 

transcription factors. For example, SREBP1 precursor protein resides inside the ER 

membrane, sequestered by a SREBP cleavage-activating protein (SCAP) and INSIG-proteins. 

Once SCAP senses a cellular requirement of fatty acids, it guides SREBP-SCAP complexes 

from the ER into the Golgi apparatus and facilitates a two-step cleavage process to release a 

cytosolic, transcriptionally active SREBP1 fragment (Horton, 2002, Goldstein et al., 2006, 

Raghow et al., 2008). Consumption of carbohydrate-rich diets and high insulin levels strongly 

activate LXR-dependent SREBP1 driven DNL (Strable and Ntambi, 2010). High fat diets are 
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also capable inducers of SREBP1 transcriptional profiles, but seem to rely on the co-

transcriptional factor PGC1 to do so (Lin et al., 2005), whilst specific types of fatty acids 

seem to modify the activity of SREBP1 (Strable and Ntambi, 2010). Similar to SREBP1, 

ChREBP is the second transcription factor that modifies the expression of DNL relevant 

enzymes in a partially LXR dependent and SRBEP1 complementing manner (Wang et al., 

2015). Taken together, high dietary energy supplies through either carbohydrate or fats induce 

SREBP1 and ChREBP mediated transcription of the DNL machinery. 

 

Insulin receptor signalling through the activity of two independently functioning mechanistic 

target of rapamycin complexes (mTORC1 and mTORC2) provides an example of uncoupled 

DNL regulation from other downstream effects of insulin signalling (Howell and Manning, 

2011, Powers, 2008, Porstmann et al., 2008). Postprandial insulin receptor signalling activates 

specific downstream kinases, such as atypical protein kinases C (PKCλ or PKCζ), but also 

mTOR complexes (Wang et al., 2015). Particularly in the liver, insulin receptor signal 

facilitates cellular glucose uptake and glycogenesis, but also elicits strong DNL. In a state of 

type 2 diabetes associated insulin resistance, cellular responses to insulin receptor signals in 

response to high blood sugar levels are decreased, whereas DNL stimulation surprisingly 

persists. In this pathological phenomenon known as ‘selective insulin resistance’, 

gluconeogenesis is activated due to a loss of cellular glucose uptake, yet DNL continues to be 

activated, overall resulting in the detrimental production of glucose and fatty acids under 

hyperglycaemic conditions of insulin resistance (Brown and Goldstein, 2008). In our current 

understanding, insulin receptor mediated Akt activation phosphorylates the TSC1-TSC2 

complex, which in turn indirectly reduces an inhibiting effect on mTOR complex 1 

(mTORC1) activity necessary to stimulate DNL via downstream S6 kinase (Porstmann et al., 

2008, Wang et al., 2015, Duvel et al., 2010). Thus increased Akt activity, decreased inhibiting 

TSC-complex activity through increasing phosphorylation, or increased mTORC1 activity all 

drive SREBP-dependent de novo lipogenesis. However, this view likely over-simplifies a 

more intricate physiological mechanism of insulin receptor dependent DNL regulation, as it 

was found that Akt and mTOR might control SREBP activity and lipogenesis through distinct 

counter-regulated pathways (Krycer et al., 2010, Yecies et al., 2011). In a mouse model of 

artificially increased, liver-specific mTOR activity the expected hepatic steatosis did not 
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manifest, as attenuated Akt signalling seemed to neutralise the enforced mTOR activity in this 

organ, and thus no increase in lipogenesis was observed (Yecies et al., 2011). Taken together, 

mTOR protein plays an activating role in de novo lipogenesis, possibly in a SREBP-

dependent manner, although other mechanisms seem to exist (Wang et al., 2015). 

 

Increasing tissue abundance of triglycerides and fatty acids resulting from either fatty acid 

uptake processes or DNL triggers further adaptions to facilitate storage of fats. Adipogenesis 

describes the development of adipocyte precursors (pre-adipocytes) to become mature 

adipocytes and facilitates the growth of adipose tissue in order to accommodate increased 

storage of triglycerides (Figure 1.1). Early adipogenesis pathways appear complex and are 

thought to begin with mesenchymal bone marrow precursors. An initial developmental phase 

determines the fate of bone marrow cells to adopt the phenotype of a pre-adipocyte, which 

then terminally differentiates into specialised adipocyte subsets during a second 

developmental phase (Rosen and Spiegelman, 2014). Based on their mitochondrial content 

and ability to oxidate fatty acids in order to generate heat (thermogenesis), three subsets of 

adipocytes are broadly distinguished: White and beige adipocytes, as well as brown 

adipocytes, the latter originating from a distinct type of precursor cell, which is related to 

muscle cell precursors (Rosen and Spiegelman, 2014, Kwok et al., 2016). One of the 

dominant transcriptional factors that regulate the terminal differentiation of adipocyte 

precursors is the fatty acid-ligand activated transcription factor PPARγ (Kawai and Rosen, 

2010, Anghel and Wahli, 2007, Farmer, 2006, Tontonoz and Spiegelman, 2008, Stern and 

Scherer, 2015). Fatty acids and transcriptional coactivators, such as PPARγ-coactivator 1α 

(PGC1α), bind to PPARs and regulate their ligand-gated activity levels (Tontonoz and 

Spiegelman, 2008). PPARγ then drives the expression of proteins that cement the terminal 

differentiation into an adipocyte fate, thus facilitating the storage of triglycerides in newly 

formed fat cells. As increasing quantities of triglyceride are deposited in adipocytes, lipid 

droplets grow, drive increased cell sizes and adipogenesis. Hypertrophic adipocytes can 

experience various forms of cell deaths, which trigger further mechanisms of adipose tissue 

remodelling and adipogenesis mediated by transcription factors such as PPARγ  (Engin, 

2017). Whilst PPARγ activity in adipocyte differentiation is well documented, propositions of 

a functionally similar role in liver and muscle tissue are less clear. It has been proposed that 
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PPARγ could facilitate improved triglyceride storage and thereby alleviate the toxic effects of 

inappropriate fatty acid deposition in these tissues as well (Medina-Gomez et al., 2007). In 

summary PPARγ is a key transcription factor for the regulation of adipose tissue 

differentiation, particularly by promoting growth of adipose tissue through hyperplasia 

instead of hypertrophic growth, resulting in smaller, more fatty acid-storage capable 

adipocytes (Okuno et al., 1998). 

 

 

1.2.2 Fatty acid utilisation  

Fatty acid utilisation describes the release of fatty acids from their storage sites in lipid 

droplet organelles of adipocytes, a process also known as lipolysis or fat mobilisation. Non-

adipose tissues usually do not release fatty acids and glycerol into the blood stream for bodily 

re-distribution, but rather utilise fatty acids within the cell (Young and Zechner, 2013). Cells 

used free fatty acids either as building blocks for molecular synthesis or for oxidation, which 

eventually results in the generation of energy equivalents or heat. During situations of energy 

need, such as fasting, exercise or cold temperature stress, triglycerides are mobilised from 

lipid droplets by enzymes and regulators located onto the lipid droplet surface likely through 

vesicular transport and membrane bridges that connect the ER with lipid droplets (Rosen and 

Spiegelman, 2014, Wilfling et al., 2014). Basal liberation of fatty acid from triglycerides can 

be further stimulated by the catecholamines adrenaline or nor adrenaline, natriuretic peptide 

and possibly other neuro-hormonal factors, whilst insulin signalling inhibits lipolysis 

(Lafontan, 2008). Receptor binding of these ligands activates protein kinases A and G 

downstream, which in turn phosphorylate lipolytic enzymes and cofactors on, or regulate 

access of enzymes to the lipid droplet surface. Fatty acid release is also interlinked with other 

pathways of energy metabolism, whereby adenosine monophosphate–activated protein kinase 

activity (AMPK), an enzyme with a central role in cellular energy homeostasis (Martinez-

Fernandez et al., 2015), is able to block HSL activity and lipolysis in adipocytes (Anthony et 

al., 2009). 
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Adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and monoglyceride 

lipase (MGL) catalyse most of the release of fatty acids from tri-, di- and mono-

acylglycerides in adipocyte lipid droplets (Schweiger et al., 2006, Young and Zechner, 2013). 

Lipolysis of triglycerides by lipases is the rate limiting step in the mobilisation of fatty acids. 

ATGL and HSL have some redundant lipolytic activity, but under physiological conditions, 

ATGL releases fatty acids from triglycerides, whereas HSL, also capable of fatty acid release 

from mono-acylglycerides, processes predominantly di-acylglycerides. Importantly, HSL 

activity releases suitable stereoisomeric fatty acid ligands that activate PPARγ and its co-

factors, thus fulfilling an essential role not only in the acute liberation of fatty acids, but also 

in the long term maintenance of PPARγ mediated adipose tissue growth (Shen et al., 2011). In 

the absence of HSL, mouse adipose tissue was observed to disappear with age, because on a 

cellular level reduced PPARγ activity prevented adipose tissue hyperplasia, leading to 

hypertrophic adipocyte loss by apoptosis, inflammation and macrophage attraction (Young 

and Zechner, 2013). Lipolytic mechanisms in non-adipose tissues are not as well understood 

as for adipocytes, but thought to be similar as ATGL, HSL and MGL with lower activity 

levels are also expressed (Quiroga and Lehner, 2012, Young and Zechner, 2013). 

 

Fatty acids released from lipid droplets in adipocytes can be transported via fatty acid binding 

and transport protein facilitated diffusion into the blood stream to be supplied by to other 

tissues as albumin bound non-esterified fatty acids (NEFA) (Furuhashi and Hotamisligil, 

2008). Alternatively, fatty acid can be either re-esterified back into lipid droplets or utilised 

within the cell cytosol to generate energy equivalents or heat through mitochondrial fatty acid 

β-oxidation. The capacities for this process vary greatly between different tissues. β-oxidation 

is thought to be a very minor pathway in white adipocytes with comparably fewer 

mitochondria and low oxygen consumption, whereas beige and brown adipocytes with greater 

mitochondrial numbers, and particularly muscle and liver cells are thought to use much 

greater quantities of fatty acid for thermogenesis or energy equivalents, respectively 

(Lafontan, 2008, Peirce et al., 2014). β-oxidation is the enzymatically catalysed reaction of 

long chained free fatty acid break down that occurs in the mitochondrial matrix to generate 

energy equivalents and acetyl-CoA (Schreurs et al., 2010). For this process to take place, fatty 

acids need to be activated by the addition of Coenzyme A and subsequently transported from 
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the cytosol across the mitochondrial membranes into the mitochondrial matrix. The carnitine-

palmitoyl-transporter system acts as a ‘gate-keeper’ and facilitates fatty acid transport across 

the mitochondrial membranes. This transporter system consists of two enzymes, carnitine 

palmitoyltransferase 1 (CPT1), located on the outer mitochondrial membrane, and carnitine 

palmitoytransferase 2 (CPT2) located on the inner mitochondrial membrane. CPT1 and CPT2 

shuttle carnitine-ligated fatty acids in exchange for carnitine molecules from the cytoplasm 

into the mitochondrial matrix, thus supplying fatty acid for oxidation (Rufer et al., 2009). 

CPT1 enables the initial step of this fatty acid utilising shuttle and is inhibited by activation of 

DNL, specifically by increasing concentrations of ACC produced malonyl-CoA. Cellular 

CPT1 activity is stimulated by increasing its expression in response to increasing abundance 

of certain types of fatty acids. These fatty acids act as ligands for PPARα transcription factor 

and co-factors, such as PGC1α, to drive expression of proteins necessary for fatty acid 

oxidation, thermogenesis as well as mitochondrial biogenesis and cellular respiration overall 

(Tontonoz and Spiegelman, 2008, Chakravarthy et al., 2009, Rakhshandehroo et al., 2010, 

Haemmerle et al., 2011). Therefore, increasing CPT1 activity is thought to be a possible 

therapeutic avenue to improve obesity and metabolic diseases in humans (Rufer et al., 2009, 

Schreurs et al., 2010). In summary mobilisation of fatty acids from lipid droplets through 

lipase activity and subsequent utilisation of liberated fatty acids by release into the body or 

cellular respiration provide a cascade of connected steps that each can be regulated to fine 

tune catabolic fatty acid metabolism. 

 

 

 

1.3 Effects of high fat diet and polyunsaturated fatty acids on fatty acid metabolism 

Dietary availability of fatty acids and variations in their quantity and type influence the 

regulatory network of fatty acid metabolism as adipose, liver and muscle tissue respond to 

maintain fatty acid homeostasis and to facilitate the functions of this nutrient in the body 

(Frayn et al., 2006). The almost unlimited availability of highly energy dense foods in western 

societies is thought to be causative of what is often described as an obesity epidemic. Obesity, 

the accumulation of excess amounts of body fat (WHO), is a highly relevant public health 

problem that facilitates many secondary ailments in people, including insulin resistance, 
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hypertension, non-alcoholic fatty liver disease (NAFLD) and dyslipidemia. Collectively these 

pathological changes are referred to as metabolic syndrome (Lusis et al., 2008, Wakil and 

Abu-Elheiga, 2009, Kaur, 2014). A high fat content entails high energy density in many foods 

and a high fat diet is seen as one of the major risk factors in the complex aetiology of obesity 

development in humans (Hariri and Thibault, 2010). It is thus of interest to understand the 

effects of high fat diets on fatty acid metabolism, and ultimately the mechanisms by which 

high fat diets contribute to obesity and de-regulation of fatty acid metabolism. It has also been 

noted that different types of dietary fatty acids elicit specific metabolic adaptions (Storlien et 

al., 2001, Wang et al., 2002). Particularly polyunsaturated fatty acids (PUFA) are recognised 

for their ‘nutraceutical’ effects and thus intentionally included into diets to achieve health 

benefits in multiple areas, including cardiovascular health, neurological health, metabolic 

health and immune modulation (Ruxton et al., 2004, Wiktorowska-Owczarek et al., 2015). 

High fat diets are typically used in rodent models to achieve an experimental replication of 

the dietary energy oversupply that contributes to obesity in humans (Buettner et al., 2007, 

Hariri and Thibault, 2010, Coelho et al., 2011, Panchal and Brown, 2011). High fat diets 

provide an increased influx of fatty acids into the body and allow investigation of their 

metabolic fate and effect. Studies of fatty acid metabolism in high fat diet rodent models are 

often biased by food intake behaviour and neuro-hormonal satiety regulation, adding 

variables to these models that must be considered when interpreting readouts on organ or 

cellular levels (Blundell and MacDiarmid, 1997, Kiess et al., 2008, Morton et al., 2006). High 

fat diets can be used to increase the proportion of fatty acids in otherwise eucaloric or 

isoenergetic diets, by limiting the HFD to quantities that match the energy contents of non-

HFD control animals (Woods et al., 2003). More commonly hypercaloric feeding situations 

are employed, whereby high fat diets are offered ad libitum. In this system fatty acid intake is 

similarly increased, but due to the high energy density of HFD food preparations overall 

energy intake is generally higher in HFD treated rodents than in animals consuming a diet 

with a lower fat content (Buettner et al., 2006). The latter approach thus combines two types 

of treatment; firstly a change in diet composition and secondly an increase in diet energy 

density. Thus, whilst high fat diets are often used to study the effect of different dietary fatty 

acid types on metabolism, the concomitant increase in energy density may provide additional 

variability. Overall bodyweight increase and development of obesity usually requires a 
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hypercaloric diet, whereby high proportions of fat further enhance adiposity. Energy restricted 

isoenergetic high fat diets, particularly when accompanied with increased levels of protein 

intake, are far less capable of inducing obesity, yet disproportional growth of adipose tissue is 

still observed (Woods et al., 2003, Pichon et al., 2006). Taken together, excessive quantities 

of dietary fat intake increase body fat stores, predominantly in adipose tissue. 

 

Dietary changes to high quantities of fat are met by adaptions in fatty acid metabolism, but 

the type of fat present in the diet determines the way fatty acid metabolism responds (Hariri 

and Thibault, 2010, Lottenberg et al., 2012, Georgiadi and Kersten, 2012, Scorletti and Byrne, 

2013, Ferramosca and Zara, 2014, Lalia and Lanza, 2016). It is well known that dietary fatty 

acid profiles determine the composition of fatty acid profiles in tissues, particularly adipose 

tissue, and for that reason tissue fatty acid composition has even been used as a biomarker for 

dietary fatty acid intake (Hodson et al., 2008, Grindel et al., 2013, Huang et al., 2014). In 

other words, ‘you become what you eat’ appears to be a true statement for lipids and 

specifically for the DU-mouse model used in this study, it has been shown that dietary fatty 

acids do indeed arrive in relevant tissues (Dannenberger et al., 2013), expected to exert their 

influences on fatty acid metabolism.  

 

Fatty acids can vary by their carbon chain length or by their degree of unsaturation in carbon 

bonds, leading to long (LCFA), medium (MCFA) or short chained (SCFA) and saturated 

(SFA), monounsaturated (MUFA) or polyunsaturated fatty acids (PUFA) to be distinguished. 

PUFA’s can further be differentiated based on the position of their first carbon double bond 

from the methyl-end of the carbon chain, such as PUFA n-3 or n-6. Each of these fatty acid 

types is known to influence fatty acid metabolism differently. From reviewing many HFD 

rodent models developed to date, it has been concluded that a hypercaloric high fat diets with 

about 40% of the energy derived from primarily long chained, saturated animal derived fatty 

acids and low levels of polyunsaturated n-3 or n-6 fatty acids appears to be the most potent 

dietary inducer of obesity and excessive accumulation of body fat (Buettner et al., 2007). This 

shows in return that alteration of the fatty acid profile in such obesogenic diets by introducing 

medium chain length or unsaturated fatty acids would make body fat accumulation less 

efficient and highlights underlying differences in the metabolism of various fatty acid types 
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(Moussavi et al., 2008). To understand how and why one type of fatty acid is more potent 

than another in driving excess body fat accumulation and adipose tissue growth, rodent high 

fat feeding experiments and analysis of fatty acid metabolism parameters were employed to 

revealed possible explanations why non-SFA diets are less obesogenic. 

 

Fatty acids shorter than 12 carbon atoms are regarded as short and medium chain fatty acids 

and studies that compared accumulation of body fat in rodents and humans fed long chained 

(>C12) or medium chained fatty acid rich high fat diets observed less pronounced weight gain 

in the MCFA-treatment groups (Simon et al., 2000, Tsuji et al., 2001, Takeuchi et al., 2006, 

Canfora et al., 2015). SCFA and MCFA can passively diffuse from the intestine to the 

bloodstream and reach the liver via the portal vain without the need for fatty acid transporter 

and lymphatic transport pathways needed for long chained fatty acids. MCFA also do not 

require the carnitine transport system and CPT activity to enter mitochondria for oxidation 

and thermogenesis and thus are thought to be more efficiently utilised rather than stored in the 

body (Moussavi et al., 2008). 

 

The number of carbon double bonds in fatty acids and the position of double bonds in the 

carbon chain also influence fatty acid metabolism, as PUFA n-3 have been shown to protect 

from body fat accumulation better than other unsaturated fatty acid types (Hariri and Thibault, 

2010). PUFA n-3 and PUFA n-6 belong to the family of long chained polyunsaturated fatty 

acids that are considered essential for most mammals. α-linolenic acid (ALA, n-3 PUFA) and 

linoleic acid (LA, n-6 PUFA) are the essential prototypes of this fatty acid family, which can 

be endogenously modified by desaturases and elongases to generate PUFA derivates 

(Scorletti and Byrne, 2013). Alternatively, metabolically important PUFA species can be 

acquired through food. Particularly eicosapentaenoic acid (EPA, C20:5n-3) and 

docosahexaenoic acid (DHA, C22:6n-3) are PUFA n-3 that are contained in fish oil at high 

concentrations and known to regulate fatty acid metabolism (Tai and Ding, 2010). 
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On a cell and organ level, PUFA n-3 appear to interfere with excessive body fat accumulation 

by altering a range of metabolic pathways that handle fatty acids. These involve lipolysis, 

fatty acid oxidation, lipogenesis and adipogenesis. The exact molecular means by which 

PUFA n-3 modify these processes are not completely understood, but are thought to rely on a 

number of mechanisms: 1.) PUFA’s capacity to act as ligand for transcription factors (Jump et 

al., 2008, Jump, 2008, Jump et al., 2013); 2.) The ability of PUFAs to indirectly modify gene 

expression by binding to G protein coupled receptors (GPCR), such as the rhodopsin GPCR 

(Schmitz and Ecker, 2008, Kostenis, 2004, Kim et al., 2009); 3.) PUFA’s capability to modify 

fluidity of the cell membrane lipid bilayer, potentially allowing for more rapid lateral 

movement of membrane associated proteins, enhanced membrane fusion during lipid droplet 

biogenesis and fatty acid membrane uptake (Stillwell and Wassall, 2003, Bernlohr et al., 

1999, Hodson et al., 2008, Kim et al., 2009, Pohl et al., 2005); 4.) PUFAs provision as 

substrates to synthetise many inflammatory mediators, such as prostaglandins, leukotriens and 

thromboxanes, which are also able to modify metabolism and cellular functions (Schmitz and 

Ecker, 2008, Scorletti and Byrne, 2013). 

 

Dietary PUFA n-3 treatments have been observed to increase TAG lipolysis and mobilisation 

of fatty acids. Mobilisation of PUFA as opposed to SFA from TAG in lipid droplets appears 

to preferentially occur, possibly due selective targeting of lipolytic enzymes such as ATGL or 

HSL to PUFAs (Gavino and Gavino, 1992, Lafontan, 2008). However, as a result 

mobilisation of SFA may be less efficient than release of PUFAs from TAG (Storlien et al., 

2001). PUFA n-3 are able to increase expression of HSL and decrease the perilipin coat 

protein of lipid droplets to facilitate access of HSL to TAG reservoirs (Wang et al., 2010). 

PUFA n-3 further stimulate phosphorylation of HSL and perilipin through protein kinase A 

activity (Szentandrassy et al., 2007). Liberation of fatty acids from intracellular stores is 

complemented by PUFA n-3 driven activation of endothelial lipoprotein lipase, particularly in 

muscle tissue, overall promoting utilisation of free fatty acids (Baltzell et al., 1991, Backes et 

al., 2016). PUFA n-3 facilitate mitochondrial fatty acid oxidation by activating PPARα and 

PGC1 regulated gene transcription (Guo et al., 2005, Ahmed et al., 2007, Alaynick, 2008, 

Jump, 2008). This results in increased expression of fatty acid mobilisation oxidation 

supporting proteins, such as CPT1 and 2, thus facilitating transport of fatty acids into 
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mitochondria and mitochondrial biogenesis itself (Handschin and Spiegelman, 2006, Neschen 

et al., 2007, Kopecky et al., 2009, Scorletti and Byrne, 2013). PUFA n-3 mediated activation 

of AMPK further stimulates lipid oxidation and complements cellular energy production with 

enhanced glucose uptake and increased insulin sensitivity (Lorente-Cebrian et al., 2009). 

 

PUFA n-3 not only increase utilisation of fatty acids, but also reduce their de novo synthesis 

and storage. PUFA, particularly PUFA n-3, inhibit SREBP1 activity and therefore block 

expression of the lipogenic protein machinery, such as FAS or ACC, whose expression is 

normally driven by this transcription factor (Oosterveer et al., 2009, Takeuchi et al., 2010). 

PUFA n-3 interfere with SREBP1 activity on multiple levels. SREBP1 is understood to 

monitor membrane fluidity, sensing increased or decreased fluidity in the presence of low or 

high PUFA-membrane levels, fatty acid synthesis, including pathways that produce PUFAs 

are adapted (Hagen et al., 2010). SREBP1 precursor protein is normally synthetised into the 

ER membrane and proteolytically processed in at least two steps to release transcriptionally 

active nuclear fragments. Both, PUFA n-3 and n-6, can inhibit SREBP proteolytic processing, 

increase proteasomal degradation of nuclear SREBP fragments or destabilise Sreb mRNA, 

although PUFA n-3 are more potent than n-6 molecules (Jump et al., 2013, Jump, 2008, 

Takeuchi et al., 2010). As PUFA promote fatty acid oxidation by activating PPARα, PUFA 

ligation to PPARγ facilitates storage of fatty acids by decreasing fatty acid DNL but 

promoting TAG synthesis and adipocyte differentiation (Tontonoz and Spiegelman, 2008, 

Scorletti and Byrne, 2013, Marion-Letellier et al., 2016). On adipose tissue level, PPARγ 

binding of PUFAs induces synthesis of adiponectin, an adipokine thought to improve insulin 

sensitivity and metabolic health in obese individuals (Puglisi et al., 2011), and suppression of 

prostaglandin synthesis by PUFA n-3 reduces adipocyte hyperplasia and differentiation of 

adipose tissue overall (Okuno et al., 1998). 

 

Opposing or very mildly complementing the effects of PUFA n-3, PUFA n-6 are thought to 

principally modify fatty acid metabolism through the same mechanisms as described for 

PUFA n-3 above (Schmitz and Ecker, 2008). Integration of PUFA n-6 into the membrane 

results in a different degree of fluidity than PUFA n-3, and thus biological effects are 

expected to be different between both types of PUFA (Rajamoorthi et al., 2005). Likewise 
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ligand binding and activation of transcription factors, like PPARα and γ, is much less potent 

by PUFA n-6 compared to PUFA n-3 and particularly the EPA and DHA metabolites. As 

such the regulatory net result of dietary exposure to PUFA n-6 is attenuated or markedly 

different to PUFA n-3 treatments, as PUFA n-3 are capable of modifying fatty acid 

metabolism in the described manner, whereas PUFA n-6 are much less capable to do so 

(Grygiel-Gorniak, 2014, Marion-Letellier et al., 2016). Consequently, high fat diets rich in 

PUFA n-6 represent western-type plant derived fat diets with overall similar, but less portent 

obesogenic effects to SFA rich HFD (Lombardo and Chicco, 2006). During endogenous 

PUFA processing, PUFA n-6 compete for the same enzymes that synthetise metabolically 

important PUFA n-3, and as such it is thought that in the presence of high PUFA n-6 levels 

production of endogenous EPA and DHA from PUFA n-3 are impaired (Scorletti and Byrne, 

2013). As a result, PUFA n-6 metabolites, such as arachidonic acid (AA), prevail and 

facilitate pro-inflammatory cytokine production (Simopoulos, 2006). In summary, PUFA, 

particularly PUFA n-3 derived EPA and DHA, reduce storage of fatty acids by suppressing 

lipogeneic pathways and promote fatty acid utilisation by activating lipolysis and fatty acid 

oxidation (Tai and Ding, 2010). 

 

 

 

1.4 Genetic mouse models of obesity 

Obesity is heritable, as genetic predisposition accumulate body fat is passed on from 

generation to generation and a clear genetic basis irrespective of environmental changes for 

obesity and fatty acid metabolism has been established in twin studies and animal models 

(O'Rahilly and Farooqi, 2006, Wells, 2006, Segal et al., 2009, Stunkard, 1991, Koeppen-

Schomerus et al., 2001). The interdependent complexity of fatty acid metabolism implies that 

many genes regulate body fat accumulation and that common-type obesity is a polygenic trait 

that can be influenced by a network of many variables (Brockmann and Bevova, 2002, 

Ichihara and Yamada, 2008, Pomp et al., 2008, Hetherington and Cecil, 2010). Nevertheless, 

rare exceptions of monogenic or syndromic defects can cause obesity as well and are thus 

known as rare-type obesities (Butler, 2016). Examples for monogenic obesity are deleterious 

mutations in the anti-obesogenic adipokine leptin or the leptin receptor, resulting in severe 
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accumulation of body fat in humans and mice (Wang et al., 2014, Farooqi and O'Rahilly, 

2006). Seldom cases of syndromic obesity arise from chromosomal defects and occur in 

conjunction with a characteristic set of non-obesity related abnormalities (Chung and Leibel, 

2005). Whilst known monogenic and syndromic causes of body fat accumulation only 

represent a fraction of genes involved in the regulation of fatty acid metabolism, they still 

have found useful application in monogenic mouse models that mimic obese human 

phenotypes (Robinson et al., 2000). However, it was also noticed that rare monogenic 

examples of severe obesity largely affect neuro-hormonal regulation of feeding behaviour, 

rather than metabolic tissue physiology (Myers and Leibel, 2000). Since the majority of 

human common-type obesity is caused by an unknown interplay between polygenic variation 

and environmental dietary factors, these monogenic models are not deemed appropriate to 

improve our understanding of prevalent common human obesity (Tschop and Heiman, 2002). 

 

In polygenic conditions or so-called ‘complex traits’, such as common type obesity, a network 

of many genes has additive or modifying effects to create the observed obesity phenotype 

(Pomp et al., 2008)). Genome wide linkage studies have long been employed in human 

populations and mouse models to find quantitative trait loci (QTL) or more single nucleotide 

variants (SNV) that are predisposing to excess body fat accumulation. Many (over 200) 

contributing candidate genes have been identified (Brockmann and Bevova, 2002, O'Rahilly 

and Farooqi, 2006, Pigeyre et al., 2016). More recently whole exome and genome sequencing 

techniques are used to improve our understanding of the polyvariant nature of body fat 

accumulation, although these approaches may remain limited to the discovery of rare 

monogenic defects (Apalasamy and Mohamed, 2015, Jiao et al., 2015).  

 

Whilst the list of variants contributing to the genetic predisposition of common obesity is 

growing, it is unclear how and in which pathways this predisposition to obesity takes effect 

(Lee, 2013, Pigeyre et al., 2016). It is possible that the combined effect of many of the 

identified predisposing genetic variants is very small and that susceptibility to common 

obesity is conferred by very few variants, which would be expected to modify the function of 

one or few specific pathways in an oligogenic fashion. Alternatively, all predisposing gene 

variants could contribute to the obesity phenotype equally and in additive effects broadly 
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skew many fatty acid metabolism and neuroendocrine pathways at the same time to facilitate 

body fat accumulation. To answer this question and to elucidate the genetic architecture of 

common polygenic body fat accumulation in mammals, appropriate polygenic animal models 

must be employed (Beckers et al., 2009).  

 

To model polygenic traits, genetic diversity from outbred animal populations must be 

captured. For example, cat and dog breeds display varying degrees of susceptible to obesity 

and might provide appropriate models that reflect genetic diversity of human or farm animal 

populations, but the lack of reagents and experimental tools greatly limit their usefulness 

(West and York, 1998, Osto and Lutz, 2015). Laboratory mice offer many advantages in this 

regard and represent a desirable model for polygenic obesity studies (Pomp et al., 2008, 

Beckers et al., 2009). Whilst wild mouse subspecies would be an ideal stock for creating 

heterogenous allele resources in polygenic or complex trait studies (Ishikawa, 2013), it is 

preferable to recreate diverse allele frequencies that model natural outbred populations in 

defined, commercially available laboratory mouse strains (Churchill et al., 2004). This is 

achieved by establishing a large set of recombinant inbred (RI) mouse lines, created by 

systematically crossing and subsequently inbreeding a panel of eight inbred founder strains. 

Every created RI homozygously fixes strain about 135 recombination events and a pool of 

independently created RI strains, referred to as ‘collaborative cross’ (~1000 RI strains), 

collectively contains about 90% of the allelic variation known to be present in mice 

(Churchill et al., 2004, Aylor et al., 2011).  

 

Whilst the conception of a large-scale collaborative cross is costly and time consuming, it is 

justified as intended long-term resource for studying many different polygenic diseases 

(Churchill et al., 2004). To create mouse strains specific for the study of complex obesity, a 

modified approach was taken to ‘trap’ a large number of obesogenic variants in a polygenic 

mouse model (Schuler, 1985, Bunger et al., 1998, Bunger and Hill, 1999, Brockmann et al., 

1998, Brockmann et al., 2000, Nuernberg et al., 2011, Brenmoehl et al., 2013). Systematic 

crossing of eight parental strains was used to create a heterogeneous, outbred base population. 

This population was then selectively bred for high body weight or high voluntary treadmill 

running performance over 90 generations. As a result, two heterogeneous mouse lines were 
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derived from the identical starting gene pool, referred to as DU6 (high body weight) or 

DUhTP (high treadmill performance) (see also Chapter 2.1). These two strains each capture a 

large proportion of body weight up or down regulating single nucleotide variants, effectively 

predisposing for high or low body weight, respectively (Brockmann and Bevova, 2002, 

Pigliucci et al., 2006, Garland and Kelly, 2006).  

 

Selectively bred DU6 and DUhTP mouse lines were maintained as heterogenous strains 

without further access to running treadmills and on a standard mouse diet fed ad libitum. 

Typical body composition and blood biochemistry parameters have been published previously 

(Figure 1.2) (Nuernberg et al., 2011). Figure 1.2A shows that DU6 mice are about 3 times 

heavier than DUhTP mice, have on average 8 times more intra-abdominal adipose tissue and 

3-fold greater suprascapular brown fat depots, whilst DU6 mice consume almost twice as 

much food per day. These body composition values expectedly correlate with slightly higher 

free fatty acid (FFA) levels and 11-fold increased leptin levels in the blood of DU6 mice 

compared to DUhTP mice (Figure 1.2B). DU6 mice also have 6-fold higher insulin blood 

levels than DUhTP mice, yet at a mean of 1.38 ng/ml (SD ±1.62) is still in the normal range 

for mice, and well below what is observed for leptin deficient obese mice with known 

hyperinsulinaemia at >10 ng/ml blood insulin levels reported (Muzzin et al., 1996). 

Accordingly, DU6 mice maintain normoglycaemia (Figure 1.2B).  

 

Taken together, DU6 and DUhTP recombinant inbred mouse lines are genetically predisposed 

either for high body weight or leanness. These mouse lines represent suitable polygenic 

models of obesity to test whether segregation of obesogenic and anti-obesogenic traits 

broadly influence pathways in fatty acid metabolism to promote a common obesity 

phenotype. 
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Figure 1.2: Biometrics, food intake behavior and energy 
metabolism blood parameters of DU6 and DUhTP mouse 
strains 
 
A. Bar graphs showing body weight at 87 days of age, 
abdominal fat and brown fat mass, as well as daily food 
intake in mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) whilst fed a 
standard diet. 
B. Bar graphs displaying blood glucose, insulin, free fatty 
acids (FFA) and leptin levels in mice from the indicated 
strains whilst fed a standard diet. Graphs were prepared from 
published datasets characterising DU6 and DUhTP mouse 
strains (n=7-9) (Nuernberg et al., Nutrition & Metabolism, 
2011, PMID 21835020). 
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1.5 Rationale and aims of this thesis 

The preceding review of the current literature outlined how fatty acids are attained and stored 

in adipose, liver and muscle primary metabolic tissues through uptake of food derived fatty 

acids from the bloodstream or de novo fatty acid synthesis from lipogenic substrates.  

 

Fatty acid utilisation opposes these storage pathways and is initiated by mobilisation of fatty 

acids from cytosolic lipid droplets, followed by fatty acid transport into mitochondria for 

oxidation and production of energy equivalents or heat during thermogenesis. Complicated 

networks of transcription factors, including SREBP or PPARs, control these processes by 

means of metabolite feedback sensing.  

 

Long chained polyunsaturated fatty acids are essential components of human and animal diets 

that are thought to modify fatty acid metabolism to confer protection from excessive body fat 

accumulation and associated metabolic disease. PUFAs exert these ‘nutraceutical’ effects by 

directly modifying the expression levels of proteins in fatty acid processing pathways, 

although the exact mechanisms are unknown and net metabolic effects are variable.  

 

The polygenic nature of body fat accumulation in common obesity presents a major hurdle for 

the development of effective management strategies and for the development of appropriate 

animal models. Whilst the identification of clear causative traits would be desirable and has 

been much attempted, it remains unclear whether inheritance of many obesogenic traits and 

subsequent predisposition for obesity results in causative metabolic changes that are 

generalised or if random, but isolated pathway changes drive body fat accumulation. 

Depending on the underlying genetic architecture of polygenic obesity it could be feasible to 

intervene certain obesogenic adaptions in fatty acid metabolism with dietary treatments of 

PUFA n-3.  
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Therefore the following aims were addressed, by using tissue samples from established 

PUFA-feeding trials in DU6 and DUhTP mouse models of polygenic obesity and leanness 

(Nuernberg et al., 2011): 

 

1.) Characterise molecular markers of fatty acid metabolism in DU6 and DUhTP polygenic 

mouse models for obesity or leanness. 

 

2.) Test whether predisposition for obesity or leanness confounds or enhances dietary 

intervention with PUFA to ameliorate obesogenic pathways in fatty acid metabolism. 

 

3.) Identify changes in metabolic marker expression that could help reveal the underlying 

genetic structure of common-type obesity in the DU6 mouse model   
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Chapter 2: Materials and Methods 
 

 

 

 

Contributions from others and acknowledgement of externally hosted work:  

• Mouse husbandry and supervision of the mouse feeding trial was provided by the 

Service Group of the Laboratory Animal Facility at the Leibniz Institute for Farm 

Animal Biology (FBN) in Dummerstorf, Mecklenburg-Vorpommern, Germany.	   	  
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2.1 Mice 

2.1.1 Mouse strains 

All mice used in this study were housed and bred in specific pathogen–free conditions at the 

Leibniz Institute for Farm Animal Biology (FBN) in Dummerstorf, Mecklenburg-

Vorpommern, Germany. All mice were cared for and experimentally handled as approved by 

an internal animal ethics review panel and the state animal ethics and experimentation 

authority, the Animal Protection Board Mecklenburg-Vorpommern, Germany (Approval-No. 

LALLF M-V/TSD/7221.3-2.1-011/06), and by following current guidelines from the 

international standards of welfare for laboratory mice. All mice were kept in the absence of 

running treadmills in semi-barrier Makrolon cages. Environmental conditions were controlled 

to 12 h light-dark cycles, 22.5°C temperature and 50-60% air humidity, whilst fresh drinking 

water was permanently offered ad libitum. 

 

The following DU6 and DUhTP mouse strains were derived by selective breeding of the 

outbred Fzt:DU founder strain that was developed in 1969 from systematically crossbreeding 

four inbred (CBA/Bln, AB/Bln, C57BL/Bln, and XVII/Bln) and four outbred base (NMRI 

orig., Han:NMRI, CFW, and CF1) mouse lines (Dietl et al., 2004)(Schuler, 1985). Random 

non-sibling mating was employed to maintain a non-inbred heterogeneous selection stock that 

would carry similar allele contribution from the original eight strains. 

 

DU6: The heterogeneous, outbred phenotypic ‘high body weight’ selection line DU6 was 

derived from the Fzt:DU founder strain (Brockmann et al., 1998, Brockmann et al., 2001, 

Aksu et al., 2007). Selection of male and female breeders was based on their body weight at 

42 days of age, using heaviest animals for subsequent mating. About 80 breeders were paired 

per generation and whilst minimizing inbreeding through strategic family tree design, 

selection for high body weight in the animals used for this study had occurred for over 128 

generations and is ongoing. All animals from the DU6 line were maintained and selected 

whilst fed ad libitum with a standard breeding diet (Altromin diet 1314, Lage, Germany) 

containing 22.5% crude protein, 5.0% crude fat, 4.5% crude fibre, 6.5% crude ash, 13.5% 

water, 48.0% N-free extract, vitamins, trace elements, amino acids, and minerals whilst 

providing 12.5 MJ/kg metabolisable energy. 
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DUhTP: The ‘high treadmill performance’ DUhTP line was developed as heterogeneous, 

outbred phenotypic selection line in 1983 by selective breeding of the Fzt:DU founder strain 

(Falkenberg et al., 2000). Selection of breeders was based on paternal treadmill running 

performance at 70 days of age. Male breeders were subjected to a one-off running treadmill 

test, intentionally conducted after mating occurred at 63 days of age, in order to avoid any 

effects of the test on reproduction itself and thus breeding with animals that had not been 

exposed to physical exercise (Brenmoehl et al., 2013). For the single selection test, male mice 

were placed onto a computer-controlled treadmill with a 10% incline. Mice were required to 

run at gradually increasing speeds, beginning with 15 m/min and then increasing up to 38 

m/min. The test ended once the mice stepped off the treadmill, and therefore, the time mice 

voluntarily spent running determined duration and distance covered during the test. Due to the 

increasing treadmill-speed throughout the test, distance performance did not increase linear 

with running time, allowing for broader spread of test results between high performing 

animals. The test result was recorded as total running distance in metres, which was then used 

as selection criteria for continued breeding with offspring from males that ran the furthest 

distance. Following this selection procedure, over 95 ongoing generations within the DUhTP 

heterogeneous, outbred line were achieved, whilst linear increase of the mean running 

performance in consecutive generations indicates that a selection plateau for the targeted 

running trait has not been reached yet (Brenmoehl et al., 2013). 60-100 breeder pairs were 

mated for each generation, subsequently following a strategic selection of about 35 families 

within each generation to maintain heterogeneous stock and minimize inbreeding.  

 

2.1.2 Mouse feeding study design and tissue sample collection 

The design of this animal experiment was mainly developed by Professor Breier (Massey 

University, NZ) in cooperation with Dummerstorf researchers. The conduction of the mouse 

feeding study that provided the samples used for analysis in the project described in this thesis 

has been conceived and performed by Ulla Renne, Martina Langhammer, Karin Nuernberg, 

Dirk Dannenberger and Korinna Huber as described previously (Nuernberg et al., 2011). In 

brief, DU6 and DUhTP mice were treated with either PUFA n-3 or PUFA n-6 enriched 

isoenergetic high fat diet, or fed a standard low-fat mouse diet as control. All mice used to 
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generate the samples analysed in this study were of male gender to avoid sex specific 

influences. 30 DU6 and 30 DUhTP male mice were divided into three dietary treatment 

groups of 10 animals each. All mice were offered the standard control diet from birth until 

their 28th day of age. From 29 days of age onwards all male mice were kept in individual 

cages with wood shavings and allocated to one of the two HFD feeding treatments or kept on 

the standard diet for 58 days (until 87 days of age). Food and water were offered ad libitum 

throughout the study. The composition and fatty acid profiles of the PUFA n-3 (27% fat, fish 

oil based) or PUFA n-6 (27% fat; sunflower oil based) enriched high fat diets or the standard 

control diet (7% fat; Altromin, Lage, Germany) are presented in Table 2.1 as published 

(Nuernberg et al., 2011). At 87 days of age all mice were sacrificed by cervical dislocation 

and subsequent decapitation, followed by collection of abdominal adipose tissue, liver and M. 

rectus femoris tissue samples. The tissue samples were weighed and instantly snap frozen in 

liquid nitrogen to be stored at -80°C until further processing. 

  



	   29	  

 

Table 2.1: Composition of mouse foods 
 
Table showing the composition of PUFA n-3 and PUFA n-6 
enriched high fat diets (HFD), as well as the composition of 
the standard diet used for feeding mice that provided tissue 
samples for the protein expression analysis presented in this 
thesis. Food composition data shown as published previously 
for feeding experiments in DU6 and DUhTP mouse strains 
(Nuernberg et al., Nutrition & Metabolism, 2011, PMID 
21835020); DM, dry matter. 

Food composition 
PUFA n-3 

HFD 
PUFA n-6 

HFD 
Standard diet 

 

Crude protein (%/DM) 19.0 18.6 25.7 
Crude fat (%/DM) 27.4 27.7 7.2 
Crude ash (%/DM) 5.1 5.0 8.1 
Metabolisable energy (MJ/DM) 20.5 20.6 15.9 

Fatty acid composition (wt %) 
Myristic acid (C14:0) 6.3 0.4 0.8 
Palmitic acid (C16:0) 14.7 6.1 13.2 
Stearic acid (C18:0) 2.9 3.7 2.8 
Oleic acid (C18:1cis-9) 14.3 22.5 20.6 
Linoleic acid (C18:2n-6) 4.9 64.4 54.1 
α-Linolenic acid (C18:3n-3) 7.0 0.1 4.5 
Arachidonic acid (C20:4n-6) 0.6 n.a. n.a. 
Eicosapentaenoic acid (C20:5n-3) 12.3 0.2 0.2 
Docosapentaenoic acid (C22:5n-3) 2.1 0.01 0.05 
Docosahexaenoic acid (C22:6n-3) 16.0 0 0.04 

Sums (wt %) 
Σ PUFA n-3 Fatty acids 39.9 0.4 4.9 
Σ PUFA n-6 Fatty acids 6.4 64.4 54.2 
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2.2 Solutions and Antibodies 

2.2.1 Buffers and solutions 

Buffer/Solution Composition 

Phosphate Buffered Saline 

(PBS) stock solution (20x) 

To make 1 litre of 20x PBS stock solution dissolve 160 g 

sodium chloride (NaCl), 4 g potassium chloride (KCl), 

5.168 g potassiumhydrogenphosphate (KH2PO4) and 30,76 

g disodiumhydrogenphosphate (Na2HPO4) in ddH2O to 

achieve a total volume of 1 litre. 

Phosphate Buffered Saline 

(PBS) 

To make 2 litre of PBS, mix 100 ml of 20x PBS-stock 

solution with 1900 ml ddH2O. 

Lysis buffer stock solution for 

adipose tissue 

To make 100 ml of Lysis-buffer stock solution, dissolve 1 

ml 1 M Tris/HCl solution (pH 8) and 0.8765 g sodium 

chloride (NaCl) in 70 ml ddH2O, then adjust pH to 7.6, add 

1 ml Triton X (Sigma-Aldrich) and bring total volume to 

100 ml with ddH2O. Store at 4°C.  

Lysis buffer for adipose tissue To freshly prepare 10 ml of Lysis buffer dissolve 1 tablet 

of each, ‘Complete mini’ Proteaseinhibitor and 

‘PhosphoStop’ Phosphataseinhibitor (Roche) in 10 ml of 

tissue lysis buffer stock solution by vortexing. Keep ice-

cold and use immediately. 

Lysis buffer for muscle and 

liver tissue (Thomson and 

Gordon, 2005) 

To prepare 100 ml lysis buffer for muscle and liver tissue 

combine 10 ml 0.5 M HEPES/Tris solution (pH 7.4), 100 

µl Triton X (Sigma Aldrich), 4 ml 0.1M EGTA solution, 

10 ml 0.1 M EDTA solution, 3.061 g β-glycerophosphate, 

669.09 mg tetrasodium pyrophosphate, 91.955 mg, sodium 

orthovanadate, 10.497 mg sodium fluoride and bring to 

volume of 100 ml with ddH2O. Adjust pH to 7.4 and add 

one ‘Complete mini’ Protease-inhibitor and ‘PhosphoStop’ 

Phosphatase-inhibitor tablet (Roche) for every 10 ml lysis 

buffer used freshly before tissue homogenisation and lysis 

. 
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PBS-Tween To make 2 litres of PBS-Tween, dissolve 2 ml Tween 20 

(Sigma-Aldrich) in 2 litres PBS. 

SDS 10% solution To make 100 ml SDS 10% solution, dissolve 10 g of 

sodium dodecyl sulphate in 80 ml ddH2O under constant 

stirring for about 2 hours. Then allow solution to rest 

overnight, pass through filter paper and adjust volume of 

filtered solution to 100 ml using ddH2O. 

Immunoblot buffer stock (10x) To make 1 litre of the immunoblot buffer stock (10x) 

solution dissolve 30.3 g Tris (alkaline) and 144 g glycine 

to a volume of 1 litre in ddH2O. Autoclave before storage 

at room temperature. 

Electrophoresis buffer To make 1 litre of Electrophoresis buffer (1x) combine 100 

ml Immunoblot buffer 10x stock, 900 ml ddH2O and 10 ml 

10% SDS solution, prepared fresh before each 

electrophoresis. 

Transfer buffer To make 1 litre of Transfer buffer (1x) combine 100 ml 

Immunoblot buffer 10x stock, 700 ml ddH2O and 700 ml 

Methanol, prepared fresh before each transfer 

Denaturation buffer (DNB) 

stock solution (2x) 

To make 10 ml of Denaturation buffer stock (2x) combine 

1ml of 1 M Tris/HCl (pH 6.8), 2 ml glycerol (sterile), 4 ml 

of 10% SDS solution, 50 µl of saturated Bromphenolblue 

solution and fill to 10 ml volume with ddH2O. 2-

Mercaptoethanol (2-ME) is added to DNB 2x stock at 1 

part 2-ME and 5 parts DNB just before usage. 

1.5M Tris/HCl pH 8 To make 200 ml of 1.5 M Tris/HCl (pH 8) dissolve 36.33 

g basic Tris HCl (Sigma Aldrich) and bring volume to 200 

ml with ddH2O. Adjust pH to 8 with concentrated HCl. 

1M Tris/HCl pH 8 To make 200 ml of 1 M Tris/HCl (pH 8) dissolve 24.22 g 

basic Tris HCl (Sigma Aldrich) and bring volume to 200 

ml with ddH2O. Adjust pH to 8 with concentrated HCl. 
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1M Tris/HCl (pH 6.8) To make 200 ml of 1 M Tris/HCl (pH 6.8) dissolve 24.22 

g basic Tris HCl (Sigma Aldrich) and bring volume to 200 

ml with ddH2O. Adjust pH to 6.8 with concentrated HCl. 

5% Upper gels (volume enough 

for two 0.07x8x5cm Minigels) 

To make two upper gels combine 0.67 ml of 30% 37.5:1 

Acrylamide/Bisacrylamide (Sigma Aldrich), 0.5 ml 1 M 

Tris/HCl (pH 6.8) and 2.7 ml ddH2O. Add 40 µl of 10% 

SDS solution, 40 µl of freshly in ddH2O dissolved 10% 

ammonium persulfate (APS; Sigma-Aldrich) and 4 µl of 

tetramethylethylenediamine (TEMED; BioRad) just before 

casting the gel. 

8% Lower gels (volume enough 

for two 0.07x8x5cm Minigels) 

To make two upper gels combine 2.7 ml of 30% 37.5:1 

Acrylamide/Bisacrylamide (Sigma Aldrich), 2.5 ml 1.5 M 

Tris/HCl (pH 8) and 4.6 ml ddH2O. Add 100 µl of 10% 

SDS solution, 100 µl of freshly in ddH2O dissolved 10% 

ammonium persulfate (APS; Sigma-Aldrich) and 6 µl of 

tetramethylethylenediamine (TEMED; BioRad) just before 

casting the gel. Overlay freshly cast gel with a layer of 

isopropanol to avoid air bubbles during lower gel setting 

time. 

Indian Ink (Harper and 

Speicher, 2001) 

To make 200 ml of Indian Ink add 20 ml 0.1% (v/v) of 

India Ink (Pelikan 17) to 180 ml in PBS-Tween. 

 

2.2.2 Antibodies 

Antibodies used in this study are summarised in Table 2.2: All primary antibodies used for 

immunoblot detection of proteins are polyclonal, derived from rabbits and have been protein 

A and affinity purified. Secondary antibodies to detect rabbit-IgG are also polyclonal and 

conjugated to horse reddish peroxidase (HRP) to allow immunoblot specific protein 

visualisation by converting a substrate (Pierce, Thermo Fischer) to produce 

chemiluminescence. 
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Target Code Est. size 
(kD) Dilution Type/Conjugate Source 

FAS F9554 270 1:200 rabbit polyclonal  Sigma Aldrich 
PPARγ H-100 55 1:200 rabbit polyclonal  Santa Cruz Biotechnology 

SREBP1 C-20 68/125 1:200 rabbit polyclonal  Santa Cruz Biotechnology 
mTOR 7C10 #2983 289 1:200 rabbit polyclonal  Cell Signalling Technology 
HSL H-300 90 1:100 rabbit polyclonal  Santa Cruz Biotechnology 
CPT1 CPT1L12-A 80 1:150 rabbit polyclonal  Alpha Diagnostics 
PKCζ C-20 72 1:100 rabbit polyclonal  Santa Cruz Biotechnology 

PPARα H-98 52 1:200 rabbit polyclonal  Santa Cruz Biotechnology 
AMPKα #2532 62 1:1000 rabbit polyclonal  Cell Signalling Technology 

rabbit IgG A0545 N/A 1:50000 goat-HRP polyclonal Sigma Aldrich 
rabbit IgG #7074 N/A 1:25000 goat-HRP polyclonal Cell Signalling Technology 

Table 2.2: List of immunoblot antibodies 
 
Polyclonal, affinity purified primary and secondary antibodies used 
for identification of specific proteins by immunoblot. 
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2.3 Protein analysis 

2.3.1 Tissue sample preparation and lysis 

In preparation for immunoblot analysis to detect specific proteins, frozen adipose, liver or 

muscle tissue samples were crushed to powder under liquid nitrogen and approximately 30-50 

mg of the resulting frozen powder were transferred into pre-chilled 1.5 ml vials using an also 

pre-chilled spatula. Unless stated otherwise, all tissue and sample handling environments 

from this processing step onwards were carefully kept at 0-4°C by generally performing work 

on a bed of ice, cooling centrifuges and using ice-cold solutions and buffers. 500 µl freshly 

prepared lysis buffer were added and tissue fragments were pre-homogenised by grinding 

with a plastic pestle (Eppendorf) for 10 seconds. Then the homogenate was transferred into a 

2 ml vial and an additional 500 µl of lysis buffer were used to wash and transfer residual 

homogenate across. Following, the mixture was incubated for 1 h at 4°C on a shaker and then 

further homogenised by 10x drawing through a G22 needle using a 1 ml syringe. The 

resulting tissue lysates were aliquoted and stored until further use at -80°C. 

 

2.3.2 Total protein quantification of lysates 

Total protein concentrations in prepared tissue lysates (preparation described in the previous 

section 2.3.1) were determined by using the commercial Bio-Rad Protein Assay Kit (Bio-

Rad) that employs the Bradford-protein quantification method in principle as explained 

previously (Bradford, 1976, Stoscheck, 1990). The Bio-Rad Protein Assay was performed by 

following the manufacturer´s instructions for the standard assay type procedure. In brief, 

tissue lysates were prepared by dilution in ddH2O to achieve estimated protein concentrations, 

which allow measurements within a linear range of the photometric readout (0.2-0.9 mg/ml). 

Additionally, a blank ddH2O sample, a serial dilution of a protein standard with known 

protein concentration (provided with the Protein Assay, Bio-Rad) and a predefined human 

serum based control sample (Precinorm, Roche) were prepared at the appropriate dilutions to 

be analysed as reference alongside the pre-diluted lysates. All samples were prepared and 

measured in duplicates. Lysates, blank sample, the Precinorm positive control sample and the 

serial standard protein dilution samples were then incubated for 20 min with saponin, before 

addition of the filtered, pre-diluted, Coomassie blue containing Bio-Rad Protein-Assay 

reagent and further incubation for 15 min at room temperature. Dyed samples were then 
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transferred into cuvettes and light absorbance spectrophotometrically measured at 595 nm 

wavelength. The total protein concentration of each tissue lysate was then extrapolated based 

on absorbance in comparison to the absorbance of the serial diluted protein standard with a 

known protein concentration. Correct measurement of the lysate protein concentration was 

confirmed by true readings for the Precinorm control sample. 

 

2.3.3 Immunoblot 

Immunoblot detection of specific proteins in adipose, liver and muscle tissue was performed 

similar to published descriptions (Thompson et al., 2007). Tissue lysates were thawed on ice 

and diluted in freshly prepared denaturation buffer (DNB) by taking the pre-determined lysate 

protein concentration into account, so that protein concentrations were normalised to 10 µg/20 

µl for adipose tissue samples, 20 µg/5 µl for liver tissue samples and 20 µg/10 µl for all 

muscle tissue samples. DNB diluted and protein equalised samples were heated to 95°C for 5 

min, then briefly centrifuged and held on ice before loading debris-free supernatants onto 

prepared polyacrylamide electrophoresis gels to achieve the volumes and protein quantities 

stated above for adipose, liver and muscle tissue. Sufficient numbers of 8% 10-well gels were 

cast the day before electrophoresis using lower and upper gel buffers described in section 

2.2.1 and the Mini-PROTEAN Tetra Cell Electrophoresis System casting stands and frames 

(Bio-Rad). Gels were stored hydrated at 4°C overnight before use. Loading of samples 

occurred only in the innermost eight wells, whilst pre-stained protein ladder PageRuler 

SM0671 (Thermo Fischer) was loaded into the outer wells to provide protein size 

approximation. Samples from each experimental group were represented for loading on every 

gel. Electrophoresis (PAGE) was performed using the Mini-PROTEAN Tetra Cell 

Electrophoresis System (Bio-Rad) and electrophoresis buffer, whilst employing an initial low 

voltage stage (~60 V) to allow entry of sample into the upper gel and a second higher voltage 

(~120 V) stage to separate lysate proteins by charge and molecular weight. Thereafter, 

PAGE-gel embedded and separated proteins were wet transfer blotted onto nitrocellulose 

membranes (GE Healthcare) using ice-cooled Criterion Blotter Systems (Bio-Rad) and 

transfer buffer. The colour coded protein ladder transfer visually confirmed successful 

transfer of proteins from gels onto membranes.  



	   36	  

Freshly blotted nitrocellulose membranes were washed for 5 min in PBS-Tween, air-dried, 

then bedded between Whatman-paper (Sigma Aldrich), food-plastic wrapped (Saran) and 

frozen at -20°C until rehydration and immunoblot detection of specific proteins. 

 

For Immunoblotting and detection of proteins, antibodies shown in Table 2.2 according to 

markers mentioned in figure legends were used according to the manufactures 

recommendations. Thawed and PBS-Tween rehydrated nitrocellulose membranes were 

blocked in 10% skim milk powder (Sigma Aldrich) dissolved in PBS-Tween for either 2 

hours at room temperature or overnight at 4°C to minimise unspecific antibody binding. For 

proteins detected with antibodies from Cell Signalling Technologies (Table 2.2), 5% bovine 

serum albumin (BSA, Sigma Aldrich) dissolved in PBS-Tween was for blocking and all 

following steps instead. Blocked membranes were incubated by submerging in 10% skim 

milk- or 5% BSA-Tween PBS overnight at 4°C containing primary antibodies at 

predetermined dilutions. Then, membranes were washed. All washing of membranes to 

remove antibodies was done by submerging, at least three times in fresh PBST for 5 min on a 

shaker. To localise horse reddish peroxidase (HRP) activity to bound primary antibodies on 

washed nitrocellulose membranes pre-determined dilutions of secondary antibody in either 

5% skim milk- or 2.5% BSA-Tween PBS were applied for 2 hours under agitation and at 

room temperature. Subsequently membranes were washed again and incubated in HRP 

substrate Pierce™ ECL Western Blotting Substrate (Thermo Fisher) as per manufacturer´s 

instructions to elicit chemiluminescence that could be detected per CCD camera system 

(ChemiDoc MP System, Bio-Rad). Digital white light and chemiluminescent images were 

acquired for further densitometric analysis of protein expression bands. Following detection 

of specific proteins on sample-blotted nitrocellulose membranes, comparable total protein 

loading between samples was visually confirmed for all analysed proteins and tissues by 

staining membranes in Indian ink, which revealed all proteins adhered to the membranes as 

un-biased loading control (Harper and Speicher, 2001). For most tissues and proteins 

analysed during this study, white light images of the Indian ink stained membranes were also 

acquired and are presented in most figures of Chapter 3. 
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2.3.4 Protein densitometry and normalisation 

Digitally acquired chemiluminescent immunoblot images were assessed for appropriate 

exposure levels and densitometrically analysed in Quantity One 1-D image analysis software 

(Bio-Rad) to quantify specific protein bands. By using the Quantity One band analysis tool, 

band pixel intensity for each specific protein and tissue was measured and recorded as trace 

quantity raw value. Individual trace quantity raw values were normalised by calculating the 

percentage of the mean signal for all specific protein bands on the same immunoblot 

membrane. The resulting normalised and relative protein expression values are shown for 

each tissue sample in the results and were analysed in an excel table and Graph Pad Prism 

5.0f for Mac OS X. Normalisation of raw trace quantity values against the mean, max, sum, 

geometric mean or no specific protein expression values on the same membrane were 

validated by calculating the standard deviation of duplicate sample measurement ratios as 

internal controls of the entire dataset and revealed the normalisation method that introduced 

the least variability between duplicate values to be normalisation against the mean (mean SD 

0.1997). Compared to the mean of standard deviations between technical replicate trace 

quantity raw values when no normalisation was applied (mean SD 0.2604), normalisation 

against the membrane max value (mean SD 0.2134), against the sum of membrane values 

(mean SD 0.2004) and against the geometric mean of membrane values (mean SD 0.2154) 

reduced variability of the data set, yet normalisation against the mean resulted in the greatest 

reduction and thus was applied here (see Figure 2.1). 

 

2.3.5 Protein dataset structure 

The underlying structure of the entire protein expression dataset was governed by 

experimental design, tissues examined and protein expressions measured. From every single 

mouse in this study adipose, liver and muscle tissue samples were collected. Expression of 

seven protein markers in adipose tissue, also seven in liver tissue and four protein markers in 

muscle tissue were quantified to characterise fatty acid metabolism. Each marker was 

analysed by electrophoresis and immunoblot in technical replicates, whereby samples from 

every experimental group and tissue were always compared on the same nitrocellulose 

membrane to control for intermembrane variation.  
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Figure 2.1: Choice of normalisation method 
 
Standard deviation between ratios of densitometric 
measurements of technical repeats for the same sample 
metarial. Raw densitometric data was normalised as 
indicated. None, no normalisation; Max, against maximum 
value for every immunoblot membrane; Sum, against sum of 
all values per membrane; Mean, against membrane value 
mean; GeoMean, normalisation against geometric mean of all 
membrane values. Red lines show mean (above column) and 
the dashed line represents the value for normalisation against 
the membrane mean. One Way ANOVA with Bonferroni’s 
Multiple Comparison post test, **** p<0.0001; other column 
comparisons are p>0.05. 
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Technical replicates between all samples from each protein analysis set in each tissue linked a 

complete set of 12 nitrocellulose-membranes that was needed to analyse protein expression 

for every tissue and marker in duplicates. As a result, 216 nitrocellulose membranes (18x12) 

were necessary to take a total of 36 protein measurements for every mouse in this study. From 

the outgoing animal number of n=10 for each of the six experimental groups, some tissue 

samples did not yield enough protein for analysis, reducing tissue samples that could be 

analysed for every group to n=6, n=7 or n=8 as indicated in the result figures. Consequently, 

the entire protein dataset shown consists of 1707 protein measurements. 

 

2.4 Statistics and heatmap 

Data was statistically analysed as described in figure legends using Graph Pad Prism 5.0f for 

Mac OS X. Comparison of experimental groups for significant differences in relative protein 

expression was achieved by One-Way Analysis of Variance (ANOVA) followed by 

Bonferroni’s Multiple Comparison post-test. One-Way ANOVA results are marked as 

horizontal bars above each graph and described in the figure legends. Multiple experimental 

groups were also compared for an effect of the two categorically independent variables ‘diet’ 

and ‘genotype’ on the single continuous variable ‘specific protein tissue expression level’ by 

Two-Way Analysis of Variance (ANOVA) to assess an effect by each independent variable 

individually, or to test whether there was an interaction between both independent variables. 

P-values of p<0.05 were deemed significant and differences in figures marked with varying 

numbers of asterisks accordingly: **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. The 

densitometric protein expression data presented as heatmap in Figure 3.19 were clustered 

vertically by average linkage column distance method displayed is ‘euclidian’, representing 

the square root of sum of squared differences between the individual column vectors. The 

heatmap was generated using the NIH data-mining tool CIMminer developed and maintained 

by Yves Pommier and colleagues of the Genomics and Bioinformatics Group, Developmental 

Therapeutics Branch (DTB), Developmental Therapeutics Program (DTP), Center for Cancer 

Research (CCR), National Cancer Institute (NCI) 

(http://discover.nci.nih.gov/cimminer/oneMatrix.do) (Weinstein et al., 1997). 
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Chapter 3: Results and Discussion - 

Fatty acid metabolism responses to 

dietary polyunsaturated fatty acids 

and polygenic high or low body 

weight predisposition 
 
 
 
 
 
 
 
 
 
Contributions from others:  

• Kathrin Hansen helped with immunoblot validation of the mTOR antibody for data 

shown in Figures 3.6, 3.13, 3.19 and 3.20. 

• Yvonne Armbrecht helped with some preparations of liver and muscle tissue samples. 
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3.1 Introduction 

Tissue fatty acid metabolism can be distinguished into pathways that either promote storage 

of fatty acids or facilitate their utilisation. To assess these pathways, tissue samples have been 

isolated from PUFA-fed DU6 and DUhTP mice in order to measure protein expression levels 

of key enzymes and transcription factors that represent markers of either fatty acid storing or 

utilising metabolic pathways. Whilst most cells in the body are capable of metabolising fatty 

acids, adipocytes, hepatocytes and myocytes quantitatively represent the most relevant cell 

types (Frayn et al., 2006). Therefore, samples from adipose tissue, liver and muscle tissue 

were analysed in this study and expression levels of protein markers for fatty acid metabolism 

are presented in this result chapter. 

 
3.2 Adipose tissue 

Adipose tissue is the primary organ to manage and store fat in the body. It was therefore 

hypothesised that polygenic traits for obesity or leanness would result in distinct phenotypes 

of fatty acid metabolism in this tissue. Adipose tissue’s role as a fat reservoir exposes it to 

large quantities of dietary fatty acids and suggests that treatment with PUFA n-3 or PUFA n-6 

enriched high fat diets may exert potential effects on lipid metabolism particularly in this 

organ. 

 

To test this hypothesis, at first, protein marker indicative of de novo fatty acid synthesis and 

adipocyte precursor differentiation during adipogenesis were measured to assess activation 

levels of metabolic pathways that promote fatty acid storage in adipose tissue. Retroperitoneal 

adipose tissue samples from either obese DU6 or lean DUhTP mice treated with PUFA n-3 or 

PUFA n-6 enriched high fat diets were lysed, proteins of interest biochemically identified by 

immunoblot and tissue protein levels semi-quantified using densitometry (Figure 3.1 to 3.3). 

A key regulator of adipose tissue differentiation and growth is the fatty acid nuclear receptor 

PPARγ (Anghel and Wahli, 2007, Ali et al., 2013). Figure 3.1 shows that mice with polygenic 

obesity (DU6) or leanness (DUhTP) express similar PPARγ protein levels in retroperitoneal 

adipose tissue, regardless of whether they have been fed with PUFA n-3 or PUFA n-6 

enriched high fat diets. This suggests that steady state PPARγ  expression in adipose 

tissue is neither an indicator of a high or low body fat phenotype, nor is it modulated by 

dietary stimulation with its PUFA n-3 or PUFA n-6 ligands in this system. 
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Figure 3.1: PPARγ protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Peroxisome proliferator-activated receptor γ (PPARγ) 
protein expression measured by immunoblot in 
retroperitoneal adipose tissue from mice selectively bred for 
high treadmill running performance (DUhTP) or high body 
weight (DU6) and fed with either a PUFA n-3 or PUFA n-6 
enriched high fat diet in comparison to mice fed a standard 
diet. One Way ANOVA with Bonferroni’s Multiple Comparison 
post test, Two Way ANOVA, n.s. p>0.05. Bars represent the 
geometric mean and each dot a single mouse, n=8. A.U., 
arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against PPARγ and then stained for total protein with indian 
ink as shown in C. 
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Some potent fatty acid ligands of PPAR nuclear receptors are also synthetised de novo during 

lipogenesis(Rosen et al., 2000), a process that is transcriptionally controlled by SREBP and 

typically mediates conversion of abundant, postprandial carbohydrate precursors into fatty 

acids by increasing the expression of enzymes such as FAS or ACC, needed for fatty acid 

synthesis (Eberle et al., 2004). To gain insights into steady state lipogenesis control in DU6 

and DUhTP mice, SREBP1 transcription factor expression was measured by immunoblot in 

adipose tissue lysates and protein levels quantified relatively among the indicated 

experimental groups (Figure 3.2A). In these lysates SREBP1 protein of approximately 200kD 

in size was detected (Figure 3.2B), and a high variability of SREBP1 levels within treatments 

groups was observed (Figure 3.2A). Under standard mouse feeding conditions no significant 

difference in adipose tissue SREBP1 protein levels between obese DU6 and lean DUhTP 

mice was found, although a trend of higher SREBP1 levels in DUhTP mice was apparent. 

However, treatment with PUFA n-3 enriched high fat diet clearly increased SREBP1 

expression in DUhTP, but not in DU6 animals (Figure 3.2A). Overall, Two Way ANOVA 

analysis showed that increased SREBP1 levels in adipose tissue were significantly influenced 

by the DUhTP genotype, which interacted with dietary treatment to result in the detected 

SREBP1 levels seen here. These measurements of SREBP1 protein suggest that polygenic 

obesity in DU6 mice reduces SREBP1-mediated lipogenesis, irrespective of dietary fat 

intake, whilst polygenic leanness in DUhTP mice facilitates lipogenic responses in 

adipose tissue, particularly when exposed to PUFA n-3 rich high fat diet. 

 

Pro-lipogenic SREBP activity is regulated on multiple levels, including transcription, 

proteolytic processing and post-translational mechanisms (Eberle et al., 2004). Measurements 

of total SREBP1 protein levels may provide an indication of the lipogenic state in adipose 

tissue, but it is possible that high SREBP levels might exist in their inactive, membrane bound 

state, whilst low SREBP1 levels could indicate a high rate of SREBP1 processing leading to 

increased expression of lipogenic enzymes. FAS is one of these key lipogenic factors, a large 

multi-enzyme complex that synthetises fatty acids. FAS protein expression is largely a result 

of SREBP transcriptional activity, and thus provides a more direct measure of steady state 

lipogenesis (Eberle et al., 2004). Figure 3.3 shows semi-quantification (Figure 3.3A), and 

adipose tissue detection of FAS protein by immunoblot in  
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Figure 3.2: Precursor SREBP1 protein expression in 
retroperitoneal adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Sterol responsive element binding protein 1 (SREBP1) 
protein expression measured by immunoblot in 
retroperitoneal adipose tissue from mice selectively bred for 
high treadmill running performance (DUhTP) or high body 
weight (DU6) and fed with either a PUFA n-3 or PUFA n-6 
enriched high fat diet in comparison to mice fed a standard 
diet. One Way ANOVA with Bonferroni’s Multiple Comparison 
post test, Two Way ANOVA, ** p<0.01, n.s. p>0.05. Bars 
represent the geometric mean and each dot a single mouse, 
n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against SREBP1. 
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Figure 3.3: FAS protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Fatty Acid Synthase (FAS) protein expression measured by 
immunoblot in retroperitoneal adipose tissue from mice 
selectively bred for high treadmill running performance 
(DUhTP) or high body weight (DU6) and fed with either a 
PUFA n-3 or PUFA n-6 enriched high fat diet in comparison to 
mice fed a standard diet. One Way ANOVA with Bonferroni’s 
Multiple Comparison post test, Two Way ANOVA, n.s. p>0.05. 
Bars represent the geometric mean and each dot a single 
mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against FAS and then stained for total protein with indian ink 
as shown in C. 
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DU6 and DUhTP mice treated with high fat diets as indicated (Figure 3.3B). Overall no 

significant differences in adipose tissue FAS protein expression were found, regardless of 

genotype or type of diet. This was also true for comparison of dietary or genotypic influences 

by Two Way ANOVA (Figure 3.3A). The active FAS multienzyme complex is a dimer, 

formed by two ~250kD monomers that are detectable in immunoblots under denaturing 

conditions, as employed here (Chirala and Wakil, 2004). At least two sub-species of the 

expected ~250kD FAS monomers were consistently seen in adipose tissue lysates, a smaller 

and a slightly larger one (Figure 3.3B). Irrespective of the genotype, the smaller monomer 

was predominantly detected in mice fed with PUFA n-3, whilst mice fed with PUFA n-6 or 

the standard diet expressed mainly the larger monomer. Taken together, the type of dietary 

fatty acid intake potentially modulates FAS protein expression in adipose tissue, but it 

appears that steady state levels of FAS and subsequently lipogenesis are neither 

significantly influenced by polygenic obesity or leanness, nor by PUFA n-6 or n-3 

enriched high fat feeding regimes. 

 

Consistent with the above findings, the quantitative contribution of local lipogenesis in fatty 

acid storage of adipose tissue is considered to be small (Frayn et al., 2006), although 

significant regulatory effects of de novo synthetised fatty acids exist (Rosen et al., 2000). 

Therefore it was of interest to characterise fatty acid utilising pathways in adipose tissue next 

and to test whether polygenic obesity or leanness could be explained by metabolic 

contributions in this tissue, or whether catabolic fatty acid metabolism could be influenced by 

large quantities of PUFA n-6 or PUFA n-3 in the diet. One of the first steps in fatty acid 

catabolism is their mobilisation from intracellular lipid droplet stores by enzymes, such as 

hormone sensitive lipase (HSL). To gauge the ability of adipose tissue to mobilise fatty acids 

for subsequent utilisation in other tissues, HSL protein levels were measured by immunoblot 

and relatively quantified to allow comparison between DU6 and DUhTP mice fed PUFA n-6 

or PUFA n-3 enriched high fat diets (Figure 3.4). HSL expression was highest in adipose 

tissue lysates from polygenic lean DUhTP mice and on average about 2-fold lower in 

polygenic obese DU6 mice (Figure 3.4A).  
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Figure 3.4: HSL protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of total hormone sensitive lipase (HSL) protein expression 
levels measured by immunoblot in retroperitoneal adipose 
tissue from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, ** p<0.01, * p<0.05, n.s. p>0.05. Bars represent the 
geometric mean and each dot a single mouse, n=8. A.U., 
arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against HSL and then stained for total protein with indian ink 
as shown in C. 
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Whilst specifically PUFA n-3 feeding appeared to reduce HSL protein expression in both 

DU6 and DUhTP tissues, this trend was not statistically significant and overall HSL 

expression was similar among mice of the same genotype, regardless of their diet. This 

observation was confirmed by Two Way ANOVA results, showing that HSL expression in 

this experimental system was influenced by the mouse genotype alone. In summary, 2-fold 

higher HSL expression in adipose tissue from DUhTP mice compared to DU6 tissues 

suggests a greater capacity of fatty acid mobilisation from adipose stores in polygenic 

lean than in polygenic obese mice. 

 

Following mobilisation from intracellular lipid droplet TAG stores, fatty acids can by 

transported into mitochondria to fuel β-oxidation and utilisation of fatty acids to produce heat 

during thermogenesis or energy equivalents, such as NADPH (Rufer et al., 2009). Whilst 

short chain fatty acids can freely diffuse across membranes into the mitochondria, long 

chained fatty acids rely on the carnitine palmitoyltransferase system. This system consists of 

at least three components, carnitine palmitoyltransferase 1 (CPT1), carnitine acylcarnitine 

translocase (CACT) and carnitine palmitoyltransferase 2 (CPT2). CPT1 esterifies fatty acids 

at the outer mitochondrial membrane, followed by CACT moving the resulting acylcarnitine 

to the inner mitochondrial membrane and finally removal of carnitine again by CPT2, 

releasing the long chained fatty acid into the mitochondrial matrix for β-oxidation. As critical 

cytoplasmic gatekeeper for fatty acid transfer into the mitochondria, CPT1 is of interest as a 

target for modifying fatty acid utilisation (Bruce et al., 2009). Therefore adipose tissue CPT1 

protein expression was measured by immunoblot to assess this tissues capacity to transfer 

mobilised fatty acids into the mitochondria for utilisation (Figure 3.5). Most notably, adipose 

tissue lysates from PUFA n-3 fed DUhTP mice contained about 1.5-fold greater CPT1 levels 

compared to samples from these mice fed the standard diet. By contrast CPT1 protein levels 

in lysates from PUFA n-3 and standard diet fed polygenic obese DU6 mice did not differ and 

were comparable to levels seen in standard diet fed DUhTP mice. Further, DU6 and DUhTP 

mice fed either PUFA n-6 enriched high fat or standard control diets expressed CPT1 protein 

at similar levels. PUFA n-6 high fat diet appeared to reduce CPT1 levels in samples from both 

DU6 and DUhTP animals when compared to mice fed the standard diet, however this trend 

was statistically not significant. 
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Figure 3.5: CPT1 protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Carnitine palmitoyltransferase 1 (CPT1) protein expression 
measured by immunoblot in retroperitoneal adipose tissue 
from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet.  
One Way ANOVA with Bonferroni’s Multiple Comparison post 
test, Two Way ANOVA, n.s. p>0.05, * p<0.05, **** p<0.0001. 
Bars represent the geometric mean and each dot a single 
mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against CPT1 and then stained for total protein with indian ink 
as shown in C. 
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Two Way ANOVA analysis supports these observations, assigning a strong influence to diet 

on CPT1 adipose tissue expression (p<0.001), specifically interacting with the DUhTP 

polygenic lean mouse genotype to result in high CPT1 levels in tissues from PUFA n-3 fed 

DUhTP animals. In summary, data in Figure 3.5 suggest that the presence specifically of 

PUFA n-3 in high fat diets induces increased adipose tissue expression levels of CPT1 

and potentially increases the capacity to utilise fatty acids in polygenic lean, but not 

obese mice. 

 

Following the examination of markers for classic fatty acid storing or utilising pathway, 

alternative regulators of fatty acid metabolism were examined next to better understand the 

underlying genetic structure of polygenic obesity. It was of interest to characterise whether 

polygenic, complex obesity was potentially caused by few isolated mechanisms, or rather by 

small additive effects across multiple fatty acid metabolism pathways. For this purpose, 

protein expression levels of the serine/threonine kinases mechanistic target of rapamycin 

(mTOR) and insulin signalling pathway marker protein kinase C zeta (PKCζ) in adipose 

tissue were further investigated. 

 

The mTOR kinase has traditionally been associated with cell growth and protein metabolism, 

but more recently it became clear that mTOR activity also regulates fatty acid homeostasis, 

particularly the synthesis of fatty acids and other lipids (Soliman, 2011, Shimobayashi and 

Hall, 2014, Ricoult and Manning, 2013, Lamming and Sabatini, 2013). mTOR signal 

integrates cellular responses to growth factors, nutrient abundances, hypoxia or energy 

deficits, all of which appear to influence fatty acid metabolism, ultimately controlling cell size 

by controlling protein- and lipid biosynthesis. Insulin signalling is one of the key events 

during carbohydrate abundance that drives mTOR activity via PI3-Kinase-AKT signalling to 

activate S6-Kinase, SREBP transcription, lipogenesis and PPARγ-mediated adipogenesis. 

Whilst experimental blockage of this signalling pathway in mice protected against high fat 

diet induced obesity and strong mTOR activity in adipose tissue of obese individuals 

confirmed its potent, biological relevance in vivo, it remains unclear by which exact 

mechanism mTOR activity promotes obesity (Um et al., 2004, Lamming and Sabatini, 2013).  
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To test for mTOR expression in adipose tissue of polygenic obese DU6 mice in comparison to 

lean DUhTP animals, adipose tissue lysates were analysed by polyacrylamide gel 

electrophoresis and immunoblots probed with antibodies to mTOR (Figure 3.6).  

Following semi-quantification of mTOR expression levels, three major observations can be 

made (Figure 3.6A). First, feeding of DU6 mice with PUFA n-6 high fat diet resulted in 2-

fold increased mTOR protein levels compared to tissues from DU6 mice on standard diet and 

about 6-fold greater mTOR levels than were detected in tissues from DU6 mice fed a PUFA 

n-3 rich diet. Second, similarly high mTOR levels as seen in PUFA n-6 fed DU6 mice were 

measured in adipose tissue from standard fed lean DUhTP mice, whilst PUFA n-3 feeding of 

these animals resulted in 3-fold lower mTOR levels by comparison. Third, whilst mTOR 

protein levels in standard fed DUhTP adipose tissue were high relative to all other groups, 

samples from standard fed DU6 mice contained less than half of the mTOR protein amount 

measured in tissues from standard fed DUhTP animals. Additionally, these data imply that 

both, genotype and particularly diet of the mice influenced mTOR expression in adipose 

tissue, which was confirmed by Two Way ANOVA (Figure 3.6A). In summary, possibly 

obesogenic adipose tissue mTOR levels were notably reduced by a PUFA n-3 enriched 

feeding regime, regardless of genotype, suggesting that the mTOR pathway and 

associated metabolism can be modulated by dietary PUFA n-3. It can further be 

reiterated, that the polygenic obesity DU6 genotype caused highest obesogenic mTOR 

expression levels when mice were fed plant oil based PUFA n-6 enriched high fat diet, 

which could be interpreted as a biologically detrimental metabolic response to dietary 

oversupply of fat. 

 

The atypical protein kinase C PKCζ contributes to downstream signalling of the insulin 

receptor and PI3-Kinase that facilitates lipogenesis, likely independent of mTOR (Sajan et al., 

2009, Farese et al., 2014), thus providing a measure of insulin sensitivity and activity of this 

fatty acid synthesis pathway (Liu et al., 2006, Nuernberg et al., 2011). Figure 3.7 presents 

relative protein quantification data for PKCζ in adipose tissue, comparing DU6 and DUhTP 

mice on PUFA n-3 and n-6 diets as indicated.  
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Figure 3.6: mTOR protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of total Mechanistic target of rapamycin (mTOR) protein 
expression levels measured by immunoblot in retroperitoneal 
adipose tissue from mice selectively bred for high treadmill 
running performance (DUhTP) or high body weight (DU6) and 
fed with either a PUFA n-3 or PUFA n-6 enriched high fat diet 
in comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05,  * p<0.05, *** p<0.001, **** p<0.0001. 
Bars represent the geometric mean and each dot a single 
mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against mTOR and then stained for total protein with indian 
ink as shown in C. 
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Figure 3.7: PKCζ protein expression in retroperitoneal 
adipose tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Protein kinase C ζ (PKCζ) protein expression measured by 
immunoblot in retroperitoneal adipose tissue from mice 
selectively bred for high treadmill running performance 
(DUhTP) or high body weight (DU6) and fed with either a 
PUFA n-3 or PUFA n-6 enriched high fat diet in comparison to 
mice fed a standard diet. One Way ANOVA with Bonferroni’s 
Multiple Comparison post test, Two Way ANOVA, n.s. p>0.05, 
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Bars 
represent the geometric mean and each dot a single mouse, 
n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of retroperitoneal 
adipose tissue lysates from either DU6 or DUhTP mice fed 
with the indicated diets. Blots were probed with antibodies 
against PKCζ and then stained for total protein with indian ink 
as shown in C. 

A
.U

. P
K

C
ζ 

A 

PUFA n-6 

Standard 

PUFA n-3 
Diet 

Two Way ANOVA 
 
Interaction: p<0.0001 
Diet: p<0.0001 
Genotype: n.s. 

DUhTP Genotype: 

Diet: 

DU6 

n-3 n-6 Std. n-3 n-6 Std. 

**** 
**** 

kD 

70 
anti-PKCζ 

B 
100 

Indian-Ink 

C 

70 

100 

*** 
**** 

** 
* 



	   54	  

Comparing adipose tissue PKCζ protein levels in mice fed with the standard diet, to animals 

fed diets enriched with PUFA n-3, PKCζ levels in tissue samples from polygenic lean DUhTP 

mice were 2-fold greater, whereas PKCζ levels in samples from polygenic obese DU6 mice 

were similar to standard fed DU6 animals. Contrasting this effect of PUFA n-3 on PKCζ 

protein expression, there was a trend of lower PKCζ expression in both DU6 and DUhTP 

mice when fed with PUFA n-6 enriched as opposed to the standard diet. Results from Two 

Way ANOVA analysis of these data  

further highlighted a strong influence of diet on PKCζ adipose tissue levels (p<0.0001), which 

interacted with the genotype of DUhTP animals to produce relatively high PKCζ levels when 

exposed to PUFA n-3 rich high fat diet. Thus, it appears in this model that PUFA n-3 

exposure under high fat feeding conditions increases PKCζ  mediated insulin signalling 

sensitivity in adipose tissue, but only in non-common type obese DUhTP animals. 

 

3.3 Liver 

If adipose tissue is the principle organ for fatty acid storage, the liver’s role in fatty acid 

metabolism could be described as a nutrient switchboard and short-term ‘fuel’ buffer between 

meals. The liver receives dietary fat in chylomicrons and other nutrients from the intestine 

through the portal vein after meals and has the capacity to store and re-esterify fatty acids as 

VLDL (very low density lipoproteins) for release into the circulation when postprandial 

nutrient influx and plasma insulin levels have ceased (Frayn et al., 2006). At 100 g versus 15 

kg in a human, the livers fatty acid storage capacity is much smaller than that of adipose 

tissue. Nevertheless hepatocytes are well equipped with FAS molecules and its main regulator 

in this organ, SREBP, representing the molecular machinery to synthetise fatty acids de novo, 

at least in mice (Wang et al., 2015). This allows the liver to act as efficient converter of 

carbohydrate rich diets into energy dense fatty acid molecules, which then are packaged into 

VLDL and transported for long-term storage into adipose tissue. At last, the liver is also a 

main site for protein synthesis (e.g. albumin, clotting factors) and enzymatic conversion of 

many metabolites, processes that require considerable quantities of energy equivalents to be 

maintained. Thus, hepatocytes constantly utilise fatty acids as source of energy, by 

transporting them into mitochondria via the CPT shuttle and supplying substrates for β-

oxidation. 
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To place the above findings about adipose tissue metabolism in polygenic obesity and 

influences of high fat PUFA n-6 or PUFA n-3 enriched feeding into context, fatty acid storage 

and utilisation pathways were next characterised in the liver. Similar protein markers of fatty 

acid metabolism to adipose tissue were analysed in the liver, including PPARγ, SREBP1, 

FAS, PPARα, CPT1, mTOR and the AMP-activated protein kinase, AMPK, a sensor and 

regulator of cellular energy levels (Nguyen et al., 2008, Angin et al., 2016, Fullerton, 2016).  

 

Conventional lipogenesis capacity of hepatic tissue in DU6 and DUhTP mice fed PUFA n-3 

or n-6 rich high fat diets was assessed by immunoblotting and relative quantification of 

PPARγ, SREBP1 and FAS protein levels. Comparable to unvaried PPARγ levels in adipose 

tissue, expression of this lipid storage regulating nuclear receptor in the liver was at similar 

levels among hepatic samples from polygenic obese DU6 or lean DUhTP mice, irrespective 

of their diet (Figure 3.8). This indicates, that liver PPARγ protein levels in this model did 

not reflect phenotypic differences in body fat mass between DU6 or DUhTP mice or 

dietary variation.  

 

By contrast, SREBP1 protein was expressed differentially in the liver, with highest SREBP1 

levels seen in DU6 and DUhTP samples derived from animals fed the standard diet (Figure 

3.9). Liver samples from DUhTP mice fed PUFA n-6 and PUFA n-3 enriched high fat diets 

expressed half the SREBP1 protein amounts that were detected in standard diet fed mice. For 

liver samples from DU6 mice, this was only true for animals that received PUFA n-3 high fat 

diet, but not PUFA n-6 fed mice, whose liver SREBP1 expression remained almost at levels 

seen in standard diet treated DU6 samples (Figure 3.9A). As opposed to larger sized SREBP1 

precursor-protein detected by immunoblot in adipose tissue lysates, SREBP1 identified in 

liver samples was predominantly of smaller size at around 65kD, representing the 

proteolytically processed, mature form of the protein (Figure 3.9B) (Shimano, 2001), which is 

the protein quantified in Figure 3.9A. This indicates that SREBP1 expression measured in 

liver samples rather represent biologically active SREBP1, as opposed to inactive, membrane 

bound SREBP1 in adipose tissue, and it would be expected that SREBP1 expression is 

somewhat complemented by protein levels of FAS in these liver samples.  



	   56	  

 

Liver-PPARg

DU6_
n3

DU6_
n6

DU6_
Altro

DUhT
P_n

3

DUhT
P_n

6

DUhT
P_A

ltro

0

100

200

300

A
.U

. P
P

A
R

g

Figure 3.8: PPARγ protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Peroxisome proliferator-activated receptor γ (PPARγ) 
protein expression measured by immunoblot in liver tissue 
from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05. Bars represent the geometric mean and 
each dot a single mouse, n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against PPARγ and then 
stained for total protein with indian ink as shown in C. 
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Figure 3.9: SREBP1 protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Sterol responsive element binding protein 1 (SREBP1)  
protein expression measured by immunoblot in liver tissue 
from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05, *** p<0.001, **** p<0.0001. Bars 
represent the geometric mean and each dot a single mouse, 
n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against SREBP1 and then 
stained for total protein with indian ink as shown in C. 
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Two Way ANOVA analysis of mature SREBP1 expression in these data revealed a strong 

influence of the factor diet and genotype, however these factors did not interact in controlling 

mature SREBP1 protein expression in the liver. Taken together, it appeared that generally 

high fat diet suppressed mature SREBP1 protein levels in the liver. However obese DU6 

mice exposed to PUFA n-6, but not PUFA n-3 enriched diet were an exception to this 

observation, indicating that polygenic obesity prevents SREBP1 down regulation under 

high fat feeding conditions and that PUFA n-3 feeding can modulate this SREBP1 down 

regulation in DU6 mice. 

 

To examine the level of fatty acid synthesis in the liver, FAS protein expression was 

measured by immunoblot in tissue lysates from DU6 and DUhTP mice fed with PUFA n-6 or 

n-3 high fat diets as indicated (Figure 3.10). FAS expression in livers of DU6 and DUhTP 

mice fed standard and PUFA n-6 enriched high fat diets was similar, with a trend of about 

20% greater FAS protein levels in PUFA n-6 fed DU6 mouse livers notable among these 

experimental groups. By contrast, FAS expression in livers from PUFA n-3 high fat diet 

treated DU6 and DUhTP animals was significantly lower than in livers from both of these 

mouse strains fed either PUFA n-6 high fat or standard diet. FAS levels in PUFA n-3 fed 

mice, regardless of their genotype, only reached about one third of the expression levels 

detected in mice fed the other types of diets (Figure 3.10A). As expected, Two Way ANOVA 

analysis showed a similar strong influence of diet and genotype on FAS liver expression as 

was seen for mature SREBP1 protein levels. In summary these findings indicate that 

SREBP1 mediated liver de novo lipogenesis through FAS in response to high fat feeding 

is effectively suppressed by dietary PUFA n-3 treatment, regardless of polygenic obesity. 

Amelioration of liver lipogenesis following exposure to plant-oil based PUFA n-6 

enriched high fat diet on the other hand appears to be poor, particularly in obese DU6 

mice. 

 

Following characterisation of hepatic lipogenesis, regulation of fatty acid utilising pathways 

in the liver were investigated by studying PPARα and CPT1 expression.  
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Figure 3.10: FAS protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Fatty acid synthase (FAS) protein expression measured by 
immunoblot in liver tissue from mice selectively bred for high 
treadmill running performance (DUhTP) or high body weight 
(DU6) and fed with either a PUFA n-3 or PUFA n-6 enriched 
high fat diet in comparison to mice fed a standard diet. One 
Way ANOVA with Bonferroni’s Multiple Comparison post test, 
Two Way ANOVA, n.s. p>0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. Bars represent the geometric mean and each dot 
a single mouse, n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against FAS. 
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PPARα is a nuclear receptor of the same family as PPARγ, however instead of driving 

expression of genes involved in fatty acid storage, PPARα in combination with its 

coactivators predominantly controls expression of molecules that are necessary for hepatic 

fatty acid uptake and oxidation, thus is thought to represent a transcriptional regulator of fatty 

acid utilisation in the liver. Whilst analysis of PPARα deficient mice supports this view, 

modulation of lipogenesis by PPARα factors has also been observed (Ahmed et al., 2007, 

Pawlak et al., 2015). Liver PPARα expression in DU6 and DUhTP mice was determined by 

immunoblot followed by relative quantification of protein levels as shown in Figure 3.11. 

Liver PPARα protein levels were found to not significantly differ between polygenic obese 

DU6 or lean DUhTP mice fed either PUFA n-6 or n-3 rich high fat or standard control diets. 

A trend of higher PPARα expression levels was notable in livers of lean DUhTP mice, 

particularly under high fat PUFA n-3 or standard feeding conditions. Two Way ANOVA 

analysis reflected this notion by identifying genotype as influencing factor on PPARα 

expression, which interacted with influences from dietary treatments (Figure 3.11A). 

Immunoblots for PPARα in liver samples from DU6 and DUhTP mice revealed the expected 

protein size of ~52kD for PPARα, as well as a slightly larger band, likely to be unspecific and 

validated using rat liver samples as controls according to the manufactures recommendations 

(Figure 3.11B). These findings indicate, that overall PPARα expression in the liver, 

similar to PPARγ expression levels in adipose tissue and liver, do not appear to vary by 

a large degree in response to high fat feeding or polygenetic obesity in this mouse model. 

 

To determine the hepatic capacity of fatty acid transfer into mitochondria for oxidation, CPT1 

protein expression levels were measured by immunoblot. Figure 3.12 shows that CPT1 

protein was expressed largely at similar levels in DU6 and DUhTP mice, although PUFA n-3 

enriched high fat feeding appeared to produce lower hepatic CPT1 expression than PUFA n-6 

enriched diets, irrespective of genotype. Whilst the latter observation was only a trend, CPT1 

expression in livers from lean DUhTP mice fed PUFA n-3 diet was significantly lower than 

CPT1 levels in samples from DUhTP animals on standard diet and DU6 mice fed PUFA n-6 

enriched high fat diet. Two Way ANOVA results suggested that liver CPT1 expression was 

not influenced by polygenic obesity, whereas high fat feeding with PUFA n-6 or PUFA n-3 

enrichment did impact on hepatic CPT1 levels.  
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Figure 3.11: PPARα protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Peroxisome proliferator-activated receptor α (PPARα) 
protein expression measured by immunoblot in liver tissue 
from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05. Bars represent the geometric mean and 
each dot a single mouse, n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against PPARα and then 
stained for total protein with indian ink as shown in C. 
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Figure 3.12: CPT1 protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Carnitine palmitoyltransferase 1 (CPT1) protein expression 
measured by immunoblot in liver tissue from mice selectively 
bred for high treadmill running performance (DUhTP) or high 
body weight (DU6) and fed with either a PUFA n-3 or PUFA 
n-6 enriched high fat diet in comparison to mice fed a 
standard diet. One Way ANOVA with Bonferroni’s Multiple 
Comparison post test, Two Way ANOVA, n.s. p>0.05, * 
p<0.05, ** p<0.01. Bars represent the geometric mean and 
each dot a single mouse, n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against CPT1 and then 
stained for total protein with indian ink as shown in C. 
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Taken together, PUFA n-3 feeding reduced CPT1 expression here and thus had an 

opposing effect on fatty acid oxidation in the liver to what was seen in adipose tissues of 

DUhTP mice. 

 

Effects of polygenic obesity and PUFA n-6 or PUFA n-3 enriched high fat feeding on mTOR 

mediated metabolism and potential obesogenicity in the liver were analysed by immunoblot 

to allow semi-quantification of mTOR protein levels (Figure 3.13). Hepatic mTOR expression 

levels between obese DU6 and lean DUhTP mice fed PUFA n6, n-3 or standard diet appeared 

to relatively match mTOR expression in retriperitoneal adipose tissues from these animals. 

However, as opposed to mTOR levels in adipose tissue, variation of hepatic mTOR 

expression levels among all experimental groups was not large enough to be significant. 

Conversely, polygenic obesity or PUFA n-6 and PUFA n-3 enriched high fat feeding did 

not discernably influence liver mTOR expression in this animal model. 

 

AMPK regulates cellular energy supply, whereby increased AMPK activity indirectly 

promotes catalytic metabolism and processes such as glycolysis and lipid oxidisation in the 

liver (Angin et al., 2016, Fullerton, 2016). Here, liver expression of the AMPKα subtype was 

measured to understand potential correlations with changes in lipid metabolism and as an 

activity indicator of energy metabolism in this model. Figure 3.14 shows that PUFA n-3 

enriched high fat feeding of polygenic obese DU6 mice resulted in lower hepatic AMPKα 

levels than in DU6 mice fed PUFA n-6 enriched high fat diet. Liver AMPKα expression of 

the latter was otherwise similar to protein levels seen DUhTP mice, regardless of diet. Two 

Way ANOVA results indicated an influence of diet on AMPKα expression in the liver of 

DU6 and DUhTP mice. Overall, PUFA n-3 rich high fat feeding appeared to have a 

suppressing effect on hepatic AMPKα protein levels, which was consistent with a similar 

effect on hepatic CPT1 expression and suggests that dietary PUFA n-3 reduce the 

oxidative capacity for fatty acids, particularly in obese DU6 mice. 
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Figure 3.13: mTOR protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Mechanistic target of rapamycin (mTOR)  protein 
expression measured by immunoblot in liver tissue from mice 
selectively bred for high treadmill running performance 
(DUhTP) or high body weight (DU6) and fed with either a 
PUFA n-3 or PUFA n-6 enriched high fat diet in comparison to 
mice fed a standard diet. One Way ANOVA with Bonferroni’s 
Multiple Comparison post test, Two Way ANOVA, n.s. p>0.05. 
Bars represent the geometric mean and each dot a single 
mouse, n=6-8. A.U., arbitrary units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against mTOR and then 
stained for total protein with indian ink as shown in C. 
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Figure 3.14: AMPKα protein expression in liver tissue 
 
A. Bar graph showing normalised densitometric quantification 
of the α-subunit of AMP-activated protein kinase (AMPKα) 
protein expression measured by immunoblot in liver tissue 
from mice selectively bred for high treadmill running 
performance (DUhTP) or high body weight (DU6) and fed 
with either a PUFA n-3 or PUFA n-6 enriched high fat diet in 
comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05,  * p<0.05. Bars represent the geometric 
mean and each dot a single mouse, n=6-8. A.U., arbitrary 
units. 
B. Representative immunoblot analysis of liver tissue lysates 
from either DU6 or DUhTP mice fed with the indicated diets. 
Blots were probed with antibodies against AMPKα. 
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3.4 Muscle 

Following analysis of adipose tissue and liver, it was of interest to test if polygenic obesity or 

PUFA n-3 and n-6 enriched high fat diet also influence fatty acid metabolism in muscle 

tissue. Complementing metabolic profiles from in adipose and liver with measurements from 

muscle tissue improves the likelihood of biologically meaningful conclusions (Frayn et al., 

2006). Similar to the other two key energy metabolic tissues, here fatty acid metabolism in the 

skeletal muscle M. rectus femoris was studied by measuring relative quantities of the protein 

markers PPARγ, SREBP1, FAS and CPT1. 

 

The role of de novo lipogenesis in obesity is complex, and even skeletal muscle with a 

seemingly unambiguous role in oxidative fatty acid utilisation activates lipogenic molecular 

machinery to regulate insulin sensitivity, tissue lipid composition, calcium signalling and 

nutrient homeostasis (Funai et al., 2013, Solinas et al., 2015). To assess lipogenesis in M. 

rectus femoris, tissue lysates were analysed by immunoblot and probed for PPARγ, SREBP1 

as FAS expression. Figure 3.15 presents fatty acid storage facilitating PPARγ protein levels in 

M. rectus femoris samples from obese DU6 or lean DUhTP mice exposed to PUFA n-3 or 

PUFA n-6 enriched high fat diets. PPARγ quantities in muscles of the indicated experimental 

mouse-groups were similar, thus matching observations for expression patterns of this nuclear 

receptor in adipose tissue and liver. Nevertheless, Two Way ANOVA data analysis suggested 

a dietary influence on PPARγ expression in muscle tissue.  

 

Immunoblot analysis of SREBP1 (Figure 3.16) and FAS (Figure 3.17) expression in muscle 

tissues from PUFA n-6 or n-3 fed DU6 and DUhTP mice revealed similar protein levels, 

regardless of genotype or dietary treatment. These observations were similar to relative 

SREBP1 and FAS quantification in adipose, but not liver tissue, which was characterised by 

low FAS and mature SREBP1 levels particularly in PUFA n-3 fed lean DUhTP mice. It was 

also noted that SREBP1 protein detected in muscle tissue was analogous to adipose tissue 

measurements of the larger, >100kD, size indicative of non-active precursor SREBP1 

isoforms (Figure 3.16B).  
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Figure 3.15: PPARγ protein expression in muscle tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Peroxisome proliferator-activated receptor γ (PPARγ) 
protein expression measured by immunoblot in M. rectus 
femoris lysates from mice selectively bred for high treadmill 
running performance (DUhTP) or high body weight (DU6) and 
fed with either a PUFA n-3 or PUFA n-6 enriched high fat diet 
in comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05. Bars represent the geometric mean and 
each dot a single mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of muscle tissue 
lysates from either DU6 or DUhTP mice fed with the indicated 
diets. Blots were probed with antibodies against PPARγ and 
then stained for total protein with indian ink as shown in C. 
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Figure 3.16: SREBP1 protein expression in muscle tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Sterol responsive element binding protein 1 (SREBP1) 
protein expression measured by immunoblot in M. rectus 
femoris lysates from mice selectively bred for high treadmill 
running performance (DUhTP) or high body weight (DU6) and 
fed with either a PUFA n-3 or PUFA n-6 enriched high fat diet 
in comparison to mice fed a standard diet. One Way ANOVA 
with Bonferroni’s Multiple Comparison post test, Two Way 
ANOVA, n.s. p>0.05. Bars represent the geometric mean and 
each dot a single mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of muscle tissue 
lysates from either DU6 or DUhTP mice fed with the indicated 
diets. Blots were probed with antibodies against SREBP1 and 
then stained for total protein with indian ink as shown in C. 
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Figure 3.17: FAS protein expression in muscle tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Fatty acid synthase (FAS) protein expression measured by 
immunoblot in M. rectus femoris lysates from mice selectively 
bred for high treadmill running performance (DUhTP) or high 
body weight (DU6) and fed with either a PUFA n-3 or PUFA 
n-6 enriched high fat diet in comparison to mice fed a 
standard diet. One Way ANOVA with Bonferroni’s Multiple 
Comparison post test, Two Way ANOVA, n.s. p>0.05. Bars 
represent the geometric mean and each dot a single mouse, 
n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of muscle tissue 
lysates from either DU6 or DUhTP mice fed with the indicated 
diets. Blots were probed with antibodies against FASand then 
stained for total protein with indian ink as shown in C. 
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In summary, these findings imply that de novo lipogenesis and fatty acid storage in 

skeletal muscles DU6 or DUhTP mice likely operate at low levels and are neither 

modified by polygenic obesity or leanness, nor by PUFA n-6 or PUFA n-3 enriched high 

fat feeding regimes. 

 

Next, the capacity of oxidative fatty acid utilisation was examined in skeletal muscles of DU6 

and DUhTP mice by quantifying CPT1 protein expression (Figure 3.18). Under exercise 

conditions skeletal muscle has the potential to utilise large quantities of fatty acids when 

compared to metabolic capacities of the liver and adipose tissue (Frayn et al., 2006). This is 

particularly true for the M. rectus femoris studied here, as this murine hind leg muscle has a 

mixed fibre type composition with a major proportion (~25%) of the slow-twitch type 1 fibres 

that are well adapted to generating ATP from oxidative metabolism of fatty acids (Manttari 

and Jarvilehto, 2005). Nevertheless, during this experiment all mice were kept under non-

exercise husbandry conditions and semi-quantitative immunoblotting revealed that muscle 

CPT1 expression in polygenic obese DU6 and lean DUhTP mice was comparable (Figure 

3.18A). High fat feeding and dietary PUFA n-6 or PUFA n-3 treatments did not influence 

muscular CPT1 levels either. These observations indicate that untrained skeletal 

musculature in polygenic obese DU6 mice and under PUFA n-6 or PUFA n-3 high fat 

feeding conditions exhibits a similar capacity to oxidise fatty acids as muscle tissue from 

lean DUhTP animals. 

 

 

 

 

 

 

 

 

 

 

 



	   71	  

 

Muscle-CPT1

DU6_
n3

DU6_
n6

DU6_
Altro

DUhT
P_n

3

DUhT
P_n

6

DUhT
P_A

ltro

0

50

100

150

200

250

A
.U

. C
P

T1

Figure 3.18: CPT1 protein expression in muscle tissue 
 
A. Bar graph showing normalised densitometric quantification 
of Carnitine palmitoyltransferase 1 (CPT1) protein expression 
measured by immunoblot in M. rectus femoris lysates from 
mice selectively bred for high treadmill running performance 
(DUhTP) or high body weight (DU6) and fed with either a 
PUFA n-3 or PUFA n-6 enriched high fat diet in comparison to 
mice fed a standard diet. One Way ANOVA with Bonferroni’s 
Multiple Comparison post test, Two Way ANOVA, n.s. p>0.05. 
Bars represent the geometric mean and each dot a single 
mouse, n=8. A.U., arbitrary units. 
B. Representative immunoblot analysis of muscle tissue 
lysates from either DU6 or DUhTP mice fed with the indicated 
diets. Blots were probed with antibodies against CPT1 and 
then stained for total protein with indian ink as shown in C. 
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3.5 Metabolic profiling and chapter summary 

The preceding examination of key protein markers relevant for fatty acid metabolism in 

adipose tissue, liver and musculature under the influence of polygenic obesity or leanness and 

PUFA n-3 or PUFA n-6 enriched high fat diets did not only provide information about 

metabolic responses of individual organs, but also revealed biologically connected changes 

among these organs that likely influence fatty acid metabolism on a more complex level; the 

whole organism. To visualise these connections, collective measurements of protein markers 

across adipose tissue, liver and musculature were compiled to generate metabolic 

‘fingerprints’ or expression profiles that overall characterised fatty acid metabolism in 

response to polygenic obesity and PUFA n-3 or n-6 enriched high fat diet (Figures 3.19 and 

3.20). The heatmap presented in Figure 3.19 summarises protein expression levels of all 

markers investigated for adipose tissue, liver and musculature in this study, as indicated by 

the figure labels. One of the central quests in this thesis was to understand if polygenic 

obesity confounds dietary PUFA treatment intended to ameliorate potential obesogenic 

metabolic traits and how such traits would segregate with a common-type obesity genotype.  

 

Hierarchical clustering of metabolic profiles for each experimental group by average linkage 

offers one method to compare the overall effect of polygenic obesity or leanness and high fat 

PUFA n-6 or n-3 enriched feeding regimes on fatty acid metabolism profiles. Average linkage 

clustering allows visualisation of the degree of similarity between the resulting metabolic 

profiles in each experimental group using a dendrogram and Euclidean distance display as 

shown at the top of the heatmap in Figure 3.19. Two main observations can be made. First, 

metabolic profiles of all polygenic obese DU6 mice fell into one sub-cluster, whereas 

polygenic lean DUhTP mouse profiles comprised the remaining clusters, indicating that 

dietary treatments did not convert metabolic profiles from polygenic obese DU6 mice to 

resemble profiles of lean DUhTP mice, and as such in this model polygenic obesity broadly 

categorised fatty acid metabolism, diet did not. Second, PUFA n-3 treatment during high fat 

feeding conditions appeared to influence fatty acid metabolism to become less obesogenic.  
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Figure 3.19: Overview of fatty acid metabolism regulation 
by protein markers in adipose, liver and muscle tissue 
 
Heat map of indicated protein expression in adipose, liver 
and muscle tissue of mice selectively bred for for high 
treadmill running performance (DUhTP) or high body weight 
(DU6) and fed with either a PUFA n-3 or PUFA n-6 enriched 
high fat diet in comparison to mice fed a standard diet. 
Heatmap colours represent the geometric mean of 
densitometric immunoblot quantification of protein 
expression. Column cluster algorithm is average linkage and 
the distance method is euklidean. 
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Figure 3.20: Metabolic protein expression profiles  
 
Protein expression profiles across multiple tissues showing 
graphs of data from individual mice selectively bred for high 
body weight, DU6 (blue lines) or treadmill running 
performance, DUhTP (red lines) that have been fed with 
either PUFA n-3 (A) or PUFA n-6 enriched HFD (B), or a 
standard control diet (C). Every line represents a single 
mouse; only complete datasets are shown. 
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However, this effect involved a greater number of metabolic markers in lean DUhTP mice 

than in obese DU6 animals and overall occurred within the ‘boundaries’ of polygenic obesity 

or leanness as indicated by clustering or similarities between metabolic profiles from mice 

with the same genotype. 

 

To further comprehend metabolic responses towards PUFA n-6 or n-3 enriched diets and the 

influence of polygenic obesity, individual metabolic profiles of DU6 and DUhTP mice are 

shown as semi-quantitative line graphs in Figure 3.20. This presentation of the data implies 

that polygenic obesity influenced fatty acid metabolism in two organs; adipose tissue and 

liver. Potentially anti-obesogenic and metabolically protective effects of PUFA n-3 

enrichment in high fat diets were predominantly seen in adipose tissue metabolism of DUhTP 

mice, but not in polygenic obese DU6 animals (Figure 3.20A). In the liver, apparently 

obesogenic exacerbation of fatty acid metabolism under plant oil based PUFA n-6 rich high 

fat diet was indicated by increased expression of lipogenic markers in polygenic obese DU6 

mice (Figure 3.20B). However, when feeding conditions were normal under standard 

laboratory mouse diet (Figure 3.20C), metabolic divergence between obese DU6 and lean 

DUhTP mice was far less pronounced and reduced to few markers, such as mTOR expression 

in adipose tissue (Figure 3.6). These findings suggest that specific organs lead characteristic 

metabolic responses to certain types of diets and that these responses are heavily influenced 

by polygenic predisposition for obesity. 

 

At last, Figure 3.20 also displays the high variability among metabolic profiles of mice from 

the same strain, which highlighted the expected polygenic nature of predisposition for obesity 

in DU6 and DUhTP mice. Nevertheless, common metabolic features still segregated among 

DU6 or DUhTP animals, indicating that few phenotypically unifying genetic variants, rather 

than small additive obesogenic effects of many variants probably drive manifestation of 

common type obesity and metabolic responses to dietary high fat challenges in this model. 
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Chapter 4: General Discussion 
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4.1 Key findings in relation to aims of this study 

Influenced by many factors, including food and genetics, fatty acid metabolism is complex 

and studied intensely to manage highly prevalent metabolic diseases such as obesity, type 2 

diabetes, non-alcoholic fatty liver disease and cancer (Rosen and Spiegelman, 2014, 

Kusminski et al., 2016, Rohrig and Schulze, 2016). Despite ongoing efforts, our knowledge of 

fatty acid metabolism, particularly of its polygenic nature and dietary modulation that 

underlies common-type metabolic disturbances, are far from complete (De Caterina, 2010, 

Martinez et al., 2014, Huang and Hu, 2015). By focussing on three aims, this study set out to 

understand possible influences of polygenic obesity predisposition and dietary PUFA 

intervention under high fat feeding conditions on fatty acid metabolism. 

 

The first aim was to characterise molecular markers of fatty acid metabolism in DU6 and 

DUhTP polygenic mouse models for obesity and leanness, respectively. Examination of 

protein markers relevant for fatty acid storing and utilising pathways in various tissues of 

DU6 and DUhTP by immunoblot and subsequent relative quantification of expression levels 

defined fatty acid metabolism in these polygenic mouse models. It was found that obese DU6 

and lean DUhTP mice on standard laboratory mouse feed mostly exhibited similar marker 

expression levels, with few exceptions. This observation suggests that overall characteristics 

in fatty acid metabolism were comparable between polygenic obese and lean mice fed a 

normal, relatively carbohydrate rich murine diet. Thus fatty acid metabolism was 

characterised, but baseline fatty acid metabolism did not provide a hypothesised explanation 

for phenotypic differences in body fat accumulation between obese DU6 and lean DUhTP 

mouse strains.  

 

The second aim was to test whether predisposition for obesity in DU6 mice or leanness in 

DUhTP mice confounds or enhances fatty acid metabolism responses to dietary intervention 

with PUFA under high fat feeding conditions. It was found that polygenic obesity in DU6 

mice appeared to prevent anti-obesogenic and metabolically protective responses to PUFA n-

3 feeding that would normally occur in adipose tissue of lean DUhTP mice challenged with 

high fat diet. As opposed to lean DUhTP mice, polygenic obesity in DU6 animals also elicited 

obesogenic fatty acid metabolism responses in the liver when challenged with plant-oil based 
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PUFA n-6 rich high fat diet. These outcomes indicate that predisposition for obesity in DU6 

mice did confound fatty acid metabolism under high fat feeding conditions, thwarted 

potentially therapeutic effects of dietary PUFA n-3 treatment and notably impacted only on 

specific tissues. 

 

The third aim of this study was to identify phenotypic cues that expose the underlying genetic 

structure of polygenic obesity in DU6 mice. Measurements of many metabolic markers in 

DU6 mice that were treated with the same diet displayed high variability in expression levels, 

which confirmed the polygenic nature of this mouse strain and represented the polymorphic 

spread for possible expression levels in these markers. It was also found that fatty acid 

metabolism in DU6 mice did specifically respond to different high fat diets by changes in 

marker expression only in either adipose tissue or the liver, depending on diet. This 

observation opposed two alternative possibilities, whereby high fat diets could either modify 

expression of one molecular marker in a monogenic model, or many, if not all markers in a 

truly polygenic, cumulative effect. These cues suggest that based on phenotypic manifestation 

of fatty acid metabolism, the underlying genetic structure of a common-type obesity in DU6 

mice controls pathways and appears to be ‘oligogenic’, whereby few phenotypically unifying 

genetic variants cause obesity. 

 

Taken together, the characterisation of fatty acid metabolism responses to high fat diets in a 

common-type obesity mouse model implied that predisposition to common-type obesity may 

be of oligogenic origin. It was revealed that metabolism of lipid metabolism alone was 

insufficient to explain commonly predisposed, excessive accumulation of body fat and further 

showed that under high fat feeding situations common-type obesity facilitated non-desirable 

metabolic changes in a tissue specific manner, which interfered with potential dietary PUFA 

n-3 mediated ‘nutraceutical’ outcomes. 

 

4.2 Fatty acid metabolism reveals no explanation for common-type obesity in DU6 

mice 

Under standard laboratory mouse feeding and husbandry conditions DU6, as opposed to 

DUhTP mice, display a clear obesity phenotype with severely increased abdominal body fat 
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mass, increased blood leptin, free blood fatty acid and insulin levels, yet maintain 

normoglycaemia and a relative caloric food intake similar to DUhTP mice (Figure 1.2) 

(Nuernberg et al., 2011). Therefore, genetically controlled changes in fatty acid metabolising 

pathways that could explain higher body fat mass in DU6 mice were expected. Particularly 

reduced fatty acid utilisation in DU6 mouse skeletal muscle had been hypothesised to account 

for increased fatty acid partitioning towards adipose tissue and subsequent development of 

obesity (Nuernberg et al., 2011).  

 

In this study, protein expression levels of the adipogenic or lipogenic markers PPARγ, 

SREBP1, FAS, mTOR and PKCζ as well as markers indicative of fatty acid utilisation, 

namely PPARα, CPT1 and AMPKα were measured by immunoblot in three tissues important 

for energy metabolism; adipose tissue, liver and skeletal muscle. This approach provided 

indirect means to determine the fatty acid storage or utilisation status in each tissue and also 

created a metabolic profile that showed how the examined tissues interacted. Unexpectedly, 

analysis of fatty acid metabolism in obese DU6 and lean DUhTP mice revealed few 

discernable differences when animals were fed a normal, standard laboratory mouse diet, 

indicating that fatty acid storage and utilisation occurred normally in obese DU6 mice relative 

to lean DUhTP mice and did not appear to account for excessive accumulation of body fat in 

these animals. This was also true for the suspected lower oxidative capacity of skeletal muscle 

in DU6 mice as CPT1 expression in this tissue was comparable to DUhTP levels (Figure 

3.18). 

 

Despite overall similar characteristics of fatty acid metabolism in standard diet treated DU6 

and DUhTP mouse tissues, the following two exceptions were seen. First, mTOR expression 

in adipose tissue of lean DUhTP mice was greater than in DU6 mice (Figure 3.6) and was 

complemented by trends of higher expression levels for pro-lipogenic SREBP1 (Figure 3.2) 

and fatty acid mobilising HSL compared to adipose tissue from DU6 animals (Figure 3.4). 

Second, liver tissue from lean DUhTP mice exhibited a trend of relatively higher expression 

levels for fatty acid utilising CPT1 and AMPKα (Figures 3.12 and 3.14), whereas by 

comparison DU6 livers displayed a trend of greater pro-lipogenic SREBP1 and FAS 

expression (Figure 3.9 and 3.10). Whilst, except for mTOR adipose tissue expression, these 



	   80	  

differences in metabolic marker levels between tissues from DUhTP and DU6 on standard 

diets represented only trends, and considering the polygenic nature of outbred DU strains, it is 

noteworthy that subtle metabolic differences reside within functionally connected pathways. 

These observations therefore suggest, that adipose tissue from lean DUhTP mice has a greater 

protective capacity to manage nutrient oversupply through lipogenesis and storage or 

mobilisation and utilisation, i.e. greater metabolic flexibility overall. In the liver, an organ not 

designed for fatty acid storage, DU6 mice appear poised for hepatic lipogenesis, whereas 

DUhTP livers display capacities for fatty acid oxidation. Nonetheless, the differences 

described in this paragraph were statistically not significant and collectively showed only a 

trend that was further exacerbated under high-energy, high fat dietary conditions (Figure 

3.19). It was therefore concluded that under a normal feeding regime fatty acid metabolism 

could not explain the obese phenotype of the DU6 common-type obesity mouse model. 

 

Several explanations for this result are possible. Fatty acid metabolism may not only confer 

obesogenic effects in DU6 mice, but other determinants of body fat content, such as 

differences in food intake regulation affecting absolute quantities of ingested food (Morton et 

al., 2006), differences in carbohydrate (Nuernberg et al., 2011), protein metabolism or 

differences in voluntary activity levels, due to DUhTP selection for high treadmill 

performance may contribute to relatively higher body fat accumulation under standard 

feeding conditions in DU6 mice instead (Brenmoehl et al., 2015). 

 

4.3 PUFA n-6 enriched high fat diet promotes hepatic fat synthesis in obese DU6 mice 

Despite similar expression levels of fatty acid metabolism markers in groups of obese DU6 

and lean DUhTP mice fed a standard mouse diet, comparison of metabolic profiles with mice 

that have been treated with PUFA n-3 or n-6 enriched high fat diets showed that the ability of 

obese DU6 and lean DUhTP mice to metabolically respond is clearly distinct (Figure 3.19). 

DU6 mouse metabolic profiles, regardless of diet, grouped into the same sub-cluster that did 

not include DUhTP profiles, indicating that common-type obesity in DU6 mice predisposed 

changes to expression levels of fatty acid metabolism markers, and as such metabolic 

outcomes, when DU6 mice were exposed to high fat diets. It was remarkable that metabolic 

responses defining fatty acid metabolism in obese DU6 and lean DUhTP by comparison 
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occurred specifically in the liver or in adipose tissue and were not generally imposed upon all 

tissues examined in this study. 

 

High-energy dense diets that contain large proportions of fat are thought to be one of the key 

contributing factors responsible for the high prevalence of obesity in western societies (Hariri 

and Thibault, 2010). The type of dietary fat influences health outcomes and high fat diets rich 

in PUFA n-6 represent western-type plant derived fat diets with overall similar, but less 

portent obesogenic effects to diets rich in saturated fatty acids (Lottenberg et al., 2012, 

Muhlhausler and Ailhaud, 2013, Simopoulos, 2016). The findings in this study suggest that 

genetic predisposition influences metabolic responses to these types of diets and provide 

insight into their potential effects on individuals predisposed to common-type obesity. High 

fat diets result in abundant influxes of chylomicrons from the intestine into the liver, 

increasing hepatic levels of fatty acids, which may reduce fatty acid synthesis in the liver and 

increase synthesis and distribution of VLDL into peripheral tissues (Musso et al., 2009, 

Sanders and Griffin, 2016). When hepatic fatty acids excessively accumulate hepatosteatosis 

or fatty liver develops, a condition that is associated with insulin resistance, obesity and type 

2 diabetes (Wang et al., 2015). This shows that the liver fulfils an important role as metabolic 

switchboard, but as opposed to adipose tissue, is not well adapted to safely store large 

quantities of fatty acids (Beaven et al., 2013). Therefore inappropriate induction of 

lipogenesis in the liver has detrimental outcomes, particularly when influx of dietary fatty 

acids from the intestine is high (Wang et al., 2015, Ma et al., 2015).  

 

In obese DU6 mice, a PUFA n-6 enriched high fat feeding regime failed to suppress 

expression levels of the lipogenic markers FAS, which appeared to increase, and SREBP1 

when compared to expression levels in livers of mice fed the standard diet, indicating that 

hepatic fatty acid synthesis persisted in DU6 mice, despite high fat diet (Figure 3.9 and 3.10). 

By contrast, liver expression of mature SREBP1 in DUhTP mice was clearly reduced when 

fed a PUFA n-6 rich high fat diet (Figure 3.9). It further needs to be considered that blood 

insulin levels in DU6 mice have been found to be 6-fold higher than in DUhTP blood (Figure 

1.2B), and that insulin is a potent inducer of SREBP1 mediated transcription and lipogenesis 

in the liver even in situations when insulin resistance becomes ‘selective’ for non-lipogenic 
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processes (Brown and Goldstein, 2008). Although control of lipogenesis emerges as an 

increasingly complex process that involves many other factors than the markers investigated 

in this study, it may be concluded that during PUFA n-6 rich high fat feeding strong hepatic 

lipogenesis persists in obese DU6 mice, whereas DUhTP mice appeared to have uncoupled 

hepatic SREBP1 expression from this pathway (Yecies et al., 2011, Wang et al., 2015). 

 

4.4 Dietary PUFA n-3 guards DU6 and DUhTP livers from lipotoxicity 

While PUFA n-6 high fat feeding conditions revealed divergent metabolic responses in the 

liver, high fat diet enriched with PUFA n-3 elicited opposing metabolic features between 

obese DU6 and lean DUhTP mice predominantly in adipose tissue (Figures 3.19 and 3.20). 

From a biological perspective, two fundamental strategies that manage intestinal absorption 

of large fat quantities could be considered. Fatty acids can either be stored in adipose tissue to 

prevent ectopic deposition of surplus fatty acids in other metabolically relevant tissues, such 

as the liver or skeletal muscle, a pathology known as lipotoxicity. Alternatively, fatty acids 

can be oxidised in mitochondria rich tissues to produce energy equivalents or heat, whereby 

exercising skeletal muscle and brown adipose tissue represent typical examples, respectively. 

To manage common-type obesity and related diseases, these two strategies are therapeutically 

targeted (Kusminski et al., 2016).  

 

Dietary treatment with fish oil derived EPA and DHA containing PUFA n-3 is known to 

lower blood fatty acid profiles and is thought to confer many other cardiovascular and 

metabolic health benefits, thus indicating that PUFA n-3 may help to manage and sequester 

surplus fatty acids by either improving fat storage, oxidation or both (Flachs et al., 2009, 

Buckley and Howe, 2010, Di Minno et al., 2012, Leslie et al., 2015, Martinez-Fernandez et 

al., 2015). However, it has also been found that these desirable effects of PUFA n-3 

treatments intended to reduce excessive and potentially ectopic fatty acid accumulation during 

exposure to high fat diet may vary based on interaction with genetic factors (Howe and 

Buckley, 2014, Lemas et al., 2013, Chilton et al., 2014). It was therefore hypothesised that 

treatment of obese DU6 and lean DUhTP mice with PUFA n-3 during high fat feeding could 

elicit divergent responses in the adaption of fatty acid metabolism to improve excess dietary 

fatty acid management in DUhTP mice but not in obese DU6 animals. 
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Overall, PUFA n-3 enriched high fat feeding in this mouse model brought about the most 

pronounced changes in fatty acid metabolism when compared to standard diet conditions, 

highlighting the potent influence of PUFA n-3 on fatty acid metabolism. This was visualised 

in hierarchical clustering analysis, which segregated PUFA n-3 induced metabolic profiles 

from PUFA n-6 or standard diet stimulated profiles of the same mouse strain (Figures 3.19).  

 

In the liver, dietary PUFA n-3 strongly reduced expression of the lipogenic markers SREBP1 

and FAS in both DU6 and DUhTP mice (Figures 3.9 and 3.10), thus reflecting known liver 

protective PUFA n-3 effects that are therapeutically exploited to gain protection from 

hepatosteatosis (Liu et al., 2010, Di Minno et al., 2012). One interesting finding in this study 

was the detection of a larger, approx. 130 kD SREBP1 protein in adipose tissue and muscle 

tissue, as opposed to a smaller, approx. 70 kD protein detected in the liver. To understand this 

observation it is necessary to explain the biology of SREBP molecules in more detail. Three 

isoforms of the transcription factor SREBP with different roles in lipid synthesis are known. 

SREBP1c is recognised to regulate expression of molecules involved in de novo lipogenesis, 

SREBP2 regulates cholesterol synthesis, whereas SREBP1a is thought to influence expression 

of genes involved in both of these pathways (Eberle et al., 2004, Ye and DeBose-Boyd, 2011, 

Horie et al., 2013, Shimano and Sato, 2017). SREBP1c and SREBP1a are transcribed from 

the same gene at different transcription initiation sites, producing a slightly longer, more 

potent N-terminal trans-activating domain in SREBP1a. Nevertheless, both isoforms share the 

same C-terminal sequence, which is targeted by the anti-SREBP1 antibody used in this study. 

The SREBP2 isoform is generated from a different gene and therefore not recognised by this 

reagent. Theoretically, the SREBP protein detected here could be either SREBP1a or 

SREBP1c isoform. It has been shown that SREBP1c is the predominant isoform in mice and 

expressed at particularly high levels in the liver, white adipose tissue und skeletal muscle 

(Shimomura et al., 1997), thus making SREBP1c the likely isoform detected here.  

 

Following synthesis, SREBPs are embedded as precursor molecules (approx. 130 kD) into the 

membrane of the ER and then undergo regulated proteolytical degradation to release an 

unstable cytoplasmic fragment that translocates into the nucleus and acts as transcriptional 
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activator. The proteolytic degradation of SREBP is a mechanism, by which its transcriptional 

activity is regulated and may provide an explanation for the detection of larger SREBP 

protein in adipose and muscle tissue as opposed to the smaller SREBP protein seen in the 

liver. It is unclear which exact pathways regulate proteolytic degradation of SREBP1c in 

vivo, but particularly for the SREBP1c isoform, nutritional influences and insulin signalling 

seem to play a role (Eberle et al., 2004, Shimano and Sato, 2017). Nevertheless, precursor-

SREBP1 can be detected by immunoblot at a size of about 130 kD and a smaller, approx. 70 

kD, peptide likely designates a mature SREBP C-terminal peptide retained following 

proteolytical degradation (Shao and Espenshade, 2014). In summary, these findings may 

indicate increased proteolytical activation of SREBP1 in the liver as opposed to adipose and 

muscle tissue in this experimental system, which would be consistent with the known 

function of the liver as the quantitatively relevant site for lipogenesis in the body (Frayn et al., 

2006). These results may point towards an important mechanistic difference in the regulation 

of SREBP mediated lipogenesis in these tissues, but requires further verification and 

validation as outlined in the limitations of this study. 

 

PUFA n-3 feeding also seemed to reduce the capacity of fatty acid oxidation in livers of DU6 

and DUhTP mice, although changes of markers that indicated these effects were slightly 

different between both strains, yet overall followed a similar trend. PUFA n-3 treatment in 

DU6 mice reduced hepatic AMPKα expression (Figure 3.14), whereas livers from DUhTP 

mice expressed lower levels of CPT1 when compared to livers from mice fed the standard 

diet (Figure 3.12). Whilst the observed PUFA n-3 induced reduction of hepatic lipogenesis is 

consistent with a therapeutic intention to minimise lipotoxic accumulation of fatty acids in the 

liver, the detected decrease in hepatic oxidative capacity could have the opposite effect and 

may not represent a desired outcome.  

 

Why did PUFA n-3 feeding in this mouse model clearly block liver lipogenesis, yet reduced 

fatty acid oxidation at the same time? It is generally understood that PUFA n-3 treatment 

rather promotes oxidative utilisation of hepatic fatty acids (Di Minno et al., 2012). One 

possibility is that energy density of the high fat diets used in this study and resulting high 

plasma fatty acid levels chronically blunt requirements for hepatic energy production through 



	   85	  

oxidative processes and induces low AMPKα and conversely low CPT1 activity by 

maintaining a constant ‘postprandial status’ in liver tissue (Reddy and Rao, 2006, Pettinelli et 

al., 2009, Fullerton, 2016). Another possible explanation is that the strong suppression of 

hepatic lipogenesis by PUFA n-3 observed in DU6 and DUhTP mice likely reduces 

expression of other lipogenic key enzymes, such as ACC isoforms (Acetyl-CoA 

Carboxylase), alike reduced FAS expression observed here (Figure 3.10). ACC is known to 

be a potent regulator of fatty acid oxidation and ACC-deficient mice, resembling chronic 

ACC inhibition analogous to PUFA n-3 feeding and chronically suppressed hepatic 

lipogenesis, have been found to exhibit reduced fatty acid oxidation in the liver (Chow et al., 

2014). These findings show that PUFA n-3 feeding in this mouse model promotes 

suppression of hepatic lipogenesis, but also reduces oxidative capacity of the liver at the same 

time. These therapeutically ambivalent effects were similar in lean DUhTP and obese DU6 

mice, indicating that they may occur independent of common-type genetic predisposition for 

obesity. 

 

4.5 Adipose tissue from lean DUhTP, but not obese DU6 mice metabolically adapts to 

PUFA n-3 rich high fat feeding 

Contrasting a genotype-independent metabolic reaction in the liver, in adipose tissue PUFA n-

3 enriched high fat feeding of obese DU6 and lean DUhTP mice produced a divergent 

response in fatty acid metabolism (Figures 3.19 and  3.20). Adipose tissue from lean DUhTP, 

but not obese DU6 mice expressed high levels of SREBP1 and PKCζ (Figures 3.2 and 3.7), 

suggesting high levels of insulin signalling sensitivity, nutrient uptake and a capacity to 

induce de novo lipogenesis. However, expression levels of FAS in this tissue did not reflect 

the pattern of SREBP1 expression in this tissue (Figure 3.3), indicating that SREBP1 

transcription was inactive, an explanation that is supported by the presence of large precursor 

SREBP1 molecules, rather than mature SREBP1, which is more likely to be active (Figure 

3.2B). At the same time, HSL and CPT1 protein levels in DUhTP adipose tissue were 

significantly higher than expression of these markers in obese DU6 mice (Figures 3.4 and 

3.5), which implies that adipose tissues from PUFA n-3 fed DUhTP mice also have the 

capacity to more easily mobilise intracellular lipid depots and to feed oxidative utilisation of 

fatty acids into mitochondria. These observations match published nutraceutical effects of 
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dietary PUFA n-3 exposure on adipose tissue metabolism (Buckley and Howe, 2010, 

Todorcevic and Hodson, 2015, Martinez-Fernandez et al., 2015, Kusminski et al., 2016), 

thereby facilitating the safe partitioning of excess fat and glucose from other organs into 

adipopse tissue for subsequent oxidation (Nuernberg et al., 2011),  and thus likely fuelling 

thermogenesis through adipose tissue browning (Bartelt and Heeren, 2014). 

 

Dietary PUFA n-3 elicited differential responses in fatty acid metabolism of lean DUhTP and 

obese DU6 mice that manifested in adipose tissue, but not in liver or skeletal muscle. Based 

on protein marker expression profiles from PUFA n-3 fed animals, it was found that lean 

DUhTP, but not obese DU6 mice adopted a metabolic adipose tissue phenotype that likely 

aids protection from lipotoxic effects of excessive dietary fat. Others have uncovered 

comparable results in experimental models of genetic obesity or metabolic human studies 

(Tschop and Heiman, 2002, Huang and Hu, 2015, Simoncic et al., 2008). For example, Lemas 

and colleagues made similar observations in genetically isolate ethnic groups of humans, 

which principally resemble the limited genetic diversity in DU6 and DUhTP recombinant 

inbred mouse strains of this study (Lemas et al., 2013). Within the ethnic community the 

authors found that dietary PUFA n-3 consumption by individuals with low genetic risk factors 

for common-type obesity promoted loss of body weight, whereas people with high genetic 

risk factors and predisposition for obesity, resembling DU6 mice, responded to PUFA n-3 

consumption with weight gain. In conclusion, these findings imply that genetic variants of 

common-type obesity can prevent anti-obesogenic outcomes from dietary PUFA n-3 

treatment and may explain inconclusive efficacy of dietary PUFA n-3 as a tool to improve 

common type obesity and associated metabolic diseases (Jourdan et al., 2011, Howe and 

Buckley, 2014, Chilton et al., 2014). 

 

4.6 Limitations 

This study has limitations. Non-exhaustively, the following three main limitations need to be 

kept in mind when considering the conclusions made in this thesis. First, an underlying 

assumption of protein and pathway function based on protein expression levels, second, 

limitations to measure fine metabolic adaptions due to biological and technical data variability 
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implicated by the employed techniques and models, as well as third, limitations in resolving 

tissue specific measurements in analysed cell mixtures. 

 

Regarding the first limitation, high protein expression levels formally do not demonstrate that 

the detected protein is highly active as well, for instance by facilitating transcriptional activity 

or enzymatically converting substrates. Particularly in metabolic networks, which are 

characterised by a multitude of known and unknown pathways that regulate one and the same 

core processes as a means of modulating the net outcome, conclusions about the activity 

levels of quantified proteins must be interpreted with caution. Nevertheless, it is generally 

accepted that high protein expression levels must be sustained for a cost against cellular 

turnover and provides a cell with the capacity to fulfil its role. Whilst relative quantification 

of protein in this study provides more information than commonly measured relative 

expression of mRNA, functional assessment of fatty acid metabolism pathways would be 

necessary to confirm conclusions made in this thesis. Recent technological advances allow 

live tracking of metabolite turnover in ex vivo tissue samples that would demonstrate activity 

levels of metabolic processes such as lipogenesis and correlated marker expression levels by 

using devices such as Agilent’s Seahorse Metabolic Flux Analyser (Sinha et al., 2014). 

 

On the second limitation, many protein expression data within the same experimental group 

of this study were characterised by wide data ranges (e.g. Figures 3.2 or 3.4), which posed 

restrictions to resolve metabolic responses. At least three explanations for this come to mind. 

First, relative quantification of protein expression by immunoblot is an inherently inaccurate 

technique, due to its multi-step nature, including sample preparation, measurement of protein 

concentration and sample normalisation, gel loading, homogenous protein transfer, antibody 

binding conditions, washes, detection method and densitometric analysis, variability of the 

same measurements can be expected (Taylor et al., 2013). Second, metabolic responses were 

measured in tissue samples from outbred mouse strains, which likely achieve net metabolic 

responses by variable complementation of individual factors due to polymorphisms and as 

such variability in specific protein expression levels among mice from the same strain would 

be expected as well. Nevertheless, because of the combined technical and biological 

variability evident in this study, statistically significant differences that did emerge between 
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experimental groups likely represented biologically relevant observations. Third, antibody 

based protein measurements in immunoblots of various tissues could have been non-specific 

to the protein of interest, resulting in irrelevant outlier signals. Whilst the antibodies used in 

this study were validated in immunoblots based on the predicted protein sizes and similar 

published results, using rat liver samples as protein rich, positive controls, adequate image 

records of these validation experiments were not retained and more robust validation methods 

should be employed to confirm any immunoblot result in this thesis. To achieve a high level 

of confidence in the specificity of immunoblot antibodies it is desirable to supplement protein 

detection in the sample of interest with side-by-side analysis of similar tissue samples from 

which the protein of interest has been deleted, and/or over-expressed. To specifically validate 

markers investigated in this study, lysates from pre-adipocyte cell lines transfected with 

silencing RNA or CRISPR/Cas9 vectors that abolish expression of the protein of interest, or 

tissue samples from mice deficient for the protein of interest would be expected to serve as 

suitable negative controls (Liang et al., 2002, Seale et al., 2008). Additionally, the peptides 

that were used to generate antibodies employed in this study could be used as blocking agents 

prior to probing immunoblot test samples in order to reveal specific binding activity. Neither 

of these two immunoblot validation methods have been applied here. Therefore non-specific 

protein detection cannot be ruled out and the presented data must be interpreted with caution 

in this regard. Nevertheless, the intended broad screening approach of this study on a 

proteomic level, involving a large number of processed samples may reveal metabolic 

pathways of interest that will certainly hold value to guide future experimental efforts. 

 
Alternatively to further validating the experimental approach of this study, it could be 

advantageous to choose an entirely different strategy to quantitate the examined protein 

markers, such as flow cytometry or microscopy, as explained in more detail below. 

 

Third, analysis of whole tissue samples posed another limitation to differentiate metabolic 

responses and to compare similar types of cells. For example, examination of lipid 

metabolism marker in skeletal muscle may not represent expression of these proteins in 

muscle cells, but rather in adipocytes from intramuscular adipose tissue depots. This bias 

applies to the other tissues under examination in this study as well and highlights the lack of 

discrimination between specific cell types with metabolically distinct roles in each tissue. 
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Examples for this are different muscle fibre types or subsets of brown, beige or white 

adipocytes. It would be desirable to repeat analysis from this study on a single cell level, 

which could be achieved by using adequate techniques of tissue disruption, followed by 

single cell intracellular staining with fluorochrome-conjugated antibodies and subsequent 

analysis by fluorescently activated flow cytometry or confocal microscopy (Rodeheffer et al., 

2008, Macotela et al., 2012, Martinez-Santibanez et al., 2014). 

 

Additionally, the following two minor limitations should also be considered. To allow semi-

quantative analysis of protein expression in tissue samples, the protein concentration of each 

tissue lysate was measured using the Bradford protein assay. Based on the resulting 

concentrations, each lysate was adjusted to the same protein concentration and equal 

quantities of protein per sample were analysed by immunoblot. Following immunoblotting, 

each nitrocellulose membrane was dyed with indian ink to visualise the total quantity of 

protein adhered to the membrane. Each membrane was sighted as an additional check to 

verify comparable loading of protein between samples. From most of the membranes stained 

for total protein, digital images were acquired and are shown accompanying the analysed 

protein in most figures of this thesis. For tissue samples used for the analysis of SREBP1 in 

adipose tissue (Figure 3.2), FAS (Figure 3.10) and AMPKα (Figure 3.14) in the liver, protein 

concentrations were determined and normalised for equal loading in exactly the same way. 

Following immunoblot analysis of these markers, technical execution of equal protein loading 

was also verified by indian ink staining and assessed as comparable amongst the examined 

samples. However, differing from the usual procedure, digital images from these three sets of 

analyses were not retained and are thus not shown in Figures 3.2, 3.10 and 3.14. Whilst data 

in these figures were acquired following the normal procedures described in this thesis, lack 

of the image record for loading controls may designate these results to be viewed as 

preliminary findings that require additional verification in the future. 

 

At last, sex specific influences on the regulation of lipid metabolism may also skew the 

results acquired during this analysis (Varlamov et al., 2014). The samples examined in this 

study were obtained from male mice only, helping to minimise sex specific variation between 

experimental groups. Nevertheless, androgens have been shown to modify lipid metabolism 
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through activation of the androgen receptor in a tissue and even tissue depot specific manner. 

It is thought that androgen receptor signalling generally promotes lipolytic pathways and 

reduces fatty acid storage by dampening the effects of insulin and adipocyte differentiation 

(O'Reilly et al., 2014). These effects of androgens on lipid metabolism overall must therefore 

be considered when interpreting the results from male derived samples in this study. 

 

4.7 Summary 

In summary, this study has revealed that genetic predisposition for common-type obesity in 

DU6 or leanness in DUhTP mouse models determines how fatty acid metabolism responds to 

high fat diets supplemented either with fish derived PUFA n-3 or plant derived PUFA n-6 

high. In lean DUhTP, but not obese DU6 mice, dietary PUFA n-3 predominantly elicited 

expression of adipose tissue markers that are linked to fatty acid oxidation, but also appeared 

to promote the capacity to store excess nutrients and respond to insulin signalling. Whilst 

predisposition for common-type obesity blocked these metabolic adaptions in adipose tissue, 

responses in liver and skeletal muscle were not influenced and comparable between obese 

DU6 and lean DUhTP mice. High fat diet rich in PUFA n-6 prompted divergent metabolic 

responses in the liver of DU6 and DUhTP mice, but not in adipose tissue or muscle, 

indicating that the effect of dietary PUFA n-3 was specific to this nutrient and not caused by 

high fat feeding in general. Under standard feeding conditions fatty acid metabolism in obese 

DU6 mice was similar to lean DUhTP animals, thus suggesting that the reason for excess 

body fat accumulation in DU6 mice lies outside the regulation of lipid metabolism per se. At 

last, metabolic responses determined by genetic predisposition for common-type obesity in 

DU6 mice were focussed on individual organs and often pathways, which suggests that the 

obesity phenotype in this mouse model is conferred by few variants, which modify the 

function of few specific pathways, as observed in this study. 
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