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Zusammenfassung

Zusammenfassung

Die Zahl der Menschen mit Adipositas und Stoffwechselerkrankungen wie Diabetes Typ 2 steigt
weiterhin an. Zudem konnen die damit einhergehende Hyperlipiddmie, Hyperinsulindmie und
Hyperglykdmie zur Beeintrdchtigung des kardiovaskuldaren Systems flihren und das potentielle
Zusammenspiel zwischen dem Darm, dem angrenzenden mesenterialen Fettgewebe (mesenteric
adipose tissue - MAT) und der Leber kann entziindliche, metabolische und vaskuladre Veranderungen
in mehreren Geweben beglinstigen. Es konnte bereits durch Tierversuche gezeigt werden, dass
Lipopolysaccharide (LPS) die mit Adipositas einhergehenden Entziindungsprozesse einleiten knnen.
Die mittels Futterung von Hochfettdidten (HFD) hervorgerufene Stérung der Darmbarriere kann
namlich ihre Translokation ins Darmgewebe und in den Blutkreislauf erhoéhen. Aufgrund der
gegenldufigen Effekte von Fettsduren kdonnen die bei Studien der erndahrungsbedingten Adipositas
(diet-induced obesity - DIO) beobachteten Phanotypen jedoch von der Zusammensetzung der Diat
abhangen. Es konnte ein signifikanter Zusammenhang zwischen dem n-6 zu n-3 Verhéltnis von
mehrfach ungesattigten Fettsduren (polyunsaturated fatty acids - PUFA), das in der Erndhrung der
westlichen Industrielandern im Laufe der Zeit stetig erhoht wurde, und zunehmender Adipositas
festgestellt werden. Dieser Zusammenhang wurde zuvor bereits fir gesattigte Fettsauren (saturated
fatty acids - SFA) beobachted. Im Gegensatz dazu konnte mit Hilfe von Tier- und in-vitro Studien
gezeigt werden, dass langkettige, mehrfach ungesattigte Fettsduren (long-chain polyunsaturated
fatty acids - LCPUFA) des Typs n-3 und/oder ihre Metaboliten Adipositas und Entziindungen
entgegenwirken und zur Starkung der vaskuldren Integritdt beitragen konnen. Da es noch keine
standardisierte und definierte HFD fiir das Versuchsmodel der DIO in Mausen gibt, lassen sich die bei
Studien der DIO beobachteten Phanotypen bisher nur schwer vergleichen oder sind sogar
kontrovers. Mit dem Ziel, besser kontrollierte Studien mit erhohter Vergleichbarkeit zu erhalten, war
deshalb der Einsatz einer Diat mit klar definierter Zusammensetzung (Experimentalfutter) und ein
wobhldefiniertes Studiendesign im hohen MaRe wiinschenswert. Somit wurde an der Technischen
Universitdt Minchen (TUM) am Lehrstuhl fir Erndhrungsmedizin (Prof. Dr. Hauner; Dr. Bernhard
Bader) ein Mausmodel fiur DIO etabliert. Zur Entwicklung von Adipositas wurde eine 12 Wochen
dauernde Futterungsstudie mit C57BL/6J Mausen durchgefuhrt, wobei die M&duse unter spezifisch
pathogenfreien (SPF) Bedingungen gehalten wurden und eine definierte auf Soja- und Palmol
basierende Diat (48 k/% Fett) verwendet wurde. Im Vergleich zur Kontrolldiat C (13 k% Fett),
zeichneten sich die beiden isokalorischen HFD, HF und die mit n-3 LCPUFA erganzte HFD (HF/n-3),
durch ihren hohen Fettgehalt (48 kl% Fett) aus. Fir HF/n-3 wurden SFA und einfach ungesattigte
Fettsduren (monounsaturated fatty acids - MUFA) teilweise durch die n-3 LCPUFA
Eicosapentaensdure (eicosapentaenoic acid - EPA) und Docosahexaensaure (docosahexaenoic acid -

DHA) ersetzt. Darliber hinaus wiesen die Didten ein unausgewogenes (C, 9.85:1; HF, 13.5:1) oder ein
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ausgewogenes (HF/n-3, 1:0.84) n-6/n-3 PUFA Verhiltnis auf. Bereits veroffentlichte Ergebnisse dieser
Mausstudie offenbarten eine Adipositas entgegenwirkende Wirkung fiir HF/n-3, obwohl die HF/n-3
Mause mehr Energie aufgenommen und zugleich weniger Energie ausgeschieden haben als die HF
Mause. HF/n-3 erwies sich zudem als entziindungsfordernd wie auch entziindungshemmend und das
interskapuldre braune Fettgewebe (interscapular brown adipose tissue - iBAT) der mit HF/n-3
geflitterten Tiere zeigte einen signifikant erh6hten mRNA Gehalt des Uncoupling Protein 1 (UCP1).
Diese Ergebnisse und vorlaufige Genexpressionsdaten bildeten die Grundlage fiir die vorliegende
Dissertation, in der untersucht wurde, ob

(1) die Immunzellinfiltration und die Entziindungsprozesse innerhalb der viszeralen weilRen
Fettdepots [(visceral white adipose tissues - VATs; MAT und epididymales Fettgewebe (epididymal
adipose tissue - EAT)] und des iBAT durch die HFD unterschiedlich beeinflusst werden,

(2) n-3 LCPUFA die durch HF im oberen Abschnitt des Dinndarms (upper small intestine - USI)
induzierte/n endotheliale Zellaktivierung und/oder potentielle Anderungen in der endothelialen
Barrierefunktion abschwachen kénnen, und

(3) die Adipositas entgegenwirkende Wirkung der HF/n-3 auf den erhohten Energieverbrauch mittels
postprandialer Thermogenese zuriickzufihren ist.

Um starker auf die bisher beobachteten und/oder postulierten Wirkungen von Langzeitfutterungen
auf Mause einzugehen, wurden RT-qPCR und immunhistochemische Analysen durchgefiihrt um das
Entziindungspotential der HF und HF/n-3 in unterschiedlichen Geweben zu beleuchten. Des Weiteren
wurden Stoffwechsel- und Signalwege mit Hilfe von RT-qPCR und Proteinexpressionsanalysen
untersucht. Aus den Daten dieser Experimente und anschlieRender Korrelationsanalysen lassen sich
die folgenden Aussagen dieser Dissertation ableiten:

(a) Es zeigten sich unterschiedliche Auswirkungen der HFD auf die VATs, wobei die HF die groRten
Effekte im EAT erzielte [z.B. signifikante Erhohung des Makrophagen Markers F4/80 und der Stickoxid
Synthase 2 (nitric oxide synthase 2 - NOS2)] und zudem waren nach der Fitterung von HF einige
Entzindungsmarker im USI signifikant erhéht [z.B. CD86].

(b) Bei den mit HF/n-3 gefiitterten Madusen konnte man interessanterweise entziindungshemmende
aber auch entziindungsfordernde Wirkungen in den Fettgeweben und der Milz feststellen. Die nach
Futterung von HF/n-3 festgestellte signifikant erh6hte Anzahl von eher entziindungshemmenden
Makrophagen (M2) in den Fettgeweben beglinstigt vermutlich physiologische Umbauprozesse in den
VATs und die Thermogenese im iBAT.

(c) Im USI der mit HF gefiitterten M&usen, jedoch nicht bei den mit HF/n-3 gefltterten Mé&usen,
wurden bei Proteinen, die bestimmte Prozesse regulieren, namlich die Bioverfligbarkeit von Stickoxid
[Caveolin 1 (CAV1) und Arginase 2 (ARG2)] und den transzelluldren Transport [Plasmalemma vesicle-

associated protein (PLVAP)], eine signifikant erhohte mRNA Expression festgestellt. Dies lasst darauf
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schlieBen, dass die HF/n-3 vermutlich zur Starkung der vaskuldren Integritat beitrdgt. Zudem war im
Dinndarm der mit HF/n-3 geflitterten Mause die Genexpression von Enzymen mit antioxidativer
Wirkung [z.B. Superoxid Dismutase 1 (SOD1) und Katalase (CAT)] signifikant erhoht.

Um die Adipositas entgegenwirkende Wirkung der HF/n-3 ndher zu charakterisieren, wurde der
Fettstoffwechsel des Diinndarms, der Leber und des iBAT untersucht. Darliber hinaus wurde mittels
vergleichender Analysen von Expressionsdaten die Auswirkung der Fettqualitat und des Fettgehalts
auf den Stoffwechsel der Leber ermittelt. Zwei unterschiedliche Fiitterungsstudien mit Mausen
wurden dafiir herangezogen [Studie 1: zuvor beschriebene Fiitterungsstudie mit einer auf Soja- und
Palmol basierenden Diat; Studie 2: Flitterungsstudie mit einer auf Sojadl und Rindertalg basierenden
Diat, die am Lehrstuhl fir Erndhrungsphysiologie der TUM durchgefiihrt wurde]. Bei beiden Studien
lassen die Gen- und Proteinexpressionsanalysen von Schliisselenzymen der Lipogenese, wie die
Acetyl-CoA Carboxylasen (ACC1 und ACC2), nach der Langzeitfitterung mit HFD auf eine verringerte
hepatische de novo Lipogenese schlieBen. Die posttranslationale Regulation mittels AMP-aktivierter
Proteinkinase o (AMPKa) scheint dabei keine Rolle zu spielen, obwohl die Ergebnisse auf
unterschiedliche Mechanismen hindeuten. Bei den HF/n-3 gefltterten Mausen lassen die Ergebnisse
dieser Dissertation auch einen Zusammenhang zwischen dem geringeren Gehalt an Triacylglycerol
(TAG) in der Leber, der beobachteten Adipositas entgegenwirkenden Wirkung und der erhéhten
Verbrennung von Fettsduren vermuten. Im iBAT beeinflussen die n-3 LCPUFA oder ihrer
Stoffwechselprodukte transkriptionelle Regulationswege und AMPKa, und der Fibroblasten-
Wachstumsfaktor 21 (fibroblast growth factor 21 - FGF21) kénnte als Vermittler ihrer metabolischen
Wirkung fungieren. Des Weiteren legen Expressionsdaten und anschliefende Korrelationsanalysen
die Vermutung nahe, dass die HF/n-3 im Dinndarm und in der Leber weniger energieeffiziente
Stoffwechselwege, wie zum Beispiel die peroxisomale B-Oxidation aktivieren. Sie erhéhen zudem den
ATP-Verbrauch, indem sie im iBAT einen zyklischen Prozess [TAG / freie Fettsduren (free fatty acids -
FFA)] in Gang setzen. Dazu kommt noch das erhéhte thermogenetische und oxidative Potential von
iBAT, das bei den mit HF/n-3 gefiitterten M&usen festgestellt wurde.

Insgesamt ermoglichen die auf Expressionsdaten basierenden Ergebnisse dieser Dissertation einen
neuen und interessanten Einblick in potentielle Mechanismen, die der Adipositas
entgegenwirkenden und entziindungshemmenden Wirkung von n-3 LCPUFA zugrunde liegen kénnen.
Zum besseren Verstandnis der physiologischen Relevanz dieser Ergebnisse und der daraus gezogenen
potentiellen Schlussfolgerungen missen jedoch noch physiologische und metabolische Analysen
durchgefiihrt werden. In dieser Dissertation konnte die Vermutung, dass die HF/n-3 die negativen
Auswirkungen der HF auf die Darmbarriere und auf die endotheliale Permeabilitdt beheben kann, nur
unzureichend belegt werden, da die verwendete, auf Pflanzendl basierende HF (48 kl% Fett)

anscheinend zu moderat war, um eine Entzlindungsreaktion hervorzurufen und somit nach einer
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Langzeitfltterung die Darmbarriere zu beeintrachtigen. Andere veréffentlichte Studien verwendeten
hingegen HFD mit héheren Fettgehalt. Zudem sind fiir dieses Forschungsgebiet noch einige offene
Fragen zu klaren, unter anderem die kontroversen Daten und die unterschiedlichen Phanotypen, die
bei Untersuchungen der durch chronische Hochfettfiitterung hervorgerufenen Stoérung der
Darmbarriere erhalten bzw. beobachtet wurden. Mégliche Parameter, die in diesem Zusammenhang
eine Rolle spielen kdnnten, waren die Fitterungsdauer - kurzzeitige, intensive Fltterung versus
Langzeitfutterung - und Anpassungsprozesse oder andere Faktoren wie der Hygienestatus der
Tierhaltung - SPF Tierhaus versus konventionelle Tierhaltung - da Unterschiede in der Darmflora der

Mause zur Veranderung des Phanotyps beitragen kénnen.



Summary

Summary

Obesity and metabolic disorders like type 2 diabetes continue to rise in humans. Moreover,
associated dyslipidaemia, hyperinsulinemia and hyperglycemia can contribute to irregularities in the
cardiovascular system and a potential crosstalk between the intestine, the adjacent mesenteric fat
(MAT) and the liver might promote inflammatory, metabolic and vascular changes within different
tissues. Data from mouse studies have shown that inflammation, which is associated with obesity,
can be caused by lipopolysaccharides (LPS), whose entry into the intestinal tissue and blood
circulation was found to be increased upon high-fat diet (HFD)-induced disruption of the intestinal
barrier. However, given the opposing effects of fatty acids, diet composition might influence the
observed diet-induced obesity (DIO)-phenotypes. Besides saturated fatty acids (SFA), the n-6/n-3
polyunsaturated fatty acids (PUFA) ratio, which has steadily increased in Western diets, significantly
correlates with increasing obesity, whereas animal and in-vitro studies reported that n-3 LCPUFA
and/or their metabolites have anti-obesogenic and anti-inflammatory potential and enhance vascular
integrity. Since there exists no standardised defined HFD for modelling DIO in mice, the observed
DIO-phenotypes are sometimes difficult to compare or controversial across studies. Thus, it was
highly desirable to start using a well-defined diet composition and study design to achieve better
controlled studies and greater comparability between studies. Therefore, a DIO mouse model was
established at the Technical University of Munich (TUM), Chair of Nutritional Medicine (Prof. Dr.
Hauner; Dr. Bernhard Bader), using male C57BL/6J mice, which were housed under specific-
pathogen-free (SPF) conditions and fed defined soybean / palm oil-based diets for 12 weeks to
induce obesity. Compared to the control diet C (13 kI% fat), both isocaloric HFDs, HF and the n-3
LCPUFA-enriched HFD (HF/n-3), were characterised by high-fat content (48 ki% fat). For HF/n-3, SFA
and monounsaturated fatty acids (MUFA) were partially substituted by n-3 LCPUFA eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). Moreover, the diets had an unbalanced (C, 9.85:1; HF,
13.5:1) or a balanced (HF/n-3, 1:0.84) n-6/n-3 PUFA ratio. Previous published data from this mouse
study revealed that HF/n-3 has an anti-obesogenic effect, although HF/n-3 mice ingested more and
excreted less energy than HF animals. In addition, HF/n-3 exerted pro- and anti-inflammatory effects
and significantly increased uncoupling protein 1 (UCP1) mRNA levels in interscapular brown adipose
tissue (iBAT). These data and preliminary gene expression data established the basis for the present
thesis, the overall aim of which was to examine whether

(1) HFDs have differential effects on the immune cell infiltration and inflammation of visceral white
adipose tissue (VAT) depots [MAT and epididymal adipose tissue (EAT)] and iBAT,

(2) n-3 LCPUFA alleviate HF-induced endothelial cell activation and/or potential changes in

endothelial barrier function in the upper small intestine (USI), and
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(3) the anti-obesogenic effect of HF/n-3 can be due to increased energy expenditure by diet-induced
thermogenesis.

To explore the previously observed and/or postulated effects of long-term feeding in mice, RT-qPCR
and immunohistochemistry were applied to analyse the inflammatory potential of the HF and HF/n-3
on different tissues, and additional RT-gPCR and protein expression analyses were performed to
examine metabolic and signalling pathways. Data from these experiments and subsequent
correlation analyses revealed the following main findings of this thesis:

(a) Differential effects were observed for VATs upon HFDs, whereby for HF the highest impact was
observed analysing EAT [e.g., significant upregulation of macrophage marker F4/80 and nitric oxide
synthase 2 (NOS2)] and inflammatory markers were found to be significantly increased in USI [e.g.,
CD86] upon HF.

(b) For the HF/n-3 mice, interestingly, both immunosuppressive and -enhancing effects were found in
adipose tissues and the spleen. The significantly increased number of rather anti-inflammatory M2
adipose tissue macrophages observed upon HF/n-3 was associated with healthy adipose tissue
remodelling in VATs and thermogenesis in iBAT.

(c) In USI, for HF but not for HF/n-3 mice, significantly increased mRNA expression levels were found
for proteins regulating nitric oxide bioavailability [caveolin 1 (CAV1) and arginase 2 (ARG2)] and the
transcellular pathway [plasmalemma vesicle-associated protein (PLVAP)]. This suggests a favourable
impact of HF/n-3 on vascular integrity. In addition, gene expression levels of enzymes acting as
antioxidants [e.g., superoxide dismutase 1 (SOD1) and catalase (CAT)] were significantly upregulated
in the small intestine of HF/n-3 mice.

To further characterise the anti-obesogenic effect of n-3 LCPUFA, fatty acid metabolism was
examined in the small intestine, liver and iBAT. Moreover, the impact of fat quality and quantity on
hepatic metabolism was examined by comparative analyses of expression data from two different
mouse feeding studies [study 1: feeding study described above using a soybean / palm oil-based diet;
study 2: feeding study performed at the TUM-Chair of Nutrition Physiology using a soybean oil / beef
tallow-based HFD (60 kJ% fat)]. For both studies gene and protein expression analyses of key
lipogenic enzymes, such as acetyl-CoA carboxylases (ACC1 and ACC2), indicated diminished hepatic
de novo lipogenesis (DNL) upon long-term HFD feeding without posttranslational regulation via AMP-
activated protein kinase a (AMPKa), although the mechanisms seem to differ. Data from this thesis
suggest that the reduced hepatic triacylglycerol (TAG) content and the anti-obesogenic effect
observed upon HF/n-3 were rather related to enhanced combustion of fatty acids, whereby n-3
LCPUFA or their metabolic products target transcriptional regulatory pathways and AMPKa, and
fibroblast growth factor 21 (FGF21) might mediate their metabolic effects in iBAT. Furthermore,

expression data and subsequent correlation analyses suggest that HF/n-3 activated less efficient
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pathways for energy production, such as peroxisomal B-oxidation, in the small intestine and the liver,
and increased ATP consumption upon the induction of a TAG / free fatty acid (FFA) cycle in the iBAT,
which showed increased thermogenic and oxidative potential in HF/n-3 mice.

Altogether, the findings of this thesis based on expression data give new and interesting insights into
potential underlying mechanisms of the anti-obesogenic and anti-inflammatory impact of n-3
LCPUFA. However, for a better understanding of the physiological relevance of these findings and
potential conclusions, additional physiological and metabolic analyses should be performed. The
postulated counteractive impact of HF/n-3 on adverse effects induced by HF on the intestinal barrier
and endothelial permeability were difficult to study, since the fed plant oil-based HF (48 ki% fat) was
too moderate to induce an inflammatory response to disturb the intestinal barrier upon chronic HF
feeding compared to other published studies that applied HFDs with much higher fat content. In
addition, there are still open questions to be answered in the research field to explain controversial
data and different phenotypes with regard to intestinal barrier disruption upon chronic HFD feeding.
Possible parameters to consider in this context are feeding duration - acute versus long-term feeding
- and adaption processes or other factors like the hygiene status of the animal facilities - SPF animal
facility versus conventional animal housing - since differences in the intestinal microbiota of the mice

might change the phenotype.
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1 Introduction
1.1 High-fat diet-induced obesity
1.1.1  Obesity and its complications

Worldwide obesity has more than doubled since 1980. In 2014, more than 1.9 billion adults, 18 years
and older, were overweight, having a body mass index (BMI) above 25 kg/m?, and over 600 million of
these adults were obese (BMI > 30 kg/m? WHO 2015). The proportion of overweight adults in
Germany remained stable but on a high level, whereas the prevalence of obesity continued to rise,
especially among young adults (Mensink 2013). It is well established that obesity can increase the
risk of all major metabolic disorders, especially diabetes, cardiovascular disease, hypertension, and
fatty liver disease. The constellation of other diseases, which often coexist with obesity and include
hypertension, dyslipidaemia and insulin resistance, has been labelled the metabolic syndrome (MetS;
Eckel 2005). It was postulated, that the perivascular adipose tissue might hold the key to link obesity
with the development of MetS and diabetes as a result of an adverse influence upon the vasculature
(Yudkin 2005).

Moreover, hyperglycemia, a characteristic feature of type 1 and type 2 diabetes, plays a pivotal role
in diabetes and is associated with microvascular complications. However, dyslipidemia,
hyperinsulinemia, and adipose tissue-derived factors play a more dominant role by the occurrence
and progression of macrovascular disease (Bakker 2009). Macrovascular abnormalities include
myocardial infarction and cerebrovascular disease. They are associated with the damage in arteries,
whereby endothelial dysfunction favors atherosclerotic diseases. Microvascular abnormalities affect
small blood vessels, and include diabetic retinopathy, nephropathy and neuropathy (Bakker 2009,
Cade 2008). Albuminuria is the most important early clinical risk factor for diabetic nephropathy,
which is caused by hemodynamic changes and by the impairment of the glomerular filtration barrier

(Dronavalli 2008).

1.1.2 Diet-induced obesity mouse model

Besides genetic models of obesity, such as ob/ob or db/db mice, rodent models of diet-induced
obesity (DIO) through the administration of high-fat diet (HFD), are frequently applied to study
obesity and symptoms of metabolic syndrome like dyslipidemia and adipose tissue inflammation
(Kennedy 2010, Buettner 2007). In general, diets containing more than 30 % of total energy as fat
lead to the development of obesity. Therefore, the best approach to induce obesity in animals is to
use semi-purified HFDs containing animal fats at 40 % of energy, with a low amount of n-3 fatty acids

and of plant oils rich in n-6 and n-9 fatty acids (Buettner 2007). Fat is a very energy dense
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macronutrient and high-fat feeding is positively correlated with an increase in body fat mass. Initially,
this is likely to be caused by overconsumption due to weaker satiety signals from fat than from
carbohydrates and proteins but may be transient and substituted by other mechanisms like lowered
physical activity or a decrease in basal metabolic rate (Hariri 2010, West 1998). There exists no
standardised HFD for modelling HFD-induced obesity. Either animal fat (lard, beef tallow, fish oil) or
plant oils are used, with fat contents ranging from 20 % to more than 60 % of energy, but mixtures
are also possible (Buettner 2007). Apart from fat quantity (de Wit 2011) and type of fat (Buettner
2006), feeding duration (acute vs. chronic treatment; Newberry 2008, Yoshioka 2008), age and
gender (Lemonnier 1972), macronutrient composition (Hao 2012) and genetic background (Svenson
2007) determine the observed phenotypes. The n-6/n-3 fatty acid ratio is also considered important.
Its value is increased in Western diets (Simopoulos 2011). Due to this high variability, diet
composition and study design have to be characterised for comparison with other studies of HFD-

induced obesity.

1.2 Adipose tissue depots and their functions

The adipose tissue comprises besides adipocytes, non-fat cells such as immune cells, preadipocytes
and fibroblasts, in addition to connective tissue matrix, vascular and neural tissues (lbrahim 2010). It
is classically divided into two types, with origins in different precursor cells. The first one is the white
adipose tissue (WAT), a highly complex tissue well known by its ability to store energy in the form of
triacylglycerols (TAG). The other one is called brown adipose tissue (BAT). It shares with WAT the
capacity to synthesise and store lipids but it is specialised in oxidising lipids to dissipate chemical
energy in form of heat, in a process called adaptive thermogenesis (Cannon 2004). White adipocytes
usually contain a single giant (unilocular) lipid droplet, which occupies most of the cytoplasm, while
brown adipocytes, rich in mitochondria, are filled with a number of smaller (multilocular) lipid
droplets (Reddy 2014). A third type of adipocyte, named “beige” or “brite”, was described more
recently in rodents as an inducible cell type in WAT depots (Wu 2012a). Beige adipocytes are most
abundant in the inguinal WAT (Vitali 2012). However, it is still a matter of debate whether mature
white adipocytes undergo transdifferentiation into brown adipocytes (Cinti 2009) or if precursors,
which are already present in the tissue, differentiate into mature brown adipocytes (Wu 2012a).
Moreover, WAT can be further differentiated into subcutaneous - dorsolumbar, inguinal and gluteal -
and visceral - epididymal, mesenteric, perirenal and retroperitoneal - WAT (SCAT and VAT) depots
(Cinti 2005a). Perivascular adipose tissue is present around almost all blood vessels, particularly

conduit arteries (Yudkin 2005) and brown adipocytes can be found interspersed in many of the
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aforementioned depots. The most prominent brown fat depot in mice is the interscapular brown
adipose tissue (iBAT; Cinti 2005a, Figure 1).

During weight gain, different fat depots enlarge via hyperplasia, hypertrophy, or both (Tchoukalova
2010), whereby the visceral fat mass changes principally through adjustments in adipocyte size,
rather than number (DiGirolamo 1998). The principal function of adipose tissue is to store and
release fat in response to energy balance needs, but it also has immune, endocrine, regenerative,
mechanical, and thermal functions, with differences among fat depots (Tchkonia 2013). The adipose
tissue as an endocrine organ synthesises and secretes more than 100 factors (Hauner 2005).
Generally, the adipokines can influence energy metabolism as well as neuroendocrine and immune
functions (Tilg 2006). Once inflamed, the dysregulated adipose tissue shifts from storing to releasing
fatty acids (Faty 2012) and the fatty acid overflow into “ectopic’” sites can lead to lipotoxicity and
insulin resistance (Yki-Jarvinen 2002). Ectopic lipid deposition affects different tissues, such as the
liver, which shows impaired insulin signalling (Kumashiro 2011). This in turn leads to increased
glucose output and the pancreas, which tries to counteract the hyperglycemia, induces
hyperinsulinemia (Kahn 2006). Besides its influence on the development of non-alcoholic fatty liver
disease (NAFLD; Angulo 2007), the VAT is also associated with the pathophysiology of inflammatory
intestinal and mesenteric diseases, e.g., Crohn’s Disease (Schaffler 2005). The role of mesenteric
adipose tissue (MAT) in obesity-related pathologies might be caused by impaired gut barrier function
(Li 2008). MAT is attached to the abdominal back wall and the small intestine (Cinti 2005a) and it
releases free fatty acids (FFA) into the portal circulation, which goes directly into the liver
(Matsuzawa 1995). Furthermore, another study shows its critical role in the development of insulin
resistance (Catalano 2010). However, active BAT is associated with the protection against obesity and
associated metabolic alterations, whereby its beneficial effect could involve the release of endocrine

factors (Villarroya 2013a).
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Figure 1. Selected adipose tissue depots in the mouse. Adipose tissue depots can be classically
divided into white adipose tissue (d) and brown adipose tissue (BAT). The BAT shown here is the
interscapular depot (iBAT) in the neck region of the animal. WAT can be further divided into
subcutaneous (SCAT) and visceral white adipose tissue (VAT) depots. The SCAT is shown here with
dorsolumbar, inguinal and gluteal fat depots. The VAT depots include the intra-abdominal mesenteric
adipose tissue (MAT) attached to the abdominal back wall and the small intestine, the perirenal and
retroperitoneal fat depots surrounding the kidneys and the epididymal adipose tissue (EAT) attached
to the epididymis of male mice. Adapted from Cinti 2005a

1.3 Long-chain polyunsaturated fatty acids
1.3.1 Classification and conversion

Fatty acids are carboxylic acids that are characterised by variable carbon chain lengths and the
number of carbon double bonds. Besides the classes of saturated and monounsaturated fatty acids
(SFA and MUFA) there are the polyunsaturated fatty acids (PUFA), which are distinguished by two or
more double bonds in their carbon chain skeleton. The position of the double bond is depicted by n
or w. The n-6 PUFA possess a double bond at the sixth carbon while the n-3 PUFA possess the double
bond at the third carbon counted from the methyl end (Poudyal 2011). Generally, SFA have been
associated with the appearance of obesity and insulin resistance, whereas MUFA and long-chain

polyunsaturated fatty acids (LCPUFA) are considered beneficial (Nettleton 2014).
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Complex series of desaturation and elongation reactions can transform linoleic acid (LA, 18:2n-6) and
a-linolenic acid (ALA, 18:3n-3) to their higher unsaturated derivatives: arachidonic acid (AA, 20:4n-6)
from LA, eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) from ALA,
but with very low conversion rates (Goyens 2005). Limited retro-conversion of DHA to EPA by
peroxisomal B-oxidation is also possible (Poudyal 2011). LA and ALA are abundant in plant oils,
whereas EPA and DHA are mainly found in fatty fish enriched from feeding on marine microbes
(Russo 2009). Moreover, AA and EPA are precursors of different classes of pro-inflammatory or anti-
inflammatory eicosanoids (Figure 2), which are also involved in vasoregulation, platelet activation

and the regulation of permeability or chemotaxis (Schmitz 2008).

n-6 LCPUFA series n-3 LCPUFA series
m o a-Linolenic acid (ALA) 18:3n-3

o Arachidonic acid (AA) 20:4n-6 o Eicosapentaenoic acid (EPA) 20:5n-3

o' "

Leukotrienes / Lipoxins
(4-series)
Prostaglandins / Prostacyclins /

Q0
Thromboxanes (2-series) l FADS2
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Prostaglandins / Prostacyclins /
Thromboxanes (3-series)

HETEs / EETs HEPEs / EEQs

Peroxisomal
B-oxidation

5-/12- / 15-HPETEs
5-/12-/ 15-HETEs

5-/12- / 15- HPEPEs [ Resolvins (E-series)
5-/12- / 15-HEPEs

2 Docosahexaenoic acid (DHA) 22:6n-3
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HDOHES/EDPS_I Cvp4s0 ’J_‘ LoX Maresins

Figure 2. Lipid mediators generated from long-chain polyunsaturated fatty acids (LCPUFA). LCPUFA
can be divided into two groups depending on the position of the double bond, depicted by n or w.
The n-6 PUFA possess a double bond at the sixth carbon while the n-3 PUFA possess the double bond
at the third carbon counted from the methyl end. Linoleic acid (LA, 18:2n-6) and a-linolenic acid
(ALA, 18:3n-3) are essential fatty acids and are precursors for arachidonic acid (AA, 20:4n-6) and
eicosapentaenoic acid (EPA, 20:5n-3), respectively, but also for enzymatically generated lipid
mediators. These lipid mediators often possess contrary actions depending on the molecule of origin.
They are involved in the modulation of inflammation, vasoregulation, platelet activation and in the
regulation of permeability or chemotaxis. Moreover, EPA can be further elongated and desaturated
into docosahexaenoic acid (DHA, 20:6n-3) and it serves as precursor to certain anti-inflammatory and
pro-resolution lipid mediators. Enzymes are framed. COX, cyclooxygenase; CYP450, cytochrome
P450; EDP, epoxydocosapentaenoic acid; EEQ, epoxyeicosatetraenoic acid; EET, epoxyeicosatrienoic
acid; ELOVL, elongation of very long-chain fatty acids protein (elongase); FADS, fatty acid desaturase;
HDoHE, hydroxydocosahexaenoic  acid; HEPE, hydroxyeicosapentaenoic  acid; HETE,
hydroxyeicosatetraenoic acid; HPEPE, hydroperoxyeicosapentaenoic acid; HPETE,
hydroperoxyeicosatetraenoic acid; LOX, lipoxygenase. Adapted from Poudyal 2011 and Russell 2012
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1.3.2 Mechanism of action

Both n-6 LCPUFA and n-3 LCPUFA are precursors of signalling molecules with opposing effects, which
modulate membrane microdomain composition, receptor signalling and gene expression (Schmitz
2008). EPA and DHA are vital for cellular function, whereas DHA is high abundant in membrane
phospholipids of the retina and the brain (Singh 2005). Moreover, LCPUFA derived from diet or
endogenous synthesis can be incorporated into membrane phospholipids and they can be released
again by phospholipase A2 or phospholipase C for eicosanoid synthesis (Figure 2). During this process
also diacylglycerol (DAG) is released. An increase in n-3 LCPUFA in membrane phospholipids reduces
the availability of AA for eicosanoid production, and EPA and DHA also decrease the liberation of AA
from phospholipids (Shikano 1994). Besides that, the LCPUFA content of biological membranes
significantly influences their physical properties. It increases membrane fluidity and alters protein
function and trafficking, and vesicle budding and fusion (Spector 1985, Stulnig 2001). Furthermore,
LCPUFA influence gene expression indirectly via changes in membrane composition, alterations in
second messenger concentrations (Calder 1998), and the activation of membrane receptors (Oh
2010) by inducing cell signalling processes (Sampath 2005). The transcription factor activity is
regulated either by this LCPUFA-mediated signalling or by direct activation with LCPUFA as
transcription factor ligands, but also nuclear abundance of transcription factors can be regulated
(Jump 2008). LCPUFA and their metabolites can directly bind the transcription factors peroxisome
proliferator actifed receptors (PPARa, B/8, y1 and y2), hepatic nuclear factor 4a (HNF-4a), retinoic
acid X receptor (RXR), and liver X receptor a (LXRa). However, sterol regulatory element binding
protein 1 (SREBP1), nuclear factor kB (NFkB), carbohydrate regulatory element binding protein
(ChREBP), max-like factor X (MLX), CCAAT / enhancer binding protein (C/EBPB), and hypoxia-
inducible factor 1 (HIF1a) are regulated independently of ligand binding (Jump 2008, Schmitz 2008,
Sampath 2005).

N-3 LCPUFA exert numerous beneficial effects on health, including improvements in lipid metabolism
and the prevention of obesity and diabetes. However, data in humans are scarce and not clear
(Buckley 2009). Only few studies in obese humans demonstrate a reduction of adiposity after n-3
LCPUFA supplementation, which might depend possibly in part on the dietary macronutrient
composition (Hao 2012). In animals, the majority of literature indicates anti-obesity effects. As found
in mice, the anti-obesity effect could reflect in part the inhibition of fat cell proliferation (Ruzickova
2004), while the metabolic effects could depend on increased lipid catabolism in the small intestine
(van Schothorst 2009) and the liver (Dossi 2014). In WAT, n-3 LCPUFA can increase mitochondrial
oxidative capacity (Flachs 2005). Moreover, increased uncoupling protein 1 (UCP1)-mediated

adaptive thermogenesis in BAT might also play a role in the anti-obesity effect of n-3 LCPUFA
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(Ohinata 1998, Oudart 1997), whereby some reports also say that every PUFA is capable to induce
thermogenesis to the same extent (Sadurskis 1995, Cannon 2004).

LCPUFA are also important mediators of inflammation, whereby n-6 LCPUFA and n-3 LCPUFA have
potent pro- and anti-inflammatory effects, respectively. Furthermore, n-3 LCPUFA affect several
functions of immune cells. They can decrease leukocyte chemotaxis and inflammatory cytokine
production (Calder 2013) or increase phagocytosis (Gorjao 2006) and induce the anti-inflammatory
M2 polarization in macrophages (Titos 2011). The anti-inflammatory effects of n-3 PUFA (Todoric
2006) depend in large on the formation of their active metabolites, which originate from either
targeted enzymatic synthesis, as in case of resolvins and protectins (Serhan 2008) or from non-
enzymatic oxidation reactions (Musiek 2008). They can act as ligands for surface receptors, namely
the lipid sensor G protein-coupled receptor 120 (GPR120; Oh 2010) or might interact with
transcription factors like PPARy and NFkB.

In addition to a classic lipid-lowering action, n-3 LCPUFA can regulate blood pressure and enhance
vascular integrity and compliance. Beside that, they can protect vascular endothelial cells by
decreasing oxidative stress, halting atherosclerotic events, and preventing vascular inflammatory and
adhesion cascades. The enhanced generation and bioavailability of endothelium-derived relaxing
factor nitric oxide (NO), through upregulation and activation of endothelial nitric oxide synthase
(NOS3) by n-3 LCPUFA, might explain the improved vascular endothelial function (Balakumar 2012).
However, the cardio-protective effect of n-3 LCPUFA seems to depend on their dosage (Lavie 2009).
Moreover, the effect of n-3 LCPUFA on vascular integrity might involve the regulation of tight

junctions (Jiang 1998).

1.4 Obesity and inflammation

Obesity is associated with a chronic low-grade inflammatory state (Hotamisligil 2006). Thus, the
enlarged adipocytes, the decreased blood flow (Frayn 2003) and the hypoxic condition (Trayhurn
2013) favour pro-inflammatory conditions (Rausch 2008), which can in turn induce insulin resistance
(Olefsky 2010). Moreover, metabolites of fatty acids and glucose (DAG, ceramide, reactive oxygen
species (ROS), etc.) and the induction of endoplasmic reticulum (ER) stress contribute to
inflammation by activation of serine kinases (Brose 2002, Ozcan 2004). On the one hand, the
expansion of the fat depots in obesity is accompanied by the infiltration of immune cells, including
macrophages (Weisberg 2003), T cells (Kintscher 2008, Nishimura 2009), B cells (Winer 2011), natural
killer T cells (Wu 2012b) and neutrophils (Elgazar-Carmon 2008). On the other hand, the numbers of
regulatory T lymphocytes (Feuerer 2009) and eosinophils (Wu 2011) seem to be reduced compared

with lean mice. Furthermore, in obesity, increased fatty acid release from either viable or dying
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adipocytes may attract macrophages into adipose tissue (Suganami 2007, Kosteli 2010) with the help
of monocyte chemoattractant protein-1 (MCP1; Yu 2006) or osteopontin (OPN; Nomiyama 2007).
Besides that, the macrophages may shift their phenotype from the anti-inflammatory M2 towards
the pro-inflammatory M1 phenotype (Lumeng 2007) and form crown-like structures (CLS). M1 and
M2 macrophages are merely regarded as two extremes of a continuum of functional stages (Mosser
2008), which can be further subdivided according to their function. For instance, M2a designation
defines those macrophages stimulated by interleukin (IL)4 / IL13, M2b refers to macrophages
activated by stimuli such as apoptotic cells in concert with lipopolysaccharide (LPS) and M2c relates
to polarization in response to IL10, transforming growth factor (TGF)B, or glucocorticoids (Martinez
2008). However, macrophage activation seems to be plastic and fully reversible. They are involved in
inflammation and resolution (Porcheray 2005).

In addition to adipose tissue, the liver shows increased numbers of macrophages during obesity,
which can promote obesity-induced hepatic steatosis (Obstfeld 2010). In obesity-related diseases,
toll-like receptor and inflammasome pathways have been suggested to drive low-grade
inflammation. They are triggered by SFA and elevated glucose level (Masters 2011), and mediated by
the transcription factor NFkB (Baker 2011). Furthermore, LPS absorbed by the intestine might
promote systemic low-grade inflammation (Cani 2008). On the whole, it seems that inflammation

induced by DIO affects adipose tissue, liver and intestine (Li 2008).

1.5 Obesity and the vessel system

1.5.1 The vessel system

The endothelium, a monolayer of endothelial cells, constitutes the inner cellular lining of the blood
vessels and the lymphatic system, and forms collectively with pericytes, smooth muscle cells and the
basal membrane the blood vascular wall. Moreover, the vascular tree is subdivided into
macrovasculature, composed of arteries and veins, and microvasculature, which consists of
arterioles, capillaries and venules (Figure 3). These different vessel types differ in their diameter, the
thickness of the gylcocalyx lining the surface of endothelial cells, and in their function. Furthermore,
the macrovasculature is responsible for the rapid transport of blood and the microvessels regulate
local blood perfusion and conduct blood-tissue exchange. The arterioles control the local blood flow
and blood-tissue exchange takes place in capillaries and postcapillary venules, whereas the capillaries
are major sites of fluid passage and postcapillary venules are the primary location for leukocyte
diapedesis and plasma protein leakage (Yuan 2010). The lymphatic system in turn plays a role in the
maintenance of tissue fluid pressure homeostasis, the immune response and the intestinal

absorption and transport of dietary lipids (Jurisic 2009). Besides its barrier function, the endothelium
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is a predominant player in the control of blood fluidity, platelet aggregation and vascular tone, and it
takes part in the regulation of immunology, inflammation and angiogenesis.

A structural heterogeneity is observed in endothelial cells, which accounts for their different basal
permeability properties. Thus, the differences in intercellular junctions lead to the classification of
continuous, fenestrated and discontinuous / sinusoidal endothelium (Figure 3). Continuous
endothelium is found in most arteries, veins and capillaries of the brain, skin, lung, heart and muscle.
Fenestrated endothelium is identified by the presence of transcellular 50- to 60-nm-wide pores,
which are sealed by a 5- to 6-nm-thick diaphragm and is observed in tissues with an elevated
transendothelial transport or an increased filtration role, such as endocrine and exocrine glands,
gastrointestinal tract, choroid plexus, kidney glomeruli and subpopulations of renal tubules. Finally,
the discontinuous endothelium, found predominantly in sinusoidal vascular beds in the liver, is
associated with a poorly structured basal membrane and is characterised by the presence of large

100- to 200-nm-wide fenestrations without diaphragm (Félétou 2011, Sarin 2010).
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Figure 3. The vessel system. The vascular tree is subdivided into macrovasculature, composed of
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arteries and veins, and microvasculature, which consists of arterioles, capillaries and venules. These
different vessel types differ in their diameter, the thickness of the gylcocalyx lining the surface of
endothelial cells, and in their function. A structural heterogeneity is observed in endothelial cells,
which accounts for their different basal permeability properties. The differences in intercellular
junctions led to the classification of continuous, fenestrated and discontinuous / sinusoidal
endothelium. PLVAP, plasmalemma vesicle-associated protein; TEC, transendothelial channel; VVO,
vesiculo-vacuolar organelle. Adapted from Atkins 2011 and Sarin 2010
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1.5.2 Vascular permeability

Hence, like the epithelial lining of several organs (e.g., small intestine) the vascular endothelium acts
as a barrier but, at the same time, it behaves as a permeable filter. Macromolecules, fluids and cells
can pass the endothelium either through (transcellular) or between cells (paracellular). The vascular
permeability is defined by the combination of these pathways, whereas the latter is a major
contributor to the inflammation-induced permeablity (Komarova 2010). Moreover, vascular
hyperpermeability, which can be subdivided into acute or chronic (Dvorak 2010), provides the access
of leukocytes to the inflamed tissue and can be accompanied by fluid accumulation in the
interstitium. Besides that, normal basal vascular permeability is regulated by sphingosine-1-
phosphate and cyclic adenosine monophosphate (cAMP) signalling (Belvitch 2012, Roberts 2014),
and angiopoietin-1 binding to its receptor endothelial-specific receptor tyrosine kinase (TEK) is
barrier protective (Augustin 2009).

The kind and mass of plasma solvents and solutes crossing the vascular wall depends on size, shape
and charge of the extravasating molecule, pressure and concentration gradients, hemodynamic
forces (blood flow, vascular area available for exchange), lymphatic drainage, and the intrinsic
permeability of the vascular wall. Moreover, the intrinsic permeability is defined by the thickness of
the negatively charged glycocalyx that serves as a size- and charge-selective filter, the nature of the
endothelium (continuous, fenestrated or discontinuous), and the pathway (transcellular or
paracellular) the molecule takes (Yuan 2010).

The transcellular transport involves receptor-dependent or -independent mechanisms (fluid phase
transcytosis), and is mediated by endothelial caveolae, vesiculo-vacuolar organelles (VVO),
transendothelial channels (TEC) and fenestrae (Figure 3). The paracellular pathway is defined by the
intercellular junctions (Figure 3), the adherens junctions (AJ; cadherins (CDH) and platelet-endothelial
cell adhesion molecule (CD31)) and the tight junctions (TJ; claudins, occludin (OCLN), junctional
adhesion molecules), whereby AJ mainly govern the permeability of endothelial cells and TJ proteins
the permeability of epithelial cells (Harris 2010, Suzuki 2013). Moreover, gap junctions, mainly found
in larger vessels, not significantly contribute to endothelial barrier function, but they are involved in
the transport of small metabolites, second messengers and ions, and mediate cell-to-cell
communication (Brisset 2009).

The stability of the CDH5-catenin-cytoskeleton complex is essential for the maintenance of junction
integrity. The actomyosin contractility is increased by phosphorylation of myosin regulatory light
chain and AJ disassembly is induced by phosphorylatin of AJ proteins. Besides that, physical forces
(e.g., shear stress) or biological factors (e.g., inflammatory mediators) cause changes in endothelial
permeability by altering the expression of cell-cell junction proteins or cell-matrix adhesion

molecules over the long-term or by inducing conformational reorganisation of the junction or focal
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adhesion complexes when stimulated by acute inflammatory agents. A variety of intracellular
signalling molecules are involved in these changes. In general, the canonical pathway, which leads to
increased permeability, includes the elevation of intracellular calcium and the activation of protein
kinase C, myosin light-chain kinase, Src family kinases, and the small GTPase RhoA (Yuan 2010,

Geraldes 2010, Rigor 2013, Hu 2008, Amado-Azevedo 2014).

1.5.3 Obesity and endothelial dysfunction

The development of the obese condition can have profound impacts on integrated vascular function,
whereby dyslipidemia, glucose intolerance, insulin insensitivity, hypertension, pro-thrombotic and
pro-inflammatory environments play an important role in the pathophysiology of obesity (Stapleton
2008). During obesity-associated chronic inflammation, the vasculature undergoes functional and
structural changes, a phenomenon termed endothelial cell activation. These changes include
impaired perfusion and increased vascular permeability as well as proadhesive, antigen-presenting
and procoagulant activities (Félétou 2011, Aird 2007). However, activated endothelial cells also
exhibit a reduction in glycocalyx thickness and an increased rate of apoptosis. Under normal
conditions, endothelial cells become activated according to environmental needs, however,
endothelial dysfunction, a term that encompasses multiple potential defects of the endothelial cells,
contributes to various pathological states. Endothelial dysfunction is thought to be a key event in the
development of atherosclerosis, a macrovascular complication associated with obesity, but
endothelial dysfunction also takes place in microvessels (microvascular rarefaction and
hyperpermeability). Endothelial dysfunction is characterised by reduced NO availability secondary to
an enhanced oxidative stress production and subsequent impaired vasodilatory response. It is also
associated with endothelial hyperpermeability that clinically manifests as edema, an abnormal fluid

accumulation in the interstitium (Granger 2010, Yuan 2010).

1.6 Fatty acids and metabolism
1.6.1 Lipid homeostasis

Lipid homeostasis (Figure 4) depends on a well-orchestrated balance between fatty acid synthesis,
lipid oxidation, and lipid storage. It is also tightly intertwined with carbohydrate and protein
metabolism (Rui 2014). The small intestine is the primary site for the absorption of fatty acids,
glucose, amino acids and other nutrients. Moreover, in the intestine parts of the nutrients are
oxidised for energy generation but most of the nutrients are released. On the one hand, amino acids

and glucose enter the portal vein through the mucosal vasculature and then reach the liver (Rui
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2014), on the other hand, TAG, packaged as soluble chylomicrons and very low-density lipoprotein
(VLDL), is transported through lymph vessels and enters the blood circulation through the thoracic
duct (Yadnez 2011). Reaching the tissue, lipoprotein lipase (LPL) hydrolyzes the TAG of chylomicrons
and VLDL to form FFA, which are subsequently taken up by the fatty acid translocase CD36 (Goldberg
2009). In this process angiopoietin-like 4 (ANGPTLA4) is an extracellular inhibitor of LPL (Lafferty 2013).
Within the cell, e.g., hepatocyte, the fatty acids released from adipose tissue or absorbed from food
digestion in the intestine are oxidised to generate energy or are esterfied with glycerol-3-phosphate
to generate TAG, which are stored in lipid droplets or are secreted into the circulation as VLDL
particles. Fatty acids are also incorporated into phospholipids that are an essential component of cell
membranes and the surface layer of lipid droplets or VLDL (Rui 2014). Fatty acid B-oxidation can
occur in both mitochondria and peroxisomes, whereby peroxisomal and mitochondrial B-oxidation
essentially differs in substrate specificities, for example, peroxisomes can also handle very long-chain
and branched-chain fatty acids (Violante 2013). Moreover, fatty acids also undergo w-oxidation
forming dicarboxylic acids, which are further oxidised in peroxisomes (Wanders 2011). Endproducts
of peroxisomal B-oxidation (medium-chain fatty acids) can be converted to acylcarnitines and are
further oxidised to acetyl-CoA in mitochondria (Violante 2013). Beside that, glucose is taken up by
glucose transporters (GLUT). Within the cell, glucose is converted into pyruvate by glycolysis or is
stored as glycogen. Acetyl-CoA, a common intermediate of glucose and fatty acid oxidation, enters
either the citric acid cycle for complete oxidation, producing reducing equivalents that fuel
mitochondrial respiration, or it is utilized for lipogenesis (Rui 2014). Two separate genes, acetyl-CoA
carboxylases ACC1 and ACC2, encode the two major isoforms of ACC. They are involved in different
pathways. The malonyl-CoA synthesised by ACC1 is used in fatty acid synthesis, whereas the malonyl-
CoA synthesised by ACC2 is involved in the control of FFA oxidation (Abu-Elheiga 2001). Carnitine
palmitoyltransferase 1 (CPT1), which controls the rate limiting step of mitochondrial B-oxidation, is
known to be regulated allosterically by malonyl-CoA. Thereby, malonyl-CoA that is generated by
ACC2 causes an inhibition of CPT1 and leads to reduced fatty acid import into mitochondria. Malonyl-
CoA levels are mainly controlled by AMP-activated protein kinase (AMPK)-induced phosphorylation
of ACC. AMPK as a central regulator of cellular energy homeostasis activates catabolic processes and
represses many anabolic processes (Hardie 2011).

For storage, the fatty acids have to be esterificated with glycerol-3-phosphate, which can be formed
from glucose via glycolytic pathway; from glycerol, which is converted to glycerol-3-phosphate by
glycerol kinase (GYK); and from precursors other than glucose and glycerol (such as pyruvate, lactate
and amino acids) by glyceroneogenesis. During glyceroneogenesis, phosphoenolpyruvate is formed
via the mitochondrial dicarboxylic shuttle and subsequently glycerol-3-phosphate is produced by a

partial reversion of glycolysis (Festuccia 2003). Finally, lipid storage is regulated by TAG synthesis and
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lipolysis, whereby proteins involved in lipolysis are highly controlled by phosphorylation or co-
regulatory proteins (Nielsen 2014).

Furthermore, PPARa is the master regulator of fatty acid B-oxidation and peroxisome proliferative
activated receptor, gamma, coactivator 1 (PGC1) is capable of driving virtually all aspects of
mitochondrial biogenesis. PGC1 increases the number of mitochondria, thereby elevating
mitochondrial respiratory capacity and it activates genes that encode proteins of the respiratory
chain and proteins involved in fatty acid oxidation (Scarpulla 2012). Moreover, in BAT, FFA are the

substrate for thermogenesis and they are also involved in the regulation of UCP1 (Rial 1983).
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Figure 4. Lipid homeostasis in BAT. Enlisted are pathways and their enzymes involved in fatty acid
and glucose uptake and metabolism. Cellular compartments are marked in blue writing and
metabolic pathways in red writing. Proteins involved in the pathways are highlighted by boxes. ACC,
acetyl-CoA carboxylase; ACOX1, acyl-CoA oxidase 1; AGPAT9, 1-acylglycerol-3-phosphate
O-acyltransferase 9; AMPK, AMP-activated protein kinase; ANGPTL4, angiopoietin-like 4; ATGL,
adipose triglyceride lipase; ATP, adenosine triphosphate; CD36, fatty acid translocase; CPT1a,
carnitine palmitoyltransferase 1a; CS, citrate synthase; CYP4al0, cytochrome P450, family 4,
subfamily a, polypeptide 10; DGAT, diglyceride acyltransferase; FABP3, fatty acid binding protein 3;
FFA, free fatty acids; G0S2, GO/G1 switch 2; GDP, guanosine diphosphate; GLUT, glucose transporter;
GYK, glycerol kinase; H*, proton; HK2, hexokinase 2; HSL, hormone sensitive lipase; LDHB, lactate
dehydrogenase; LPBE, enoyl-Coenzyme A hydratase; LPL, Lipoprotein lipase; P, phosphate or
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phospho; p47PHOX, neutrophil cytosolic factor 1; PCK1, phosphoenolpyruvate carboxykinase 1;
PGC1la/B, peroxisome proliferative activated receptor, gamma, coactivator 1 o/B; PLIN, perilipin;
PPARa, peroxisome proliferator activated receptor a; TAG, triacylglycerol; UCP1, uncoupling protein
1; VLDL, very low-density lipoprotein.

1.6.2 Diet-induced thermogenesis

BAT has been recognised as the main site of nonshivering thermogenesis in mammals, and there are
indications that it is also the site of the process called diet-induced thermogenesis (DIT). Compared
to cold-induced thermogenesis, DIT is triggered by specific food compounds. PUFA, as well as other
dietary components, induce thermogenesis, inter alia, impinging on UCP1 expression / activity
(Sadurskis 1995, Oudart 1997). It must be kept in mind that DIT, in absolute terms, not only includes
the heat production in iBAT (facultative DIT), but also the energy cost due to absorption, digestion
and storage of nutrients (obligatory DIT; Oudart 1997). Thermogenic processes occur via a unique
biochemical property of the mitochondria in brown adipocytes, wherein the brown adipocyte-
specific protein UCP1 physiologically uncouples the respiratory chain by interacting with the
respiratory chain and dissipating chemical energy as heat (Figure 4). In this context, the activation of
the sympathetic nervous system by cold or overfeeding induces the thermogenic activity of BAT via
distinct cellular processes. They include the rapid activation of the existing UCP1 and transcriptional
induction of the genes that encode UCP1, components of the enzymatic machinery responsible for
oxidising metabolic substrates, and components of the cellular machinery, which are responsible for
the active uptake of lipids and glucose from the circulation to sustain oxidation and thermogenesis.
Thermogenic capacity is also enlarged by increasing the total number of brown adipocytes, its degree
of differentiation and its mitochondrial density. In addition, the vascular supply must be considered
(Cannon 2004). Thermogenic capacity can also be increased by PPARy agonists (Sell 2004), whereby
FFA are the substrate for thermogenesis, but they are also involved in the regulation of UCP1 (Rial
1983).

Activation and recruitment of BAT by various physiological and pharmacological stimuli (Villarroya
2013b) give rise to consistent reduction of body fatness (Rothwell 1979, Feldmann 2009). Thus,
impaired thermogenesis by BAT might be one of the causes of obesity, at least in small rodents.
Moreover, recent studies have indicated regulatory roles of BAT for insulin sensitivity, glucose
homeostasis, and lipoprotein metabolism (Stanford 2013, Bartelt 2011), suggesting that BAT may
also improve metabolic syndrome. Besides that, an imaging study in humans has revealed that adults
possess BAT depots that are metabolically active and thus make BAT a target for obesity
management (Ouellet 2012). Finally, the induction of browning might be a novel method of

increasing whole body energy expenditure and combating obesity (Harms 2013).
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1.7 Preliminary results of mouse feeding studies that used differential HFDs

Two mouse feeding studies were performed at the TUM-Chair of Nutritional Medicine (Prof. Dr.
Hauner) and the TUM-Chair of Nutrition Physiology (Prof. Dr. Daniel), respectively. The
corresponding studies examined the improvement of overall health status in DIO mice upon different
substitution / supplementation of HFDs (Ludwig 2013, Dahlhoff 2014). However, the mouse studies
not only differed in the kind of substitution / supplementation analysed, moreover, HFDs distinct in

fat quantity (48 kl% vs. 60 kl% fat) and fat quality (palm oil vs. beef tallow) were applied.

1.7.1  Previous findings regarding the impact of n-3 LCPUFA-enriched HFD

In studies emphasising anti-obesogenic and anti-inflammatory effects of n-3 LCPUFA, diets with very
high fat content (Janovska 2013), not well-defined fat quality (Todoric 2006), and extreme n-6/n-3
PUFA ratios (Huber 2007) have been applied frequently. However, at the TUM-Chair of Nutritional
Medicine, the impact n-3 LCPUFA and/or n-6/n-3 PUFA ratio on DIO and its pathological
characteristics was examined, feeding male C57BL/6J mice defined HFDs for 12 weeks (Ludwig 2013).
Mice were fed a control diet with 13 k% fat (C), a high-fat diet (HF) or n-3 LCPUFA-enriched HFD
(HF/n-3) with unbalanced (C, 9.85:1; HF, 13.5:1) or balanced (HF/n-3, 1:0.84) n-6/n-3 PUFA ratio,
respectively. The moderate HFDs (48 ki% fat) were based on soybean and palm oil. In the study by
Ludwig et al. (Ludwig 2013) findings indicated that in a DIO mouse model n-3 LCPUFA exert anti-
obesogenic effects and apparently improve the overall health status of obese mice. Those effects
became apparent by a reduced increase in body weight and fat mass, smaller adipocytes in MAT than
epididymal adipose tissue (EAT), improved insulin level, and lower hepatic TAG and plasma non-
esterified fatty acids (NEFA) levels. Interestingly, the HF/n-3 animals ingested slightly more energy
than HF animals but excreted less energy, indicating a n-3 LCPUFA-induced increase in energy
expenditure. Compared with control, gene expression data of key enzymes involved in hepatic
lipogenesis and mitochondrial or peroxisomal B-oxidation showed a significant reduction of ACC1
upon HF/n-3, a significant increase of CPT1a upon HF and a significant upregulation of acyl-coenzyme
A oxidase 1 (ACOX1) in both high-fat groups, moreover, the respective levels of ACOX1 were
significantly higher for HF/n-3 than for HF animals. In addition, UCP1 mRNA level was significantly
increased in iBAT upon HF/n-3 compared with HF and C, indicating increased energy expenditure by
DIT in these animals.

Furthermore, pathway-specific RT? Profiler™ RT-gPCR arrays for “T and B cell activation” and
“Endothelial cell biology” had been carried out with samples of MAT and with mucosal tissue of the
small intestine, respectively. The resulting data pointed to T and B cell activation in MAT and an

alleviation of HFD-induced endothelial cell activation in the upper small intestine (USI) upon HF/n-3
25



Introduction

compared to HF feeding. Further gene expression analyses showed a significant increase of the
chemoattractants MCP1 and OPN in MAT and EAT upon both HFDs compared to control, whereby
OPN mRNA levels were even more pronounced in HF/n-3 compared with HF animals. Besides that,
the significantly enhanced gene expression levels of the pro-inflammatory tumor necrosis factors a
(TNFa) and the anti-inflammatory IL10 upon HF/n-3 compared to control in EAT, but not in MAT,
suggested n-3 LCPUFA-induced inflammatory changes preferentially in EAT. Analysing the mRNA
levels of Integrin a-X (ITGAX) and mannose receptor, C type 1 (MRC1), encoding the surface markers
CD11c (marker for the pro-inflammatory M1 macrophage subtype) and CD206 (marker for the anti-
inflammatory M2 macrophage subtype) in MAT and EAT, respectively, significantly increased
expression levels were observed upon HF/n-3 compared to controls. In addition, the array result for
interferon regulatory factor 4 (IRF4), which participates in the regulation of alternative macrophage
priming (Eguchi 2013), displayed enhanced expression in HF/n-3 animals compared to HF animals.

However, no clear pro- or anti-inflammatory potential could be demonstrated for n-3 LCPUFA in MAT
or EAT, although changes of plasma SAA levels and mRNA levels of cell adhesion molecules (ICAM1
and VCAM1) in the small intestine indicated an alleviation of HF-induced systemic inflammation and
intestinal endothelial cell activation upon HF/n-3. Moreover, analysis of immune cell infiltration in
adipose tissue was missing (findings from this thesis were published in Ludwig et al.) and the higher

energy expenditure upon HF/n-3 than HF feeding cannot be explainded by the results so far.

1.7.2  Previous findings regarding the impact of methyl-donor supplemented HFD

In another feeding trial carried out at the TUM-Chair of Nutrition Physiology, it was assessed whether
NAFLD, induced by HFD over 8 weeks, can be reversed in mice by additional 4 weeks of dietary
methyl-donor supplementation (MDS; Dahlhoff 2014). Mice were fed a control diet with 11 kJ% fat
(C%) or a soybean oil / beef tallow-based HFD with 60 kl% fat (HF%) for 12 weeks. In the study by
Dahlhoff et al. (Dahlhoff 2014) findings indicated that in a DIO mouse model therapeutical MDS failed
to reverse NAFLD, but it prevented the progression of hepatic steatosis due to a reduction of hepatic
TAG and NEFA content. Increased activation of AMPKa and the upregulation of enzymes involved in
fatty acid B-oxidation in the liver upon HF® / methyl-donor supplemented diet (HFMS) suggested an
increase in catabolic pathways that prevent further hepatic lipid accumulation. For both high-fat
groups, the gene expression of CPTla was significantly upregulated compared to control and
Western blot analysis showed a significant increase in P-AMPKa and P-AMPKa/AMPKa ratio,
whereby total AMPKa content remained unaffected. When comparing HFMS mice and HF* mice,
significant higher levels of P-AMPKa and P-AMPKa/AMPKa ratio, and a significantly enhanced B-

hydroxyacyl CoA dehydrogenase activity were found upon HFMS in the liver.
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The hepatic C1-metabolism, enzymes involved in this metabolic process were found to be modulated
by methyl-donors and n-3 LCPUFA (Dahlhoff 2014, Huang 2012), is of prime importance in hepatic
lipid homeostasis providing methyl-groups for the biosynthesis of phosphatidylcholine. Thus, the
beneficial effect of MSD supplementation on the progression of hepatic lipid accumulation in obese
mice, which were observed in the study by Dahlhoff et al. might most likely be explained by the
restored repression of phosphatidylcholine synthesis. In this context, AMPK was considered to link
C1-metabolism and B-oxidation.

However, analysis of de novo lipogenesis (DNL), another metabolic process that defines hepatic TAG
accumulation and is controlled by AMPK, was missing (findings from this thesis were published in
Dahlhoff et al.). Noteworthy, the HF® used in the study by Dahlhoff et al. differed from the HF used in

the study by Ludwig et al. in terms of fat quantity and quality (Ludwig 2013).
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2 Aim of the thesis

The literature on high-fat diet (HFD)-induced obesity with n-3 long-chain polyunsaturated fatty acid
(LCPUFA) intervention is complex and due to the lack of dietary standards to model diet-induced
obesity (DIO), its findings are hardly comparable. The DIO mouse model used in this thesis is
characterised by well-defined diet composition and study design, and it provides an opportunity for
mechanistic examination of the pathways involved in the favourable effects of n-3 LCPUFA-enriched
HFD (HF/n-3) in a broad tissue context. Preliminary findings of this mouse study (cf. 1.7.1) that
indicated differential inflammatory, metabolic, and vascular changes upon HFDs (HF and HF/n-3),
differing in their fat quality and their n-6/n-3 PUFA ratio, warrants further investigations, especially
to further clarify the molecular mechanisms that are involved in the immunomodulatory and anti-
obesity effects of n-3 LCPUFA. Moreover, for a better understanding of the impact of fat quantity and
quality of the HFD on DIO phenotype, expression data of an additional mouse study using another

HFD (HF%; cf. 1.7.2) will be used for comparative analyses.

Thus, the pursued aims of this thesis, which analysed the effects of long-term HFD feeding, were

1) to determine the inflammatory potential of the defined soybean / palm oil based HF (48 k)% fat) in
different tissue and to explore whether its partial substitution with n-3 LCPUFA can modulate
adipose tissue inflammation. Therefore, immune cell infiltration, especially by macrophage, should
be examined by RT-gPCR and immunohistochemical analyses and the macrophage phenotype should
be characterised in the visceral fat depots epididymal and mesenteric adipose tissue (EAT and MAT),
and even in interscapular brown adipose tissue (iBAT), since certain immune cells can play a role in

thermogenesis.

2) to analyse the impact of the HFDs on endothelial cell biology in the small intestine and to examine
whether potential adverse effects of HF can be improved by n-3 LCPUFA. Proteins involved in the
regulation of nitric oxide bioavailability and in the maintenance of vascular integrity were among the
target genes. Moreover, in order to get first physiological insights on endothelial function, plasma

albumin levels should be measured.

3) to characterise the anti-obesogenic effect of n-3 LCPUFA during high-fat feeding by analysing lipid

metabolism and diet-induced thermogenesis (DIT) in the small intestine, the liver and iBAT.

4) to investigate the effects of different fat quantity, quality and substitution / supplementation on
hepatic lipid metabolism in DIO by comparative analyses of expression data from two different

mouse feeding studies that used distinct HFDs.
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3 Methods
3.1 Study designs

The data presented in this thesis were obtained from analyses of two mouse feeding studies,
whereby part of the findings were already published in Ludwig et al. and Dahlhoff et al. as a result of
cooperative collaborations. Emphasis was laid on the study by Ludwig et al. (Ludwig 2013) analysing
the impact of n-3 LCPUFA and/or n-6/n-3 PUFA ratio in a DIO mouse model (Figure 5), which was
designed at the TUM-Chair of Nutritional Medicine (Prof. Dr. Hauner; Dr. Bernhard Bader). However,
data obtained from a second feeding trial carried out at the TUM-Chair of Nutrition Physiology (Prof.
Dr. Daniel), were taken for comparative analyses. The study by Dahlhoff et al. (Dahlhoff 2014)
examined the impact of MDS in another DIO mouse model (Figure 6) using a HFD distinct in fat

guantity and quality.

3.1.1 Feeding trial analysing the impact of n-3 LCPUFA and/or n-3/n-6 PUFA ratio on DIO

The first trial (Figure 5) was performed as described by Ludwig et al. (Ludwig 2013). In brief, six-week-
old male C57BL/6J mice were obtained from Charles River Laboratories and single-housed under
controlled, specific-pathogen-free (SPF) conditions at constant temperature (22 °C) and humidity
with a 12 h light / dark cycle. They had ad libitum access to food and water. Upon arrival, C57BL/6)
mice were adapted on a control diet (C) for two weeks. At the age of eight weeks, mice were
randomly assigned to two cohorts, which differ in feeding time. One cohort was fed for 6 weeks and
the other one for 12 weeks. Each cohort was further divided into three dietary groups (n=12 mice per
group): C with 13 kJ% fat (already used for adaptation), HFD with 48 kl% fat (HF), and HFD enriched
with n-3 LCPUFA concentrate (EPAX 1050-TG; rich in EPA and DHA) with 48 ki% fat (HF/n-3). For
more detailed information on diet composition (Table 1) and fatty acid pattern (Table 2) see chapter
3.2. At the end of the feeding period, animals were euthanised in the postprandial state by carbon
dioxide and cervical dislocation. Blood was withdrawn from the inferior vena cava and plasma was
stored in heparinised tubes. For analysis, adipose tissue depots (mesenteric, epididymal,
interscapular brown), liver, spleen and small intestinal mucosa [USI and lower small intestine (LSl)]
were sampled, weighed, snap-frozen in liquid nitrogen and stored at -80 °C. All procedures applied
throughout this study were conducted according to the German guidelines for animal care and

approved by the district Oberbayern ethics committee.
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Figure 5. Study design of feeding trial analysing the impact of n-3 LCPUFA and/or n-6/n-3 PUFA
ratio on DIO. 72 male C57BL/6J mice aged 6 weeks were adapted on control diet for 2 weeks. Mice
were then randomly assigned to three groups and fed different diets: control diet with 13 kJ% fat (C),
HFD with 48 k% fat (HF), and HFD enriched with n-3 LCPUFA concentrate (EPAX 1050-TG; rich in EPA
and DHA) with 48 k% fat (HF/n-3). Mice were sacrificed after 6 or 12 weeks for dissection and organ
sampling.

3.1.2 Feeding trial analysing the impact of methyl-donor supplementation on DIO

The second trial (Figure 6) was performed as described by Dahlhoff et al. (Dahlhoff 2014). In brief,
eight-week-old male C57BL/6NCrl mice were obtained from Charles River Laboratories and
maintained in a 12 h light / dark cycle with unlimited access to food and water. Upon arrival, the
mice were fed standard laboratory chow (Ssniff Spezialdidten; cat. no. E1534) for two weeks. The
following 12-week feeding trial was bipartite including at first a 8-week period to achieve DIO
associated with NAFLD in mice (DIO-phase) followed by a 4-week period of MDS (MDS-phase). At the
age of ten weeks, the beginning of DIO-phase, mice were randomly assigned to two cohorts (n=23
mice per group), which were fed control diet with 11 kJ% fat (C®) or HFD with 60 kl% fat (HF*) for 8
weeks. At the end of the DIO-phase (8-week trial), five animals of each dietary group were analysed
to determine the status of obesity and NAFLD. For the MDS-phase, C* mice were divided into a
control group (C%) and a C* / methyl-donor supplemented group (CMS), and the HF® mice were
divided into a high-fat group (HF?) and a HF® / methyl-donor supplemented (HFMS) group,
respectively (n=9 mice per group) and were fed further 4 weeks (12-week trial). For more detailed
information on diets see chapter 3.2, Table 3 - Table 5. At the end of the feeding period, animals
were euthanised in a non-fasting state by isoflurane and cervical dislocation. For analysis, the liver
was sampled, snap-frozen in liquid nitrogen and stored at -80 °C. All procedures applied throughout
this study were conducted according to the German guidelines for animal care and approved by the

district Oberbayern ethics committee.
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Figure 6. Study design of feeding trial analysing the impact of methyl-donor supplementation on
DIO. 46 male C57BL/6NCrl mice aged 8 weeks were fed chow diet for 2 weeks. Mice were then
randomly assigned to control diet (C%) or HFD (HF*) and fed for 8 weeks. This phase called diet-
induced obesity (DIO)-phase was followed by the methyl-donor supplementation (MDS)-phase in
which the groups were further devided into non-MDS groups (C® and HF2) and MDS groups (CMS and
HFMS). The mice were fed additional 4 weeks before dissection and sampling (12-week trial). Five
animals of the C® and HF® group were already dissected and sampled after the DIO-phase (8-week
trial).

3.2 Diets

All diets were purified experimental diets manufactured as pellets. Diets were sterilised with 25 kGy
y-radiation by Isotron Deutschland and stored in the dark at either -20 °C (long-term) or 4 °C (short-
term).

The trial that analysed the impact of n-3 LCPUFA and/or n-6/n-3 PUFA ratio on DIO (cf. 3.1.1) used
soybean / palm oil-based diets purchased from Ssniff Spezialdidten: control diet (C) with 13 ki% fat
(cat. no. S5745-E720) or isocaloric HFDs (HF and HF/n-3) with 48 kl% fat (HF; cat. no. S5745-E722 and
HF/n-3; cat. no. S5745-E725), for HF/n-3, SFA and MUFA were patially substituted by n-3 LCPUFA EPA
and DHA (EPAX 1050-TG; kindly provided by Goerlich Pharma International). Compositions of diets
were nearly constant among diets. Fat and starch content were the only variables (C - 5 % soybean
oil and 47.8 % corn starch; HF - 5 % soybean oil, 20 % palm oil, and 27.8 % corn starch; HF/n-3 -5 %
soybean oil, 11.25 % palm oil, 8.75 % EPAX 1050 TG, and 27.8 % corn starch). For more detailed
information on soybean / palm oil-based diets see Table 1 and Table 2.

The trial that analysed the impact of MDS on DIO (cf. 3.1.2) used soybean oil / beef tallow-based
diets purchased from Ssniff Spezialdiiten: control diets (C* and CMS) with 11 kl% fat (C%; cat. no.
E15000-04) or HFDs (HF* and HFMS) with 60 kl% fat (HF?; cat. no. E15741-34). Compositions of diets
were nearly constant among diets. Fat and carbohydrat content were the most variable contents (C2

and CMS - 4 % soybean oil, 46.8 % corn starch, and 10.8 % sugar / dextrine; HF® and HFMS - 3.1 %
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soybean oil, 31.5 % beef tallow, 2.2 % corn starch, and 22.4 % sugar / dextrine). Methyl-donor
supplemented diets (CMS and HFMS) contained additionally 15 g/kg choline chloride, 15 g/kg
betaine, 7.5 g/kg methionine, 15 mg/kg folic acid, 1.5 mg/kg vitamin B12 and 150 mg/kg ZnSO,. For

more detailed information on soybean oil / beef tallow-based diets see Table 3 - Table 5.

Table 1. Composition of the soybean / palm oil-based diets

Cat. no.: S5745- E720 E722 E725
Nutrient C HF HF/n-3
Lipids (%)
Soybean oil 5.00 5.00 5.00
Palm oil - 20.00 11.25
EPAX 1050 TG (DHA / EPA) - - 8.75
Cholesterol 0.013 0.038 0.021
Carbohydrates (%)
Corn starch 47.79 27.79 27.79
Maltodextrin 5.60 5.60 5.60
Sucrose 5.00 5.00 5.00
Cellulose 5.00 5.00 5.00
Protein (%)
Caseine 24.00 24.00 24.00
Antioxidants (%)
Butylhydroxytoluene 0.015 0.015 0.015
dl-a-tocopheryl acetate 0.018 0.018 0.018
Others (%)
L-cystine 0.20 0.20 0.20
Vitamins 1.20 1.20 1.20
Minerals & trace elements 6.00 6.00 6.00
Choline-chloride 0.20 0.20 0.20
Metabolizable energy (MJ/kg) 15.50 19.80 19.80
Fat (kJ%) 13.00 48.00 48.00
Carbohydrates (kJ%) 64.00 34.00 34.00
Protein (kJ%) 23.00 18.00 18.00

Shown are w/w or energy% (en%) macronutrients and other ingredients in diets used in the study by Ludwig et
al. (Ludwig 2013). C, control diet; HF, HFD; HF/n-3, HFD enriched with n-3 LCPUFA (DHA / EPA). Nutrient
composition was nearly kept constant across different diets except for carbohydrate and fat components.
Metabolizable energy was calculated according to Atwater in MJ/kg (provided by Ssniff Spezialdidten).
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Table 2. Fatty acid pattern of the soybean / palm oil-based diets

Cat. no.: S5745- E720 E722 E725
mass%
Fatty acid species
C HF HF/n-3

Lauric acid 12:0 0.07 0.13 0.09
Myristic acid 14:0 0.30 0.88 0.66
Pentadecanoic acid 15:0 0.04 0.05 0.07
Palmitic acid 16:0 11.37 36.70 23.91
Palmitoleic acid 16:1 0.12 0.15 0.30
Heptadecanoic acid 17:0 0.09 0.10 0.18
Heptadecenoic acid 17:1 0.05 - 0.07
Stearic acid 18:0 3.60 4.18 4.00
Elaidic acid 18:1 0.08 0.14 0.07
Oleic acid 18:1 23.47 35.81 26.08
cis-Vaccenic acid 18:1 1.53 0.87 1.11
18:2 Isomer 18:2 0.38 0.20 0.14
Linoleic acid 18:2 n-6 50.85 18.07 16.00
y-Linolenic acid 18:3 n-6 - - 0.12
Conjugated Linoleic acid 18:2 0.11 - -
18:3 Isomer 18:3 0.39 0.09 0.10
Linolenic acid 18:3 n-3 5.16 1.34 1.40
Stearidonic acid 18:4 n-3 - - 0.16
Arachidic acid 20:0 0.35 0.38 0.48
Eicosenoic acid 20:1 0.22 0.15 0.83
Eicosadienoic acid 20:2 n-6 - - 0.21
Heneicosanoic acid 21:0 - - 0.04
Eicosatrienoic acid 20:3 n-6 - - 0.09
Arachidonic acid 20:4 n-6 - - 0.90
Eicosatrienoic acid 20:3 n-3 - - 0.14
Eicosapentaenoic acid (EPA) 20:5 n-3 - - 4.05
Behenic acid 22:0 0.48 0.16 0.27
Cetoleic acid 22:1 0.11 - 0.11
Erucic acid 22:1 - - 0.12
Docosatetraenoic acid 22:4 n-6 - - 0.11
Docosapentaenoic acid 22:5 n-6 - - 0.77
Docosapentaenoic acid 22:5 n-3 - - 0.88
Docosahexaenoic acid (DHA) 22:6 n-3 - - 15.05
Tricosanoic acid 23:0 0.04 - -
Lignoceric acid 24:0 0.17 0.09 0.13
Nervonic acid 24:1 0.36 - 0.36
SFA 16.55 42.66 29.83
MUFA 25.95 37.14 29.05
PUFA 56.90 19.70 40.12

n-3 PUFA 5.16 1.34 21.68

n-6 PUFA 50.85 18.07 18.19
ratio n-6/n-3 PUFA 9.85 13.50 0.84
ratio SFA/PUFA 0.29 2.17 0.74

Cx:n indicates the length of the fatty acid with x carbons containing n double bonds. C, control diet; HF, HFD;
HF/n-3, HFD enriched with n-3 LCPUFA (DHA / EPA); MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids.
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Table 3. Composition of the soybean oil / beef tallow-based diets

Cat. no.: E15000-04 E15741-34
Nutrient C (cmS) HF® (HFMS)
Lipids (%)
Soybean oil 4.00 3.10
Beef tallow - 31.00
Carbohydrates (%)
Corn starch 46.80 2.20
Sugar / dextrin 10.80 22.40
Cellulose 5.00 6.00
Protein (%)
Caseine 24.00 27.70
Others (%)
L-cystine 0.20 0.35
Vitamins 1.00 1.00
Minerals & trace elements 6.00 6.00
Choline-chloride 0.20 0.25
Metabolizable energy (MJ/kg) 15.00 21.40
Fat (k%) 11.00 60.00
Carbohydrates (kJ%) 66.00 21.00
Protein (kJ%) 23.00 19.00

Shown are w/w or energy% (en%) macronutrients and other ingredients in diets used in the study by Dahlhoff
et al. (Dahlhoff 2014). C, control diet; CMS, C* / methyl-donor supplemented diet; HF?, HFD; HFMS, HF? /
methyl-donor supplemented diet. Nutrient composition was nearly kept constant across different diets except
for carbohydrate and fat components. Metabolizable energy was calculated according to Atwater in MJ/kg
(provided by Ssniff Spezialdidten).

Table 4. Fatty acid pattern of the soybean oil / beef tallow-based diets

Cat. no.: E15000-04 E15741-34
mass%
Fatty acid species
c (cMmS) HF® (HFMS)
C12:0 - 0.10
C14:0 0.48 3.33
Cl6:0 10.84 26.13
C17:0 - 1.23
C18:0 4.58 18.19
C20:0 0.48 0.13
Clé6:1 0.48 2.53
C18:1 25.78 39.41
C20:1 - 0.03
C18:2 51.08 7.68
C18:3 6.27 1.07
C20:4 - 0.23
SFA 16.38 49.11
MUFA 26.26 41.97
PUFA 57.35 8.98
ratio SFA/PUFA 0.29 5.47

C%, control diet; CMS, C? / methyl-donor supplemented diet; Cys, cysteine; HF®, HFD; HFMS, HF? / methyl-donor
supplemented diet; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated

fatty acids
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Table 5. Amino acid, vitamin and trace element pattern of soybean oil / beef tallow-based diets

ct CcMS HF? HFMS
Amino acids [g/kg]
Lysine 17.1 17.1 19.8 19.8
Methionine 7.3 14.8 8.3 15.8
Cystine 0.9 0.9 4.6 4.6
Met+Cys 8.2 15.7 12.8 20.3
Threonine 9.3 9.3 10.7 10.7
Tryptophan 2.7 2.7 3.1 3.1
Arginine 7.6 7.6 8.8 8.8
Histidine 6.6 6.6 7.6 7.6
Valine 14.2 14.2 16.4 16.4
Isoleucine 10.9 10.9 12.5 12.5
Leucine 20.5 20.5 23.6 23.6
Phenylalanine 11.1 11.1 129 129
Phe+Tyr 22.2 22.2 25.7 25.7
Glycine 4.3 4.3 5 5
Glutamic acid 46.9 46.9 54.1 54.1
Aspartic acid 15.5 15.5 17.9 17.9
Proline 23.9 23.9 27.6 27.6
Alanine 6.8 6.8 7.9 7.9
Serine 124 124 14.3 14.3
Vitamins [mg/kg]
Vitamin A 15000 IU 15000 U 15000 1U 15000 1U
Vitamin D3 1500 IU 1500 IU 1500 IU 1500 IU
Vitamin E 150 150 150 150
Vitamin K (as menadione) 20 20 20 20
Vitamin C 30 30 30 30
Thiamin (B1) 16 16 16 16
Riboflavin (B2) 16 16 16 16
Pyridoxine (B6) 18 18 18 18
Cobalamin (B12) 0.03 1.53 0.03 1.53
Nicotinic acid 49 49 45 45
Pantothenic acid 56 56 55 55
Folic acid 19 34 19 34
Biotin 0.31 0.31 0.31 0.31
Choline chloride 1040 16040 2300 17300
Inositol 80 80 80 80
Betaine - 15000 - 15000
Trace elements [mg/kg]
Iron 166 166 139 139
Manganese 98 98 82 82
Zinc 65 65 56 56
Zinc sulfate - 150 - 150
Copper 14 14 12 12
lodine 1.2 1.2 0.97 0.97
Selenium 0.14 0.14 0.13 0.13
Cobalt 0.15 0.15 0.13 0.13

Nutrient composition is expressed as [w/w], except it is delineated differently. C® control diet; CMS,
C2 / methyl-donor supplemented diet; Cys, cysteine; HF®, HFD; HFMS, HF® / methyl-donor supplemented diet;
IU, international unit; Met, methionine; Phe, phenylalanine; Tyr, tyrosine.
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3.3 Fatintake

Values that were used for the calculation of fat intake, such as food intake (g/wk), energy intake
(kJ/wk) and energy excretion (kJ/wk) were taken from Ludwig et al. (Ludwig 2013), whereby single
values were used instead of mean values except for the calculation of the assimilation efficiency.
Further values needed, such as metabolizable energy (MJ/kg) and energy% fat of the diets, are given
in Table 1 (cf. 3.2). It was assumed that fat contains 37.67 kJ energy per gram fat. Assimilation
efficiency was included in the calculation.

Values were calculated as follows:

energy intake (kJ/wk) = food intake (g/wk) * metabolizable energy (MJ/kg)

fat intake (g/wk) = [energy intake (kJ/wk) * energy% fat] / 37.67 kl/g

assimilation efficiency = [energy intake (kJ/wk) - energy excretion (kJ/wk)] / energy intake (kJ/wk)

Calculation of body weight adjusted fat intake based on the publication by Kless et al. (Kless 2017).
Formula obtained from linear regression analysis between fat intake and final body weight to obtain
the calculated fat intake y (g/wk) for both high-fat groups

HF:y = 0.007264 (1/wk) * final body weight (g) + 0.3901 (g/wk);

HF/n-3:y = 0.004916 (1/wk) * final body weight (g) + 0.5608 (g/wk)

Residual (g/wk) = calculated fat intake (g/wk) - fat intake (g/wk)

Body weight adjusted fat intake (g/wk) = calculated fat intake of medium body weight (group-specific

mean value of calculated fat intake; g/wk) + residual (g/wk)

3.4 RNA and protein isolation

To obtain homogenous tissue samples, tissues were separately ground in frozen state with liquid
nitrogen and stored at -80 °C. Tissue powder aliquots (30 mg or 80 mg for RNA isolation and 50 to
100 mg for protein isolation) were homogenised, using the ART-MICCRA D-8 homogeniser (Miccra
ART Labortechnik), in Qiazol® lysis reagent (Qiagen) or radioimmunoprecipitation assay (RIPA) buffer
(recipe cf. 3.14.1) added with proteinase and phosphatase inhibitors (Sigma-Aldrich and Roche) for
RNA or protein extraction, respectively. mRNA or total RNA (including small RNAs) was extracted
with chloroform (1/5 volume), after the homogenate was incubated for 5 min at room temperature.
After an additional incubation on room temperature for 3 min a centrifugation with 12000 x g was
performed at 4 °C for 15 min. The aqueous phase was transferred, added with 1 volume of cold
ethanol and further purified with mRNeasy® mini kit or the miRNeasy® mini kit (Qiagen) according to
the manufacturer’s instructions, respectively. To avoid DNA contamination, on-column DNase |
(Qiagen) digestion was performed. The RNA concentration of the eluate was determined with
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NanoDrop ND-1000 UV-Vis spectrophotometer (Peglab) and quality confirmed with the RNA 6000
Nano kit on an Agilent 2100 Bioanalyzer (Agilent Technologies) according to the manufacturer’s
instructions and expressed as RNA integrity number (RIN), which was always above a value of five.
RNA was used in real-time quantitative polymerase chain reaction (RT-qPCR) assays (cf. 3.7). For
protein extraction, homogenates were incubated 1 hour on ice and afterwards centrifuged with 2000
x g at 4 °C for 2 min to remove cell debris. In case of iBAT, an additional centrifugation with 16000 x g
was performed at 4 °C for 15 min. Protein concentration of extracts was then determined by
bicinchoninic acid (BCA) method (Smith 1985; Pierce Thermo Scientific) in a 96-well plate with a
bovine serum albumin (BSA) standard at 562 nm using an UV-Vis spectrophotometer (Tecan). Finally,
extracts were diluted with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (recipe cf. 3.14.1), bolied at 95 °C for 5 min for denaturation and stored at -80 °C until
use in SDS-PAGE and Western blotting (cf. 3.8).

3.5 Primer design and primer testing

Oligonucleotides / primers used for differential gene expression analysis, were either commercially
available as QuantiTect® primer assays (Qiagen) or as RT? gPCR Primer Assay (Qiagen / SABioscience),
or custom-designed primer pairs, i.e. forward and reverse primers, selected according to strict
criteria (cf. 9.1, for primer details). Before starting primer design, Ensembl genome browser
(www.ensembl.org) databases were checked for alternative transcript variants. Areas of primer
annealing were chosen in Ensemble genome browser, primer characteristics specified like this: exon-
exon spanning primer and an amplicon size of 100-150 bp. A suitable primer was picked and further
analysed with OligoCalc (www.basic.northwestern.edu/biotools/oligocalc.html). Primers should be
between 18-25 bp long with a G-C base pair content of 40-70 % and should have a melting
temperature (Tm; salt-adjusted) of 60-64 °C and Tn, (nearest neighbor) of 56-58 °C. Furthermore,
primer pairs were checked for self-complimentarity and “blasted” with BLAST to exclude annealing to
non-specific target sequences. Next, primer sequences were checked for heterodimer formation by
IDT OligoAnalyzer (http://eu.idtdna.com/analyzer/applications/oligoanalyzer). Finally, the sequences
were checked for target specificity with University of California, Santa Cruz (UCSC) in silico PCR
(http://genome.ucsc.edu). Primers were synthesised commercially by Metabion international AG. In
a final step, specificity and specific annealing temperature were tested in RT-gPCR and verified with

agarose gel electrophoresis (cf. 3.6).

37



Methods

3.6 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to verify molecular sizes of RT-qPCR products and to
evaluate primer specificity. A 2 % agarose gel in 0.5 % Tris / borate / EDTA (TBE) buffer (recipe cf.
3.14.3) was cast in a suitable chamber (Biometra). Ethidium bromide or Roti®-Safe GelStain (Carl
Roth) was added to the agarose-TBE solution to allow visualisation under UV-light (Intas) by
intercalation into nucleic acids. Samples were diluted with Orange G dye (5:1; recipe cf. 3.14.3)
before being applied to the gel. For size reference, GeneRuler™ 50 bp DNA Ladder (Fermentas) was

used.

3.7 Gene expression analysis

Expression of specific target genes was evaluated with RT-qPCR. For each sample, 10 ng of extracted
RNA was needed per reaction using the QuantiTect® quantitative, real-time one-step RT-PCR kit
(Qiagen) following the supplier’s protocol. Primers used were designed (cf. 3.5) or purchased from
Qiagen (cf. 9.1). RT-qPCR was performed using SYBR Green | dye and a realplex4 Mastercycler
epgradient S (Eppendorf). The following thermal cycling conditions were used: 30 min at 50 °C (cDNA
synthesis), 15 min at 95 °C (inactivation of reverse transcriptase (RT)) followed by 40 cycles at 95 °C
for 15 s, 60 °C (55 °C for Qiagen primers) for 30 s and 72 °C for 30 s. The PCR was concluded with a
melting curve analysis of the PCR product (1.75 °C/min). C4-values were retrieved from the realplex
2.0 software (CalQPlex algorithm; Eppendorf) and analysed according to the AAC,-method (Livak
2001). To normalise data, the following genes were used as invariant controls: iBAT, cyclophilin B
(CypB) and heat shock protein 90 (cytosolic) and class B member 1 (Hsp90ab1); liver, hypoxanthine-
guanine phosphoribosyltransferasel (Hprtl) and B-actin (Actb); USI, glycerinaldehyd-3-phosphat-
dehydrogenase (Gapdh), Actb and Hprt1; LSI, CypB and Hsp90ab1; EAT, Gapdh and Actb; MAT, Hprtl
and Actb; spleen, Gapdh and Hprt1; liver (feeding trial by Dahlhoff et al.), Gapdh and Hprt1. For all
groups, data were expressed as mean * standard error relative to control samples. As RT-qPCR assay
controls non-template assays and (-)-RT assays were included for every primer used. Finally, target

specificity was analysed by melting curve analysis and agarose gel electrophoresis (cf. 3.6).

3.8 SDS-PAGE and Western blot

Protein expression was analysed in the small intestine and iBAT, and livers from both feeding studies.
Equal amounts of protein (30-80 pg/lane) were loaded on a 7.5, 10 or 12.5 % sodium dodecyl sulfate
(SDS) polyacrylamide gel (recipe cf. 3.14.1) and separated by electrophoresis (SDS-PAGE). An

appropriate protein standard ladder served as reference. Subsequently, proteins were blotted on to
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a 0.2 um Protran™ nitrocellulose membrane (GE Healthcare Life Sciences) using the tank blot Eco-
Mini system (Biometra). The membrane was washed with Tris-buffered saline (TBS, recipe cf. 3.14.2)
and blocked with 2 % ECL Advance™ blocking reagent (GE Healthcare Life Sciences). After washing
with TBS + Tween-20 (TBS-T), membranes were incubated with primary antibody at 4 °C overnight in
TBS-T + 2 % BSA or 2 % ECL Advance™ blocking reagent, depending on antibody. Detection was
performed with the Odyssey Infrared Detection system (LI-COR Biosciences) using an IRDye800CW-
conjugated goat anti-rabbit or IRDye680RD-conjugated donkey anti-mouse secondary antibody (LI-
COR Biosciences). Staining for citrate synthase (CS) served as mitochondrial loading control.
Expression of B-ACTIN, HSP90 or HPRT was measured as an invariant control. Densitometric analysis
was performed using Odyssey application software version 3.0 (LI-COR Biosciences). Antibodies used
in this thesis are listed in the materials sections (cf. 9.2).

Recruitment of iBAT was represented as UCP1 content in total iBAT and calculated as follows: [UCP1
expression * dilution factor for protein content * (total iBAT in mg / weighed portion of iBAT for
protein isolation in mg)] (normalised values were used).

The relative protein expression capacity index was calculated as follows: {[(protein expression * total

iBAT in mg) / body mass in mg] * 100 %} (normalised values were used).

3.9 Chemical analysis

To determine triacylglycerol (TAG) content in iBAT, grounded tissues were homogenised in HB-buffer
(recipe cf. 3.14.4). TAG was extracted as follows; supernatants were collected after centrifugation
with 23100 x g at 4 °C for 15 min and incubated at 70 °C for 5 min. After incubation on ice for 5 min
and another centrifugation with 23100 x g at 4 °C for 15 min the TAG concentrations were
determined in the samples using the serum triglyceride determination kit from Sigma-Aldrich,
following the manufacturer’s instructions. For measurement in 96-well plates, the reaction volume
was scaled down (1/8 for reagents and 1/2 for samples). Results were normalised to total weight and

total protein content of the tissue (determined by BCA method).

3.10 Para-formaldehyde fixed and paraffin-embedded tissue sections

For histological analyses, pieces of VATs (EAT and MAT), iBAT and spleen were fixed in 4 %
paraformaldehyde overnight, washed in phosphate-buffered saline twice and then kept in 70 %
ethanol for one week. Tissues were subsequently dehydrated in ethanol and xylene of different

concentrations with a TP1020 Tissue Processor (Leica Microsystems) and embedded in pre-warmed
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Paraplast®paraffin at 60 °C on a Mikrom AP280-1/2/3 automatic embedding station (Microm /

Thermo Fisher Scientific).

3.11 Immunohistochemical stainings and morphometry

For immunohistochemistry of paraformaldehyde-fixed paraffin-embedded EAT, MAT and iBAT, 6-um-
thick sections of each tissue were dewaxed and stained with specific primary antibodies, followed by
antigen signal detection using corresponding specific secondary antibodies combined with the Bond
Polymer Refine Detection kit (Leica Microsystems) and a polymeric horseradish peroxidase linker
antibody conjugate with 3,3‘-diaminobenzidine tetrahydrochloride. Stainings were performed with
the support of the research group of Prof. Dr. Heikenwalder (TUM, Institute of Virology, Miinchen)
using an automated IHC stainer (Leica Microsystems). Finally, sections were counterstained with
hematoxylin. Primary antibodies (cf. 9.2) against macrophage antigens, T or B cell antigens, and
proliferation marker, as well as apoptosis antibodies were applied. Tissue sections were observed
with a DMI 4000 B microscope and Leica Application Suite version 3.7 (Leica Microsystems). Digital
images were taken with a Leica DFC490 camera at x200 magnification for VATs sections and at x400
magnification for iBAT sections. Furthermore, close-ups from representative CLS in iBAT were taken
at x630 magnification and measurements of total section area were performed using the polygon
and measurement tool in Imagel) (Open Source; Wayne Rasband (NIH)).

The number of CLS or solitary cells was counted in the whole area of each stained section and
expressed as the mean number per mm? of tissue section, not including those observed within
vessels and adipose tissue lymphoid aggregates. A minimum of 2 complete sections of each animal
(n=4-5/group) was analysed.

Important to note, specific definitions are lacking with regard to the number of macrophages
typically composing a CLS (West 2009). Following an initial description of CLS (Weisberg 2003), these
structures are defined as macrophages aggregates completely surrounding adipocytes. These
aggregates, which contain up to 15 macrophages, have been termed CLS and postulated to represent
the vestigial lipid droplets of dead adipocytes (Cinti 2005b). In other papers, CLS were defined as
three or more cells stained positively for a macrophage-specific marker surrounding an adipocyte
(Kolak 2007, Wentworth 2010, Altintas 2011). For this thesis, the latter classification was used and
cells that were stained positivey for an immune cell marker, but did not correspond to this
classification were defined as solitary cells. Moreover, subgroups of CLS have been defined based on
differences in their morphological characteristics, which were as follows: “CLS” - circular regions with
continuous rim of macrophages; “cluster” - clusters of macrophages, which form multinucleated

giant cells; “others” - three or more CLS-associated macrophages, which do not form such distinct
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patterns but surround an adipocyte. Total counts as well as the counts of the subgroups were
expressed as the mean number per mm? of tissue section. Furthermore, the subgroups were
presented as percentage of total counts (cf. Figure 10).

For T cell differentiation marker expression analysis, 6-um-thick cryosections from splenic tissue
embedded in OCT TissueTek freezing medium (Sakura Finetek) were cut with a Cryo-Star HM 560 MV
(Microm / Thermo Fisher Scientific), fixed briefly in acetone and processed for staining with the
following primary antibodies (cf. 9.2) and antigen signal detection system, using corresponding
specific secondary antibodies combined with the Bond Polymer Refine Red Detection kit (Leica
Microsystems). Fast Red served as substrate chromogen and hematoxylin was used for
counterstaining. Stainings were carried out with the support of the research group of Prof. Dr.
Heikenwalder (TUM, Institute of Virology, Minchen) using an automated IHC stainer (Leica
Microsystems). Tissue sections were observed with a DMI 4000 B microscope and Leica Application
Suite version 3.7 (Leica Microsystems) and digital images were taken with a Leica DFC490 camera at
x100 magnification. Antigen signal-positive stained areas were quantified using Image-Pro Plus
version 7.0 software (Media Cybernetics), and expressed as a percentage of total section area. The

complete section of four to six animals per group was analysed.

3.12 ELISA

MCP1 plasma levels were determined using heparin stabilised plasma and the commercially available
mouse MCP-1 ELISA Ready-SET-Go! Set (eBiosciences), following the supplier’s instructions.

Plasma albumin levels were determined using the commercially available mouse Albumin ELISA
Quantitation Set and the ELISA Starter Accessory Kit (Bethyl Laboratories), following the supplier’s
instructions. The inital standard dilution was divided into 2 steps (300000 and 10000 ng/ml) for
better handling of the high concentrated standard (30 mg/ml). Moreover, the heparin stabilised

plasma samples were diluted 1:10° before measurement.

3.13 Statistical measurements

All data were expressed as means + standard error of the means (SEM). Statistical analyses were
performed using Prism 5 (GraphPad Software). Differences were considered statistically significant
with *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group or high-fat groups. For normal
distributed samples, one-way ANOVA was used to detect differences between dietary groups with
Tukey’s post-test to identify significant differences. In case of no normal distribution or n <5, Kruskal-

Wallis test and Dunn’s post-test were applied.
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Exception: Figure 8C and Figures 10A and 10C; only the high-fat groups were compared (n < 5). Thus,
Mann Whitney test was used to detect differences between dietary groups and to identify significant
differences.

In addition, outliers were detected by using Grubb’s test (GraphPad Software) and excluded form
analysis.

For immunohistochemical analyses, the detection of positive-stained cells were made in duplicates
and mean values were used for statistical analyses.

Pearson correlation coefficient (r) was employed to investigate correlations (two-tailed test) and

tests for linear trend were calculated by using linear regression models.

All data were analysed using Prism 5 (GraphPad Software).

3.14 Buffer recipes

3.14.1 Protein isolation and SDS-PAGE

Radio-immunoprecipitation assay (RIPA) buffer

0.05 M Tris / HCI, pH 8
0.15 M NacCl

1 mM EDTA, pH 8

0.2 % SDS

1% NP-40

0.25 % Na-Deoxycholate
inH,O,topH7.4

Stacking gel stock (5 %)

58.5 ml H.0

25 ml 0.5 M Tris / HCl, pH 6.8

1 ml 10 % SDS

16.5 ml 30 % acrylamide / bis-acrylamide
+ spatula tip of bromophenolblue

H,0 ad 100 ml

Per gel

2ml stacking gel stock
2 pl TEMED

15 pl 10 % (w/v) APS

10 x (glycine) Running buffer

250 mM Tris / HCI
2 M glycine

1 % (w/v) SDS

in H20, to pH 8.3
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5 x Sample buffer ("Laemmli buffer")

310 mM Tris / HCl

5 % SDS

25 % glycerol

50 mM DTT

2.5mM EDTA

in H,0, to pH 6.8

+ =1 mg bromophenolblue

Separating gel stock (10 %)

2.5 ml H,0

1.5 ml 1.5 M Tris / HCI, pH 8.8

60 ul 10 % SDS

2 ml 30 % acrylamide / bis-acrylamide
H,O0 ad 6 ml

Per gel

6ml separating gel stock
2 pl TEMED

62 ul 10 % (w/v) APS
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3.14.2 Western blot

Transfer buffer

20 mM Tris / HCl
150 mM glycine
20 % methanol
0.02 % SDS

in H,0O, to pH 8.3

3.14.3 Agarose gel electrophoresis

5 x Tris / borate / EDTA (TBE) buffer

0,45 M Tris / HCI
0,44 M boric acid
1M EDTA, pH 8
in H20, to pH 8

Orange G dye

25 ml glycerol
0.25 g Orange G
5 ml TAE (10 x)
H,Oad 1l

3.14.4 TAG analysis

HB buffer

10 mM NaH2PO4
1 mMEDTA,pH7.4

1 % polyoxyethylen (10) tridecyl ether

InH,0,topH7.4

10 x Tris-buffered saline (TBS)

200 mM Tris
1.37 M NacCl
in H20, to pH 7.6

1 x TBS + Tween-20® (TBS-T)

100 ml 10 x TBS
0.1 % Tween-20®
H0ad 11

50 x Tris / acetate / EDTA (TAE) buffer

2 M Tris / HCI

5.7 % acetic acid
0.5 M EDTA, pH 8
in H20, to pH 8
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4 Results
4.1 Changes in inflammatory status upon HF and HF/n-3 (48 kl% fat)

Obesity is associated with a chronic adipose tissue inflammatory state, whereby the expansion of the
fat depots leads to immune cell infiltration (Weisberg 2003, Kintscher 2008, Winer 2011) and
recruitment as well as macrophage differentiation and activation in adipose tissues (Odegaard 2008).
There are different macrophage subsets with differential functions, the pro-inflammatory M1 and
the anti-inflammatory M2 macrophages (Murray 2011), which can switch their phenotype (Lumeng
2007). Moreover, they can form aggregates, so-called CLS that surround dying adipocytes, which are
identified by the absence of perilipin staining (Cinti 2005b).

For this thesis, since a clear definition of CLS is lacking (West 2009), CLS were defined as adipocytes
surrounded by three or more cells stained positively for a macrophage-specific marker. Furthermore,
cells that were stained positivey for an immune cell marker, but did not correspond to

aforementioned classification were defined as solitary cells.

4.1.1 Inflammatory status of MAT and EAT
4.1.1.1 Tand B cells

Preliminary results, obtained by a pathway specific RT-qPCR array for “T and B cell activation” with
MAT samples, already indicated T and B cell activation upon HF/n-3 (Ludwig 2013). However, no
statistical analysis was possible because pooled samples were used for measurements. Moreover,
the mRNA level of OPN, a T cell-derived chemoattractant for macrophages (Weber 1996), showed
the most stricing upregulation in HF/n-3 mice compared to control and HF mice. An increase in OPN
expression was observed in MAT and in EAT (Ludwig 2013). These findings might indicate an increase
in T cell number upon HF/n-3.

Hence, the presence of T lymphocyte was further analysed in MAT and EAT by RT-qPCR, but also
immunohistochemical analyses. The surface markers CD4, CD8a and CD86, identifying helper
T lymphocytes, cytotoxic/suppressor T lymphocytes and immune cells involved in the priming of
T cells, respectively, were used for gene expression analysis to identify different T cell subsets and
the costimulatory marker CD86. In addition, immunohistochemical analyses of VATs were performed
to assess markers for T cells and B cells and proliferation and apoptosis markers. Changes on
proliferation and apoptosis were explored to make an assumption on cellular turnover within
adipose tissue. Cell death of adipocytes, for example, might lead to increased immune cell infiltration

(Cinti 2005b). For immunohistochemical analyses, antibodies specific for CD3, protein tyrosine
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phosphatase, receptor type, C (PTPRC = B220), antigen KI-67 (KI67) and cleaved caspase 3 (CL-CASP3)
were used for detection and positive-stained cells were quantified.

Significantly decreased CD8a mRNA levels were detected upon HF/n-3 in MAT, whereas the
expression of CD4 showed only a tendency for downregulation in HF/n-3 mice compared to control
(Figure 7A). In EAT only the gene expression level of CD4 was analysed. It was significantly elevated
upon HF/n-3 compared to control and HF feeding (Figure 7B). However, in both VATs CD86 mRNA
levels were not regulated (Figures 7A and B). Moreover, immunohistochemical analyses in MAT
revealed a significant downregulation of CD3-positive cells upon HF compared to control and a
significant increase of CL-CASP3-positive cells upon HF/n-3 compared with HF, whereas B220- and
KI67-stainings showed no regulation (Figure 7C). In EAT significantly more CD3-positive cells were
observed in HF/n-3 mice compared to HF mice (Figure 7D). However, the expression levels of B220,

K167 and CL-CASP3 were not examined in EAT.
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Figure 7. Differential mRNA expression of genes encoding T lymphocyte and co-stimulatory
markers, and immunohistochemical detection and quantification of T cells and B cells as well as
proliferation and apoptosis markers in VATs. All data are means + SE and were collected from mice
after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid
(LCPUFA)-enriched HFD (HF/n-3). (A and B) Gene expression of T cell and co-stimulatory markers in
MAT (n=8-9) and in EAT (n=10-12). Shown are the gene expression levels of CD4, CD8a and CD86 in
MAT (A) and of CD4 and CD86 in EAT (B). Data were retrieved by RT-gPCR, normalised to Hprtl and
Actb (MAT) or to Gapdh and Actb (EAT), and calculated relative to controls. (C and D)
Immunohistochemical detection and quantification of CD3, protein tyrosine phosphatase, receptor
type, C (PTPRC = B220), antigen KI-67 (KI67) and cleaved caspase 3 (CL-CASP3) in MAT (n=4) and of
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CD3 in EAT (n=3-4). Number of solitary cells positively-stained for T cell marker CD3, B cell marker
B220, proliferation marker KI67 and apoptosis marker CL-CASP3 in MAT (C) and for T cell marker CD3
in EAT (D) is expressed as solitary cells per mm? of tissue section. Statistical analysis was performed
using one-way ANOVA and Tukey post-test. In case of no normal distribution or n < 5, data were
tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant
differences compared with control or between groups as indicated.

4.1.1.2 Macrophages

T lymphocyte infiltration in the enlarged WAT, a primary event in adipose tissue inflammation, is
followed by macrophage recruitment (Kintscher 2008), whereby FFA attract them into adipose tissue
(Suganami 2007, Kosteli 2010).

Adipose tissue macrophages (ATMs) co-express F4/80 and CD11b, which are encoded by EGF-like
module-containing mucin-like hormone receptor-like 1 (EMR1) and immune cell marker integrin a-G
(ITGAM), respectively, whereby especially the macrophage marker F4/80 is used to identify ATMs
(Lumeng 2007). Moreover, macrophages are further classified according to their state of activation /
polarization into pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages
(Gordon 2010). ITGAX, MRC1 and C-type lectin domain family 10, member A (CLEC10a) are known to
encode CD11c (marker for M1 macrophage subset), CD206 and CD301 (markers for M2 macrophage
subset), respectively (Fujisaka 2009). However, CD11c is in addition used as dendritic cell marker
(Lumeng 2007).

RT-gPCR analyses and immunohistochemical detections in CLS were performed for these markers to
characterise macrophage polarization / infiltration in MAT and EAT. Besides that, comparisons were
made between MAT and EAT, as we have already observed differential effects for T cell infiltration.

In MAT, only upon HF/n-3 significantly increased EMR1 mRNA levels were observed compared to
control, whereas in EAT significantly higher EMR1 mRNA levels were measured upon HF/n-3 and HF
than in control (Figures 8A and B). ITGAM mRNA expression was significantly elevated in EAT and
MAT upon HF/n-3 compared with control diet, whereas its expression was also significantly increased
upon HF/n-3 compared to HF in MAT. Similar gene expression changes were detected for CLEC10a.
Measurements of CLEC10a showed a significant upregulation upon HF/n-3 compared with controls in
EAT and MAT, and a significant increase upon HF/n-3 compared to HF was found in EAT (Figure 8A
and B). Gene expression levels of ITGAX and MRC1 were previously measured (Ludwig 2013) and
showed similar results. Surprisingly, for all immune cell markers, the highest mRNA levels were
observed for the HF/n-3 mice, whereby ITGAX showed the highest fold changes compared to control
(MAT: 2.44- fold; EAT: 6.62-fold).
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To assess the presence of macrophages in CLS and the number of solitary cells in MAT and EAT,
immunohistochemical analyses (Figure 9) and quantifications (Figures 8C and D) were performed,
using primary antibodies specific for F4/80, CD11c, and CD206. F4/80-positive CLS staining was
almost absent in MAT of control animals (Figure 8C and Figure 9A), whereas F4/80-positive CLS were
substantially more frequent in MAT upon HF/n-3 than upon HF (Figure 8C and Figures 9B and C).
Similarly, compared with control, only for HF/n-3 mice, F4/80-positive CLS density was significantly
higher in EAT, although HF mice showed the same trend but did not reach statistical significance due
to higher standard deviations (Figures 8D and 9D-F). Notably, the F4/80-positive CLS densities were
about twofold higher in EAT than in MAT upon HF/n-3 and even 22.5-fold elevated upon HF (Figures
8C and D). CD11c-positive-stained CLS in MAT were significantly more abundant in HF/n-3 mice
compared to control mice (Figures 8C and 10G-I). A similar finding was observed for EAT (Figures 8D
and 10J-L). The density of CD11c-positive-stained CLS was only slightly higher in EAT than in MAT
upon HF/n-3 (Figures 8C and D and 10l and L). For the M2 macrophage marker CD206 (Figures 8C and
D and 10M-R), we observed a significant elevation of CD206-positive CLS in MAT upon HF/n-3
compared with C, whereas in EAT there was only a trend for higher CLS density upon both HFDs
compared with control (p=0.1462).

Furthermore, for positive-stained cells, which are not localised in CLS, so-called solitary cells, a
significant increase in F4/80-positive solitary cells and a significant decrease in CD11c-positive
solitary cells were observed in EAT upon HF/n-3 compared to control (Figure 8F). In MAT, only the
CD206-positive solitary cells were significantly downregulated for the HF animals compared to
control (Figure 8E). The same observation was made for EAT (Figure 8F). Moreover, control animals
showed the highest counts for CD11c- or CD206-positive solitary cells in EAT (Figure 8F).
Immunohistochemical stainings are used for the detection of CLS, but co-expression analyses are
commonly applied to determine the phenotype of macrophages. Nevertheless, in this thesis, a
correlation-based approach was applied to examine co-expressed macrophage markers in order to
get an idea about the phenotype of the macrophages localised to CLS. In EAT, for both high-fat
groups, a significant correlation could be observed between the macrophage marker F4/80 and the
CD206 receptor, a marker of the anti-inflammatory phenotype, within CLS (HF, r=0.9568, p=0.0002;
HF/n-3, r=0.8643, p=0.0056). However, the linear regression analysis in EAT revealed disparities
between correlation levels of F4/80 and the CD11c receptor, a marker of the pro-inflammatory
phenotype, within CLS. The HF animals displayed a significant positive correlation (r=0.9860,
p<0.0001), whereas the HF/n-3 mice showed a nearly significant negative correlation between these
markers (r=-0.6922, p=0.0571), suggesting a difference in the predominant phenotype for HF and

HF/n-3 animals.
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Figure 8. Differential mMRNA expression of genes encoding M1 and M2 macrophage markers and
their immunohistochemical detection and quantification in crown-like structures (CLS) or as
solitary cells in VATs. All data are means = SE and were collected from mice after 12 weeks of
feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched
HFD (HF/n-3). (A and B) Gene expression of macrophage markers in MAT (n=8-10) and in EAT (n=8-
12). Shown are the gene expression levels of EGF-like module-containing mucin-like hormone
receptor-like 1 (Emrl; F4/80), integrin a-M (Itgam) and C-type lectin domain family 10, member A
(Clec10a) in MAT (A) and in EAT (B). Data were retrieved by RT-qPCR, normalised to Hprtl and Actb
(MAT) or to Gapdh and Actb (EAT), and calculated relative to controls. (C-F) Immunohistochemical
detection (cf. Figure 9) and quantification of CLS and of solitary cells, which are positive for F4/80,
CD11c or CD206 in MAT and EAT (n=3-4). Number of positive-stained CLS in MAT (C) and in EAT (D)
and of positive-stained solitary cells in MAT (E) and in EAT (F) was expressed as CLS or solitary cells
per mm? of tissue section. Statistical analysis was performed using one-way ANOVA and Tukey post-
test. In case of no normal distribution or n < 5, data were tested by Kruskal-Wallis and Dunn’s post-
test (three groups) or Mann Whitney test (two groups). In addition, outliers were detected by using
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Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
significant differences compared with control or between groups as indicated.
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Figure 9. Immunohistochemical analysis of macrophage-associated M1 and M2 marker expression
in crown-like structures (CLS) of VATs. Shown are microscopic images of paraformaldehyde-fixed
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paraffin sections of MAT and EAT from mice fed HF (B, E, H, K, N, and Q), HF/n-3 (C, F, I, L, O, and R),
and control diet (A, D, G, J, M, and P) stained with primary antibodies specific for F4/80 (A-F), CD11c
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(G-L), or CD206 (M-R). For antigen signal detection, corresponding specific secondary antibodies
combined with horseradish peroxidase-based detection system were applied, followed by
counterstaining with hematoxylin. Arrowheads point to positive-stained cells in CLS surrounding
adipocytes. Scale bar indicates 100 um.

In this thesis, different morphological characteristics were observed for CLS. Thus, based on the
morphologically distinct subgroups, F4/80-positive-stained CLS were defined as follows: “CLS” -
circular regions with continuous rim of macrophages (cf. Figure 9K); “cluster” - clusters of
macrophages, which form multinucleated giant cells (Cinti 2005b; cf. Figure 9F); “others” - three or
more CLS-associated macrophages, which do not form such distinct patterns but surround an
adipocyte.

In MAT the total count of CLS but also the number of all CLS subgroups were significantly
upregulated in HF/n-3 animals compared to HF animals (Figure 10A), whereas in EAT only the total
count of F4/80-positive-stained CLS and its subgroup termed , others” were significantly enhanced in
HF/n-3 compared to control mice (Figure 10B). Notably, expressing the different subgroups of CLS as
percentage of total counts of F4/80-positive-stained CLS, for the control group, most of the CLS
found in EAT, the number being rather low compared to the high-fat groups (Figure 10B), were
assigned to the subgroup termed ,cluster”. Perhaps even more interesting was the finding that the
subgroup termed ,cluster” was observed significantly more frequently in MAT from HF/n-3 animals
than from HF animals (Figure 10C), whereas in EAT these structures were significantly downregulated
in the HF animals compared to controls (Figure 10D). In general, looking at the structures that could
be assigned to the subgroups termed , cluster” or ,,CLS” and comparing the high-fat groups, it might
be assumed that , cluster” are prevalent in the VATs from the HF/n-3 mice and ,,CLS” dominate those
from HF mice. However, for both high-fat groups, even more than 80 % of the structures could not
be assigned to the subgroups termed ,cluster” or ,,CLS” in EAT (Figure 10D) and the share was 60 %
in MAT (Figure 10C).
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Figure 10. Subdivision of crown-like structures (CLS) of VATs according to their appearance. All data
are means * SE and were collected from mice after 12 weeks of feeding either control (C), HFD (HF),
or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). After
immunohistochemical detection (cf. Figure 9 A-F) and quantification of F4/80-positive-stained CLS
(cf. Figure 8 C and D) in MAT and EAT the CLS were further subdivided into subgroups of CLS
according to their appearance and presented in two different ways. (A and B) Total count of F4/80-
positive-stained CLS (“total”) and subgroups of CLS in MAT (A) and EAT (B) are expressed as CLS per
mm? of tissue section. (C and D) Subgroups of CLS are expressed as percentage of total counts of
F4/80-positive-stained CLS in MAT (C) and in EAT (D). The subgroups of CLS were defined based on
differences in their morphological characteristics, which were as follows: “CLS” - circular regions with
continuous rim of macrophages; “cluster” - clusters of macrophages, which form multinucleated
giant cells; “others” - three or more CLS-associated macrophages, which do not form such distinct
patterns but surround an adipocyte. Statistical analysis was performed using Kruskal-Wallis and
Dunn’s post-test (EAT) or Mann Whitney test (MAT). Because of the small sample size, no test for
normal distribution was possible. In addition, outliers were detected by using Grubb’s test and
excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences
compared with control or between groups as indicated.

Besides analysing the expression of macrophage surface markers of the pro-inflammatory M1 or
anti-inflammatory M2 phenotype, informations about the polarization status of the macrophages
and the general inflammation status of the adipose tissues can also be determined by cytokine
measurements (Lumeng 2007). Thus, the pro-inflammatory cytokine TNFa and the M1-associated

nitric oxide synthase 2 (NOS2) were examined by RT-gPCR analyses. The anti-inflammatory IL10 was
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already measured and showed no regulation in MAT, whereas in EAT its mRNA level was significantly
increased upon HF/n-3 compared to control (Ludwig 2013). No regulations were observed in MAT
(Figure 11A), however, in EAT TNFa gene expression was significantly elevated upon HF/n-3
compared to control and NOS2 gene expression showed a significant upregulation upon HF
compared to control and HF/n-3 feeding (Figure 11B). Notably, for both high-fat groups, a significant
correlations could be observed between the gene expression levels of the macrophage marker EMR1
and the pro-inflammatory cytokine TNFa (HF, r=0.8496, p=0.0005; HF/n-3, r=0.8544, p=0.0016) as
well as between those of EMR1 and the anti-inflammatory cytokine IL10 (HF, r=0.8017, p=0.0017;
HF/n-3, r=0.6817, p=0.0299) in EAT.
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Figure 11. Gene expression of pro-inflammatory cytokines in VATs. All data are means + SE and
were collected from mice after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain
polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A and B) Gene expression levels of Tnfa
and nitric oxide synthase 2 (Nos2) in MAT (A; n=8-10) and in EAT (B; n=10-12). Data were retrieved
by RT-qPCR, normalised to Hprtl and Actb (MAT) or to Gapdh and Actb (EAT), and calculated relative
to controls. Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of
no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers
were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p <
0.01, ***p < 0.001, significant differences compared with control or between groups as indicated.

In order to receive information about whether the increased number of immune cells, found
especially in EAT upon high-fat feeding, was due to an increased infiltration, target proteins involved
in endothelial cell activation and growth or in the regulation of angiogenesis were analysed. Hence,
classical adhesion molecules such as vascular cell adhesion molecule 1 (VCAM1) and intercellular
adhesion molecule 1 (ICAM1) and TEK were examined by RT-gPCR analyses. No regulations were
observed in MAT between the diets (Figure 12A), but in EAT VCAM1 gene expression was
significantly elevated upon HF/n-3 compared to control and HF feeding, whereas ICAM1 and TEK
were not regulated on gene expression level (Figure 12B). Additionally, a nearly significant
correlation could be observed between the gene expression levels of CD4 and VCAM1 within the HF

(r=0.5757, p=0.0502) and HF/n-3 group (r=0.6192, p=0.0563) in EAT.
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Figure 12. Expression analysis of genes involved in endothelial cell activation and growth or in the
regulation of angiogenesis in VATs. All data are means + SE and were collected from mice after 12
weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3). (A and B) Gene expression levels of the classical adhesion molecules vascular
cell adhesion molecule 1 (Vcam1) and intercellular adhesion molecule 1 (Icam1) and endothelial-
specific receptor tyrosine kinase (Tek) in MAT (A; n=8-10) and in EAT (B; n=10-12). Data were
retrieved by RT-qPCR, normalised to Hprtl and Actb (MAT) or to Gapdh and Actb (EAT), and
calculated relative to controls. Statistical analysis was performed using one-way ANOVA and Tukey
post-test. In case of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test.
In addition, outliers were detected by using Grubb’s test and excluded from statistical data analysis.
*p <0.05, **p < 0.01, ***p < 0.001, significant differences compared with control or between groups
as indicated.

4.1.2 Inflammatory status of iBAT

It has been reported, that alternatively activated macrophages in cross-talk with eosinophils can
stimulate the expression of thermogenic genes in iBAT via catecholamines upon cold (Nguyen 2011,
Qiu 2014). Thus, since a further aim of this thesis was to assess whether n-3 LCPUFA increase energy
expenditure by inducing DIT in iBAT and since it would be interesting to explore a possible
involvement of immune cells in DIT, immune cell infiltration and inflammation were also analysed in
iBAT.

Similar to analyses in VATs (cf. 4.1.1.2), gene expression levels of the macrophage marker F4/80 and
of surface markers that define macrophage phenotype - CD11c (M1 phenotype) or CD206 and CD301
(M2 phenotype) - (Figure 13A) as well as their immunohistochemical detection (Figure 14) and
quantification in CLS (Figure 13B) or as solitary cells (Figure 13C) were examined in iBAT. Moreover,
MRNA levels of pro- and anti-inflammatory markers and of the eosinophil-specific marker sialic acid
binding Ig-like lectin 5 (SIGLEC5; Zhang 2007) were determined (Figure 13D and E).

Gene expression levels of the respective markers were measured and in comparison with analyses in
VATs, similar changes were observed in iBAT, whereby the Cq-values of the immune cell markers

(Appendix Table 21 (iBAT), Table 22 (EAT) and Table 25 (MAT)) showed in general higher values
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analysing iBAT than VATs. Notably, compared with the findings in VATs (cf. Table 8), significant higher
mMRNA levels for EMR1, but also for ITGAX and CLEC10a were found upon both HFDs compared to
control. However, the mRNA level of MRC1 was only significantly increased upon HF/n-3 (Figure
13A).

Examining the immunohistochemical analyses of iBAT, one must realise that CLS were not so visible
in iBAT than in VATSs. Surprisingly, with regard to CLS, for all groups the CD301-positive-stained CLS
were more frequent than CLS stained with other macrophage markers applied, whereby CD301-
positive-stained CLS were significantly less upon HF compared to control. However, the number of
CD11c- or CD206-positive-stained CLS was not different between diets. Notably, the biggest changes
were observed for F4/80-positive CLS, which were significantly more frequent upon HF/n-3 than
upon HF (Figure 13B). The results of the solitary cell counts resemble those of the positive-stained
CLS, with more F4/80-positive and CD11c-positive solitary cells upon HF/n-3 than HF, but the number
of CD301-positive solitary cells was significantly downregulated in both high-fat groups compared to
control group (Figure 13C).

Compared to findings in VATs (Figure 8), upon HF/n-3, the number of F4/80-positive CLS (BAT vs.
MAT: 3.9-fold and BAT vs. EAT: 1.7-fold) and solitary cells (BAT vs MAT: 11-fold and BAT vs. EAT: 5.6-
fold) found per mm? tissue were generally more pronounced in iBAT than in VATs. Furthermore,
comparing HF/n-3 with control, similarily high values were observed for the fold changes of F4/80-
positive CLS and F4/80-positive solitary cells in iBAT, whereas in VATs the values for the fold changes
of F4/80-positive CLS were higher than those of F4/80-positive solitary cells (MAT: not defined due to
the missing values for CLS in the control group and EAT: 12.3-fold).

Besides that, the gene expression level of MCP1 was significantly higher for the high-fat groups than
control, whereas the pro-inflammtory marker TNFa showed no regulation. However, mRNA levels for
the anti-inflammatory markers 1L10 and TGFB1 were significantly higher for HF/n-3 than for controls
but upon HF, only IL10 levels were significantly elevated compared to control (Figure 13D).

Given the involvement of M2 macrophages and eosinophils in thermogenesis, the mRNA abundance
of the eosinophil-specific marker SIGLEC5 was determined and a correlation-based approach was
applied to examine a possible correlation between the abundance of immune cells and the
thermogenic marker UCP1. Notably, the mRNA level of SIGLEC5 was significantly enhanced for the
HF/n-3 mice compared to control and HF mice (Figure 13E) and, within the HF/n-3 group, SIGLEC5
was significantly correlated with the gene expression levels of EMR1, MCR1 and CLEC10a, and even
UCP1 (Table 6). Furthermore, for the HF/n-3 mice, significant correlations were observed between
the gene expression levels of macrophage markers (EMR1 and MRC1) and of metabolic markers
(CD36 and CPT1a; Table 6), which were associated with the M2 macrophage phenotype (Huang
2014).
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Figure 13. Differential mRNA expression of cytokines and genes encoding immune cell markers,
such as M1 and M2 macrophage markers, and their immunohistochemical detection and
quantification in crown-like structures (CLS) or as solitary cells in iBAT. All data are means + SE and
were collected from mice after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain
polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A) Gene expression of macrophage
markers in iBAT (n=10-12). Shown are the gene expression levels of EGF-like module-containing
mucin-like hormone receptor-like 1 (Emrl; F4/80), integrin a-X (ltgax; CD11c), mannose receptor C
type 1 (Mrcl; CD206) and C-type lectin domain family 10, member A (Clec10a; CD301). (B and C)
Immunohistochemical detection (cf. Figure 14) and quantification of CLS and solitary cells, which are
positive for F4/80, CD11c, CD206 or CD301 in iBAT (n=4-5). Number of positive-stained CLS (B) and of
positive-stained solitary cells (C) is expressed as CLS or solitary cells per mm? of tissue section. (D and
E) Gene expression of the pro- or anti-inflammatory chemokines / cytokines and of an eosinophil-
specific marker in iBAT (n=7-12). Shown are the gene expression levels of Mcp1, Tnfa, IL10 or Tgfp1
(D) and of sialic acid binding Ig-like lectin 5 (Siglec5; E). Gene expression data were retrieved by RT-
gPCR, normalised to CypB and Hsp90ab1, and calculated relative to controls. Statistical analysis was
performed using one-way ANOVA and Tukey post-test. In case of no normal distribution or n < 5,
data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using
Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
significant differences compared with control or between groups as indicated.
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Figure 14. Immunohistochemical analysis of macrophage-associated M1 and M2 marker expression
in crown-like structures (CLS) of iBAT. Shown are microscopic images of paraffin sections of iBAT
from mice fed control (A, D, G, and J), HF (B, E, H, and K) or HF/n-3 diet (C, F, I, and L). They were
stained with primary antibodies specific for F4/80 (A, B, and C), CD11c (D, E, and F), CD206 (G, H, and
1) or CD301 (J, K, and L). For antigen detection, corresponding specific secondary antibodies
combined with horseradish peroxidase-based detection system were applied, followed by
counterstaining with hematoxylin. Positive-stained cells in CLS surrounding lipid droplets are
highlighted with black frames (continuous or dashed line). One representative structure for each
figure (black frame with continuous line) is also shown in a higher magnification as insert. Additional
structures are visualised by black frames with dashed lines. Scale bars indicate 50 um for the whole
section or 20um for the representative structure in the lower left corner of each section.
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Table 6. Correlation analysis data on macrophage phenotypes in iBAT

Gene Gene Correlation
Total C HF HF/n-3
Siglec5 Emrl p <0.0001*** 0.8431 0.0694 0.0052**
r 0.6916 -0.06412 0.5661 0.8027
Siglec5 Mrcl p <0.0001*** 0.6795 0.0880 0.0225*
r 0.6480 0.1333 0.5131 0.7059
Siglec5 Clec10a p 0.0003*** 0.0826 0.6175 0.0085**
r 0.5779 0.5207 0.1608 0.7750
Siglec5 Ucp1# p 0.0049** 0.1271 0.8127 0.0319*
r 04717 -0.4657 -0.0767 0.6761
Emrl Cptla p <0.0001*** 0.7326 0.3536 0.0281*
r 0.6740 0.1104 0.3100 0.6873
Mrcl CD36 p 0.0001%*** 0.6814 0.1284 0.0287*
r 0.6128 0.1325 0.4643 0.6854

Shown are correlations between gene expression data of immune cell markers and metabolic
markers in interscapular brown adipose tissue (iBAT) after 12 weeks of feeding either control (C),
HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The
expression data were generated by RT-qPCR analysis (n=7-12) and correlation analyses were
performed utilizing the whole data set (total), but also analysing the data from each group
separately. For the genes marked with a hash symbol, the data were obtained from Ludwig et al.
(Ludwig 2013), testing for normal distribution and outliers. Normalised values were used. Outliers
were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p <
0.01, ***p < 0.001, indicate significant correlation. p, statistical significance; r, Pearson correlation
coefficient.

4.1.3 Inflammatory status of spleen, plasma and liver

Given the T cell immunosuppressive effect in MAT upon HF/n-3 (cf. 4.1.1.1) and the significantly
increased spleen mass that was observed in HF/n-3 animals (Ludwig 2013), splenic immune cell
profile was examined. The spleen, like the mesenteric lymph nodes (MLN), represents a secondary
lymphoid organ and is a major site of lymphocyte proliferation and immune system homeostasis
(Mebius 2005).

Immunological changes in spleen were evaluated by measurements of splenic mRNA levels for the
macrophage marker EMR1 and ITGAX, as well as for CD4 and CD8aq, identifying helper T lymphocytes
and cytotoxic / suppressor T lymphocytes, respectively (Ellmeier 1999). EMR1 and ITGAX gene
expression levels were significantly downregulated upon HF/n-3 compared to control, whereas ITGAX
was also significantly decreased in HF/n-3 animals compared to HF animals in the spleen (Figure
15A). Similar to the findings in MAT, splenic CD4 and CD8a mRNA levels were significantly lower

upon HF/n-3 than HF, whereby this decrease was also observed for CD4 in HF/n-3 mice compared to
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control mice (Figure 15B). Moreover, these findings were confirmed by immunohistochemical
analyses of splenic tissue and the quantification of T cell marker-positive stained areas in the splenic
white pulps, using primary antibodies specific for mouse T cell markers CD4 and CD8a (Figures 15C
and D). These analyses revealed a significant reduction of positive-stained T cell areas in the splenic
white pulps of HF/n-3 mice compared with HF mice. In addition, immunohistochemical analysis and
guantification of CD3-positive stained areas in spleen also showed a trend for lower T cell marker
expression in HF/n-3 animals (Figure 15E).

Accordingly, previous findings showed that systemically increased SAA levels, which were observed
in HF animals, were prevented upon HF/n-3 (Ludwig 2013). However, further analysis of plasma
inflammatory markers revealed only a tendency of slightly higher MCP1 levels upon both HFDs
compared to control (Figure 15F). Moreover, inflammatory hepatic conditions that might induce the
increased prodution of SAA, following the exposure to bacterial LPS and the activation of NFkB (Lv
2013), were not found. The mRNA levels of the macrophage marker EMR1 and of TNFa were not

regulated upon HFDs in the liver (Appendix Table 23).
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Figure 15. Gene expression analysis of immune cell markers, the immunohistochemical detection
and quantification of T cells in spleen and MCP1 measurement in plasma. All data are means + SE
and were collected from mice after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-
chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A and B) Gene expression of
macrophage markers and T cell markers in spleen (n=10-12). Shown are the gene expression levels of
EGF-like module-containing mucin-like hormone receptor-like 1 (Emr1) and integrin a-X (ltgax; A) or
CD4 and CD8a (B). Data were retrieved by RT-gPCR, normalised to Gapdh and Hprt1, and calculated
relative to controls. (C-E) Immunohistochemical detection of T cells in splenic white pulps and their
quantification (n=4-6). Shown are representative digital images of CD4- and CD8a-positive stained
areas of the splenic white pulps taken from stained cryosections (C). For immunohistochemistry,
CD4- and CD8a-specific antibodies and an antigen detection system based on Fast Red were used.
Scale bar indicates 200 um. Area of splenic white pulps positively stained for CD4 and CD8a (D) or for
CD3 (E) was quantified, related to section area and expressed in percent. (F) Plasma monocyte
chemoattractant protein-1 (MCP1) level was quantified with a commercially available ELISA kit.
Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal
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distribution or n < 5, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers
were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p <
0.01, ***p < 0.001, significant differences compared with control or between groups as indicated.

4.2 Gene expression analysis indicating inflammatory and vascular changes in small intestine upon

HF and HF/n-3 (48 kl% fat)

Diet-induced inflammation affects adipose tissues, the liver and even the intestine (Li 2008),
indicating a possible connectivity between MAT / mesenteric lymph nodes, the intestine and the
liver. Moreover, LPS penetrating the intestine due to HFD-induced disruption of the intestinal barrier
function might promote local and systemic inflammation (de La Serre 2010, Cani 2008). However, in
this context only the intestinal epithelial barrier was studied, whereas the impact of HFD on intestinal
endothelial integrity was less recognised and investigated, although LPS will have to enter the
microcirculation to result in systemic inflammation. The endothelium plays an important role in
many physiological functions, which vary along the vascular tree. Its activation, for example via
inflammatory mediators or bacterial products, can result in inflammation-induced increase in
endothelial permeablity (Aird 2007), whereas chemokines as well as ROS can impair (Granger 2010)
and n-3 LCPUFA are said to improve vascular endothelial function, partly due to their different effects
on NO bioavailability (Balakumar 2012).

In this thesis, besides analysing inflammatory processes in the upper (USI) and lower small intestine
(LSI), a potential evocation of endothelial dysfunction in mice by the fat quantity and quality of the
HFDs used, and the impact of those on vascular integrity was further explored using intestinal
mucosal scrapings. Thus, the regulation of NO synthesis was assessed in USI. Furthermore, the gene
expression levels of proteins involved in the maintenance of vascular integrity were examined by RT-
gPCR analysis. Finally, the albumin content in blood plasma was determined in order to get first
physiological insights on potential differential effects of the diets used, which differed in n-6/n-3

ratios, on endothelial function.

4.2.1 Smallintestine and inflammation

Preliminary gene expression data indicated endothelial activation upon HF feeding analysing mucosal
scrapings of the USI and suggested a higher inflammatory potential of HF compared to HF/n-3.

To validate the aforementioned hypothesis that the HFDs have differential effects on intestinal
inflammation, immune cell markers and cytokines were examined separately in the US| and the LSI
by RT-gPCR and correlation analyses. Surprisingly, only few inflammatory changes could be observed

in the USI. ITGAM and ITGAX (Appendix Table 27) showed no regulation, but the gene expression
61



Results

level of CD86, which is expressed on antigen-presenting cells and provides co-stimulatory signals
necessary for T cell activation and survival (Kong 2011), was significantly enhanced upon HF
compared to control and HF/n-3 (Figure 16A). Moreover, the mRNA levels of cytokines like MCP1 and
TGFB1 were also significantly upregulated in HF mice compared to controls, whereby the partial
substitution of palm oil with n-3 LCPUFA resulted in a downward trend. Furthermore, a significant
decreased gene expression for NOS2 could be observed upon HF/n-3 compared to control in USI
(Figure 16B).

Compared to the USI, inflammatory changes were even less pronounced in the LSI. Only the gene
expression of NOS2 was significantly downregulated in HF/n-3 mice compared to control and HF
mice, whereas the mRNA levels of TGFB1 (Figure 16C), EMR1 and ITGAX (Appendix Table 24) were
not regulated. However, for the HF/n-3 animals, the gene expression levels of TGFB1 significantly
correlated with those of EMR1 and ITGAX (Table 7), indicating a non-inflamed mucosa (Smith 2011)
upon HF/n-3 in LSI.
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Figure 16. Gene expression of immune cell markers and cytokines in upper (USI) and lower small
intestine (LSI). All data are means + SE and were collected from mice after 12 weeks of feeding either
control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3).
(A and B) Gene expression data of the immune cell marker integrin a-G (Itgam) and CD86 (A) and of
the cytokines monocyte chemoattractant protein-1 (Mcp1l), nitric oxide synthase 2 (Nos2) and
transforming growth factor B1 (TgfB1; B) in USI (n=7-11). (C) Gene expression data of Nos2 and Tgfp1
in LSI (n=9-12). Data were retrieved by RT-qPCR, normalised to Hprtl, Gapdh and Actb (USI) or CypB
and Hsp90ab1 (LSI), and calculated relative to controls. Statistical analysis was performed using one-
way ANOVA and Tukey post-test. In case of no normal distribution, data were tested by Kruskal-
Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s test and excluded
from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences compared
with control or between groups as indicated.
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Table 7. Correlation analysis of the cytokine TGF1 and immune cell markers in LSI

Gene Gene Correlation
Total C HF HF/n-3
Tgffl Emrl p 0.0019** 0.1217 0.5422 0.0083**
r 0.5368 0.4949 0.2196 0.7764
Tgffl ltgax p <0.0001*** 0.2708 0.1195 0.0058**
r 0.6452 0.3643 0.5246 0.7969

Shown are correlations between gene expression data of chemokines / cytokines and immune cell
markers in lower small intestine (LSI) after 12 weeks of feeding either control (C), HFD (HF), or n-3
long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The expression data were
generated by RT-qPCR analysis (n=8-12) and correlation analyses were performed utilizing the whole
data set (total), but also analysing the data from each group separately. Normalised values were
used. Outliers were detected by using Grubb’s test and excluded from statistical data analysis.
*p < 0.05, **p < 0.01, ***p < 0.001, indicate significant correlation. p, statistical significance; r,
Pearson correlation coefficient.

4.2.2 Summary of the findings regarding inflammatory status

Findings obtained so far from RT-gPCR and immunohistochemical analyses that examined immune
cell markers, chemokine and cytokines in MAT and EAT (Table 8), as well as in iBAT, spleen, liver,
blood plasma, USI and LSI (Table 9) are listed below. Significant gene and protein expression changes
upon both HFDs compared to control and those upon HF/n-3 compared to HF are represented as

arrows to give an overview of the changes induced by HFDs that differ in their fat quality.
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Table 8. Summary of inflammatory changes in MAT and EAT

Regulation Regulation
MAT / Function Gene / Protein (IHC) EAT/ Function Gene / Protein (IHC)
HF HF/n-3 HF/n-3 HF HF/n-3 HF/n-3
C C H C C HF
T cell cD4 —_— T cell cD4 — 4 #
CD8a — * —
cp3 y — — cp3 — — 4
Co-stimulation CD86 —_— e Co-stimulation  CD86 —_—
B cell B220 _—— —
Macrophage Emrl —_— f —_— Macrophage Emrl f f —
F4/80 (CLS) " F4/80 (CLS) — 4 —
F4/80 (solitary cell) — — — F4/80 (solitary cel) — 4 —
Itgax* —_— f f Itgax* —_— f —_—
CD11c (CLS) — 4 — CD11c (CLS) — 4 —
CD11c (solitary cell) 0 —— — CD11c (solitary cell) = * —_—
Itgam —_— f f Itgam _— f —_—
Mrc1* _— f —_— Mrc1* —_—— f
CD206 (CLS) —_ f —_ CD206 (CLS) —_—
CD206 (solitary cell) * _— CD206 (solitary cell) * S —
Clec10a — 4 — Clec10a — 4 1
Chemokine Mcpl* f f —_— Chemokine Mcpl* f f —_—
Spp1 (Opn)* — 4 4 Sppl (Opn)* 4 4 14
Cytokine Tnfa _—— — Cytokine Tnfa — f —
Nos2 —_——— Nos2 f —_ *
IL10* —_—— IL10* — 4 —
Adhesion Vcam1 —_ e — Adhesion Vcam1 —_ f f
Ilcam1 _—— — Ilcam1l — — —
Angiogenesis Tek —_— e Angiogenesis Tek _—— —
Proliferation Ki67 _—— —
Apoptosis CL-CASP3 —— 4

Regulation of gene (1st letter in capital) or protein (only capitals or bold type; immunohistochemistry
(IHC)) expression of immune cell markers, chemokines and cytokines, as well as markers related to
adhesion, angiognenesis, proliferation and apoptosis by HFD (HF) and n-3 long-chain polyunsaturated
fatty acid (LCPUFA)-enriched HFD (HF/n-3) in mesenteric (MAT) and epididymal adipose tissue (EAT).
Comparisons between HF and control diet (black), HF/n-3 and control diet (red) or HF/n-3 and HF
(green) are shown. Upward- and downward-oriented arrows indicate upregulation or
downregulation, respectively, and unregulated processes are represented by a dash symbol. For the
genes rated by asterisks, the data were obtained from Ludwig et al. (Ludwig 2013), testing for normal

distribution and outliers.
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Table 9. Summary of inflammatory changes in iBAT, spleen, liver, plasma, USI and LSI

Regulation Regulation
iBAT / Function ~ Gene / Protein (IHC) Spleen /Function  Gene / Protein (IHC)
HF HF/n-3 HF/n- HF HF/n-3 HF/n-3
C C HF C c HF
Macrophage Emrl f f —_— T cell Cb4 — * *
F4/80 (CLS) — — 4 CD4 —_—
F4/80 (solitary cell) =— — f CD8a _—— *
Itgax f f —_— CD8a _—— *
CD11c (CLS) —_—— — cD3 —_—— —
CD11c (solitary cell) —— — f Macrophage Emrl — * —
Mrcl — 4 — Itgax — 4 ¥
CD206 (CLS) —_— —
CD206 (solitary cell) — — — .
Liver / Function Gene / Protein Regulation
Clec10a f f —_—
CD301 (CLS) ; _—— Macrophage Emrl —_——
CD301 (solitary cell) { { — Cytokine Tnfa —— —
Eosinophil Siglec5 —_— f f
Chemokine Mcpl f f —_—
Plasma / Function Gene / Protein (ELISA) Regulation
Cytokine Tnfa —_— e
IL10 f f —_— Acute-phase protein SAA* f — *
Tgfp1 — 4 —  Chemokine MCP1 —_——

USI / Function

Gene / Protein

Regulation

LSl / Function

Gene / Protein

Regulation

Co-stimulation

Macrophage

Chemokine

Cytokine

Adhesion

Angiogenesis

CD86
Itgax
Itgam
Mcpl
Nos2
TgfB1
Vcam1*
Ilcam1*

Tek*

> | > | >

Macrophage

Cytokine

Adhesion

Angiogenesis

Emrl
Itgax

Nos2
TgfB1
Vcam1*
lcam1*

Tek*

Regulation of gene (1st letter in capital) or protein (only capitals or bold type; immunohistochemistry

(IHC) or ELISA) expression of immune cell markers, chemokines and cytokines, as well as markers
related to adhesion and angiognenesis by HFD (HF) and n-3 long-chain polyunsaturated fatty acid
(LCPUFA)-enriched HFD (HF/n-3) in interscapular brown adipose tissue (iBAT), spleen, liver, blood
plasma and upper (USI) and lower small intestine (LSI). Comparisons between HF and control diet
(black), HF/n-3 and control diet (red) or HF/n-3 and HF (green) are shown. Upward- and downward-
oriented arrows indicate upregulation or downregulation, respectively, and unregulated processes

are represented by a dash symbol. For the genes rated by asterisks, the data were obtained from

Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers.
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4.2.3 Small intestine, vasculature and NO biology

Endothelial dysfunction is characterised by reduced NO availability secondary to an enhanced
oxidative stress production and subsequent impaired vasodilatory response, and it is associated with
hyperpermeabilty. The generation of NO is highly regulated, inter alia, by phosphorylation of eNOS,
cofactors and substrate availability or the localisation of eNOS. However, in pathogenic conditions
involving vascular oxidative stress and inflammation, ROS and the formation of peroxynitrite (ONOO’)
would lead to eNOS uncoupling and the subsequent eNOS contribution to superoxide production
(Félétou 2011, Figure 17A).

Since physiologic levels of NO appear to play an important role in the maintainance of endothelial
function, in this thesis, the possible different regulation of NO bioavailability by HFDs differing in fat
quality was assessed in USI by RT-gPCR and correlation analyses. Thus, genes involved in the control
of NO generation such as NOS3, arginase 2 (ARG2), which compete with NOS3 for its substrate
L-arginine, and caveolin 1 (CAV1), which can bind NOS3 and thereby inhibit its activity, were
examined. Notably, the mRNA expression levels of ARG2 and CAV1, both negative regulators of
NOS3, were significantly increased upon HF compared to control or HF/n-3, respectively, whereas the
gene expression level of NOS3 showed no regulation (Figure 17B).

In addition, given that oxidative stress induces eNOS uncoupling, the gene expression levels of
gp91PHOX and p47PHOX (NAD(P)H oxidase subunits), which produce superoxide and of enzymes
that act as antioxidants, like superoxide dismutase (SOD) or catalase (CAT), were examined by RT-
gPCR and partly validated on protein level by Western blot analysis. The gene expression levels of
cytochrome b-245, beta polypeptide (gp91PHOX) and neutrophil cytosolic factor 1 (p47PHOX)
showed no regulation (Figure 17C), however, the mRNA levels of SOD1 and CAT were significantly
upregulated upon HF/n-3 compared to control and HF feeding and SOD1 levels were also significantly
higher for HF than for control in USI (Figure 17D). Nevertheless, the protein level of CAT showed no
significant changes, and only a trend of an increase was observed upon HF/n-3 in USI, whereas in LSI
the expression of CAT was significantly enhanced in HF/n-3 animals compared to controls (Figure
17E). Remarkably, in USI, a significant correlation was observed between the gene expression levels
of SOD1 and CAT for the HF/n-3 animals (Table 10), indicating a balanced antioxidative defence
system upon HF/n-3. Conversely, for the HF animals, the gene expression level of eNOS correlate
with those of the NAD(P)H oxidase subunit gp91PHOX and the immune cell marker CD86 (Table 10),

possible sources of oxidative stress and inflammation.
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Figure 17. mRNA and protein expression of genes that play a role in the regulation of nitric oxide
bioavailability in small intestine. All data are means + SE and were collected from mice after 12
weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3). (A) Schematic presentation of the control of NO bioavailability. (B) Gene
expression data of nitric oxide synthase 3 (Nos3), arginase 2 (Arg2) and caveolin 1 (Cav1) in USI (n=8-
11). (C and D) Gene expression data of the NAD(P)H oxidase subunits gp91phox and p47phox (C) and
of superoxide dismutase 1 (Sod1) and catalase (Cat; D) in USI (n=8-11). Gene expression data were
retrieved by RT-gPCR, normalised to Hprtl, Gapdh and Actb, and calculated relative to controls.
(E) Western blot analysis of CAT in USI and LSI (n=4-5). Shown are their protein expression levels
relative to controls. HPRT was used for protein normalisation. Statistical analysis was performed
using one-way ANOVA and Tukey post-test. In case of no normal distribution or n < 5, data were
tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant
differences compared with control or between groups as indicated.
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Table 10. Correlation analysis data on the regulation of nitric oxide bioavailability in USI

Gene Gene Correlation
Total C HF HF/n-3
Sod1 Cat p 0.0006%** 0.6895 0.7346 0.0217*
r 0.6009 -0.1449 0.1158 0.7825
gp91phox Nos3 p 0.0060** 0.1752 0.0310* 0.1339
r 0.4977 0.4654 0.6483 -0.5774
CD86 Nos3 p 0.0028** 0.3401 0.0208* 0.5646
r 0.5355 0.3376 0.6818 -0.2414

Shown are correlations between the mRNA level of nitric oxide synthase 3 (Nos3) and the gene
expression data of oxidative markers or immune cell markers in upper small intestine (USI) after 12
weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3). The expression data were generated by RT-qPCR analysis (n=8-12) and
correlation analyses were performed utilizing the whole data set (total), but also analysing the data
from each group separately. Normalised values were used. Outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, indicate
significant correlation. p, statistical significance; r, Pearson correlation coefficient.

4.2.4 Small intestine, endothelial permeability and serum albumin level

Impaired vascular integrity, which is observed in inflammation or chronic disease states, is
characterised by leakage of fluid, proteins, or small molecules. Moreover, it clinically manifests as
accumulation of plasma-like, protein-rich fluid in the extravascular space leading to edema.
Furthermore, blood fluid, solutes and even circulating cells can cross the endothelium via two routes:
transcellular or paracellular. The latter is responsible for the majority of endothelial leakage of blood
fluid and protein under pathophysiological conditions, which takes place in the microvessels (Yuan
2010). It must also be noted that basal vessel permeability differs according to the type of tissue
examined. The fenestrated endothelium, which is found in the gastrointestinal tract, is characterised
by the presence of transcellular pores, which are spanned by a diaphragm (Sarin 2010).

Hence, to assess changes in intestinal integrity endothelial cell markers, junctional proteins and a
fenestration marker were examined by RT-qPCR analyses using RNA from intestinal mucosal
scrapings. Additionally, blood plasma albumin level after 6 and 12 weeks of feeding as well as hepatic
albumin gene level were determined to find indications for changes in systemic microvascular
permeability.

Endothelial cell markers like CD31 and CDH5 were significantly upregulated upon HF compared to
control feeding, whereas the gene expression of claudin5 (CLDN5) showed no regulation in the USI
(Figure 18A). It should be noted that all these proteins are found in intercellular junctions and define

the paracellular pathway. OCLN, another junction protein was not regulated on gene expression
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level, however, the mRNA level of the fenestration marker plasmalemma vesicle-associated protein
(PLVAP), a fenestral diaphragm protein, was significantly upregulated in the USI of HF animals
compared to control and HF/n-3 animals (Figure 18B).

Notably, for HF and control animals, a significant correlation was observed between the gene
expression levels of CDH5 and CAV1 or PLVAP, which are proteins defining paracellular and
transcellular pathways, in US| (Table 11). Both proteins, CAV1 and PLVAP, were found to be involved
in lymphocyte transmigration (Keuschnigg 2009). Thus, it was further investigated whether their
MRNA levels are related to those of immune cell markers and oxidative stress markers. For HF and
control mice, the gene expression levels of both proteins were significantly correlated with the
MRNA level of p47PHOX, whereas, only for the HF animals, they were significantly correlated with
CD86. However, a significant correlation was even observed between the mRNA levels of PLVAP and

CAV1 in USI within HF and control group (Table 11).

Table 11. Correlation analysis data on genes involved in the regulation of the transcellular pathway
in USI

Gene Gene Correlation
Total C HF HF/n-3
Cdh5 Cavl p <0.0001*** <0.0001***  0.0019** 0.5190
r 0.7727 0.9421 0.8221 0.2692
Cdh5 Plvap p <0.0001*** 0.0001*** <0.0001*** 0.2085
r 0.8889 0.9267 0.9263 0.4986
CD86 Cavl p 0.0006*** 0.1131 0.0094** 0.3604
r 0.5981 0.5324 0.7391 -0.3747
CD86 Plvap p <0.0001%*** 0.0526 0.0136* 0.9714
r 0.7251 0.6265 0.7138 -0.01525
p47phox Cavl p 0.0003*** 0.0353* 0.0143* 0.8670
r 0.6283 0.6665 0.7105 0.07118
p47phox Plvap p <0.0001*** 0.0075** 0.0056** 0.6614
r 0.7490 0.7819 0.7696 0.1848
Cavl Plvap p <0.0001*** 0.0003*** 0.0005***  0.1726
r 0.8366 0.9064 0.8683 0.5342

Shown are correlations between the mRNA levels of plasmalemma vesicle-associated protein (Plvap)
or caveolin 1 (Cav1) and the gene expression data of endothelial, immune cell or oxidative markers in
upper small intestine (USI) after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain
polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The expression data were generated by
RT-gPCR analysis (n=8-12) and correlation analyses were performed utilizing the whole data set
(total), but also analysing the data from each group separately. Normalised values were used.
Outliers were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05,
**p < 0.01, ***p < 0.001, indicate significant correlation. p, statistical significance; r, Pearson
correlation coefficient.

69



Results

Surprisingly, for LSI, which already showed less pronounced inflammatory changes compared to USI,
the mRNA expression of OCLN was significantly enhanced upon HF compared to control feeding,
whereas the expression of endothelial marker CD31 showed no changes after 12 weeks of feeding
(Figure 18C). At the earlier timepoint of feeding, at 6 weeks, no regulation was observed for the

mMRNA levels of CDH5 or OCLN in LSI (Figure 18D).
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Figure 18. Gene expression of endothelial cell markers, junctional and plasmalemma vesicle-
associated proteins in upper (USI) and lower small intestine (LSI). All data are means * SE and were
collected from mice after 12 weeks or 6 weeks of feeding either control (C), HFD (HF), or n-3 long-
chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A and B) Gene expression of
endothelial markers platelet endothelial cell adhesion molecule 1 (CD31), cadherin 5 (Cdh5) and
claudin 5 (Cldn5; A), and of the tight junction protein occludin (Ocln) and the fenestration marker
plasmalemma vesicle-associated protein (Plvap; B) in USI (n=8-11). (C and D) Gene expression of
CD31 and Ocln in LSI after 12 weeks (C; n=9-11) and of Cdh5 and Ocln after 6 weeks of feeding (D;
n=11-12). Data were retrieved by RT-qPCR, normalised to Hprtl, Gapdh and Actb (USI) or CypB and
Hsp90ab1l (LSI 6w or 12w), and calculated relative to controls. Statistical analysis was performed
using one-way ANOVA and Tukey post-test. In case of no normal distribution, data were tested by
Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s test and
excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences
compared with control or between groups as indicated.

Finally, the plasma level of albumin, the main plasma protein regulating the colloidal osmotic

pressure of blood and binding / transporting fatty acids (Rozga 2013), was determined after 6 and 12
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weeks of the feeding. Labeled albumin is used frequently as tracer for monitoring microvascular
permeability (Bates 2010).

Plasma level of albumin was not regulated in the 12-week feeding trial (Figure 19A). However, in
order to test whether this finding was explained by a possible long-term compensation process, we
also measured the plasma albumin level from mice of the 6-week feeding trial, showing a significant
decrease upon both HFDs compared to control (Figure 19B). Moreover, in liver, where albumin is
produced (Ballmer 2001), the gene expression level of albumin was significantly decreased in HF/n-3

animals compared to control and HF animals in the 6-week feeding trial (Figure 19C).
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Figure 19. Albumin measurement in plasma and gene expression of albumin in liver. All data are
means = SE and were collected from mice after 6 weeks or 12 weeks of feeding either control (C),
HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A and B)
Plasma albumin level was quantified with commercially available ELISA kits after 12 weeks (A; n=10-
12) or 6 weeks of feeding (B; n=12). (C) Gene expression data of albumin (Alb) in liver (n=10-12). Data
were retrieved by RT-qPCR, normalised to Hprtl and Actb, and calculated relative to controls.
Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal
distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were
detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01,
***p < 0.001, significant differences compared with control or between groups as indicated.

4.3 Changes in fatty acid uptake and metabolism upon HFDs

The immune response and metabolic regulation are highly integrated and the proper function of
each is dependent on the other, so the next point to be investigated was the differential effect of
HFDs on fatty acid and energy metabolism. Fatty acids taken up by nutrition are either oxidised for
energy generation, which already begins in the small intestine, or are released. Some of them enter
the portal vein directly reaching the liver, the others form TAG, enter the lymphatic system packaged
as chylomicrons and reach the vascular circulation through the thoracic duct (Yafiez 2011). In obesity,
fat can accumulate in the liver in excessive amounts. In this context, hepatic TAG accumulation
results from an imbalance of FFA uptake from circulation, DNL, fatty acid oxidation and TAG export
via VLDL particels to peripheral fat stores (Rui 2014). Moreover, iBAT plays a central role in regulating

energy homeostasis via thermogenesis that is regulated by UCP1 (Cannon 2004).
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In order to characterise the n-3 LCPUFA-mediated fat mass-reducing effect that was observed in
HF/n-3 mice compared to HF mice by previous analyses of this study (Ludwig 2013), the contribution
of the small intestine, liver and iBAT to fatty acid metabolism and energy expenditure was further
analysed. Moreover, given that the outcome of DIO is determined by the fat quantity and quality of
the HFD, mice from the study by Dahlhoff et al. (Dahlhoff 2014) were examined and data on hepatic

lipid metabolism were used for comparative analysis.

4.3.1 Changes in fatty acid oxidation in small intestine upon HF and HF/n-3 (48 kJ% fat)

Alterations in the expression of genes involved in the regulation of fat oxidation in the intestine are
considered to contribute to the anti-obesogenic effect of n-3 LCPUFA (van Schothorst 2009). In this
thesis the mRNA levels of genes involved in mitochondrial and peroxisomal B-oxidation and in
w-oxidation, such as CPTla, ACOX1 and cytochrome P450, family 4, subfamily a, polypeptide 10
(CYP4a10), respectively, were analysed in USI and LSI. The expression level for each of them was
significantly increased in the USI for both high-fat groups. Remarkably, the HF/n-3 animals even
showed a significantly increased expression compared to the HF animals (Figure 20A). In the LSI,
these genes were only significantly upregulated in the HF/n-3 animals, except for CYP4a10, which
also showed a significant increase in the HF group compared to control (Figure 20B). However, this
upregulation of CYP4a10 was only minor compared to the HF/n-3 group, showing a mRNA level that
was almost 9-fold higher than in the HF group (Figure 20B; HF vs. C: 1.71-fold; HF/n-3 vs. C: 14.73-
fold). Interestingly, the fold changes for CYP4a10 were even more pronounced in the USI (Figure 20A;
HF vs. C: 7.01-fold; HF/n-3 vs. C: 42.65-fold and HF/n-3 vs. HF: 6.08-fold).
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Figure 20. Expression of genes involved in lipid metabolism in upper (USI) and lower small intestine
(LSI). All data are means * SE and were collected from mice after 12 weeks of feeding either control
(C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A and
B) Gene expression data of carnitine palmitoyl transferase 1a (Cptla), acyl-coenzyme A oxidase 1
(Acox1) and cytochrome P450, family 4, subfamily a, polypeptide 10 (Cyp4al0), which represent
genes involved in mitochondrial and peroxisomal B-oxidation as well as w-oxidation in USI (A; n=7-
11) and in LSI (B; n=8-12). Data were retrieved by RT-gPCR, normalised to Hprtl, Gapdh and Actb
(USI) or CypB and Hsp90abl (LSI), and calculated relative to controls. Statistical analysis was
performed using one-way ANOVA and Tukey post-test. In case of no normal distribution, data were
tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant
differences compared with control or between groups as indicated.

4.3.2 Fatty acid metabolism in liver

Previous findings from the study by Ludwig et al. demonstrated a significant reduction in hepatic TAG
levels in mice fed HF/n-3 compared to HF and suggested altered lipid handling (Ludwig 2013). In
order to further characterise the changes in hepatic TAG content, fatty acid metabolism was
analysed in the livers from these mice. In addition, we examined hepatic DNL in mice from the study
by Dahlhoff et al. (Dahlhoff 2014) that reported improved hepatic lipid accumulation upon dietary
MDS. To get an idea about the impact of fat quantity and quality on hepatic lipid metabolism, a
subsequent comparative analysis was performed with the data from these feeding studies, since, in
comparison to the moderate, soybean / palm oil-based HF (48 kl% fat) used in the study by Ludwig et
al., the soybean oil / beef tallow-based HF® (60 kl% fat) used in the study by Dahlhoff et al. showed

differences in fat quantity and quality.

4.3.2.1 Impact of HF and HF/n-3 (48 kl% fat) on hepatic lipid metabolism

In the study by Ludwig et al. the previous analysis of key regulators and enzymes involved in hepatic

lipogenesis and B-oxidation indicated reduced lipogenesis and increased peroxisomal B-oxidation for
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the HF/n-3 mice compared to control and HF mice. Moreover, the mRNA level of CPT1a, operating in
mitochondrial B-oxidation, showed a significant upregulation upon HF compared to control (Ludwig
2013). Hence, in this thesis the impact of HF and HF/n-3 on hepatic lipid handling was further
explored by expression analyses of genes involved in peroxisomal B-oxidation, w-oxidation, lipolysis,
and DNL, namely enoyl-Coenzyme A hydratase (LPBE), CYP4a10, hormone sensitive lipase (HSL) and
ACC2, respectively. Surprisingly, the analysis of LPBE revealed only a significant upregulation for the
HF/n-3 mice compared to control and HF mice, although, previous measurements showed
significantly increased mRNA levels of ACOX1, another gene involved in peroxisomal B-oxidation, for
both high-fat groups compared to control, whereby the respective levels were significantly higher for
HF/n-3 than for HF mice (Ludwig 2013). Furthermore, the gene expression of CYP4al0 - the enzyme
with the biggest fold change in the small intestine - was significantly upregulated in the liver upon
both HFDs. Notably, HF/n-3 animals showed significant higher expression levels than HF animals (HF
vs. C: 1.59-fold; HF/n-3 vs. C: 4.03-fold and HF/n-3 vs. HF: 2.53-fold), but the fold changes of hepatic
CYP4a10 were not as pronounced as those observed in the small intestine. For HSL, the first enzyme
involved in lipolysis, the mRNA level was also significantly increased for the HF/n-3 group compared
to control, whereas the mRNA level for ACC2 was significantly downregulated upon HF/n-3
compared to control and HF (Figure 21A). Similar results were observed previously for ACC1 (Ludwig
2013).

On protein expression level, DNL was characterised in the liver by analysing ACC1_2 and its regulator
AMPKa. Activated AMPK can phosphorylate ACC and inhibit DNL (Hardie 2011). Thus, protein levels
for total AMPKa and phospho-AMPKa (Thrl172) as well as for total ACC1_2 and their phosphorylated
forms P-ACC1 (Ser76) and P-ACC2 (Ser219/Ser221) were determined by Western blot analyses. In
addition, the ratios for P-AMPKa and total AMPKa and P-ACC1 or P-ACC2 and total ACC1_2 were
quantified. Interestingly, for HF mice, significantly reduced expression of total AMPKa, but no
changes for P-AMPKa were observed, resulting in an increased P-AMPKa/AMPKa ratio. Moreover, a
tendency for an increased activation of AMPKa was observed for the HF/n-3 group (Figure 21B).
These findings suggest increased activation of AMPKa, but reduced total content of AMPKa for the
HF group in the liver. However, significantly reduced expression levels for total ACC1_2 were
measured for both high-fat groups compared to control, whereby HF/n-3 animals showed a
significant downregulation compared to HF animals. Furthermore, the expression levels of the
phosphorylated ACC proteins were only significantly decreased upon HF/n-3, and P-ACC1/ACC1_2
and P-ACC2/ACC1_2 ratios were not significantly different between the dietary groups (Figure 21C).
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Figure 21. Gene and protein expression of enzymes involved in lipid metabolism in liver. All data
are means + SE and were collected from mice after 12 weeks of feeding either control (C), HFD (HF),
or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A) Expression data for
genes involved in peroxisomal B-oxidation, w-oxidation, lipolysis and de novo lipogenesis, namely
enoyl-Coenzyme A hydratase (Lpbe), cytochrome P450, family 4, subfamily a, polypeptide 10
(Cyp4al0), hormone sensitive lipase (Hsl) and acetyl-CoA carboxylase 2 (Acc2), respectively (n=10-
11). Data were retrieved by RT-gPCR, normalised to Hprtl and Actb, and calculated relative to
controls. (B and C) Western blot analysis of AMP-activated protein kinase o (AMPKa; B) and acetyl-
CoA carboxylases (ACC1_2) and their representative phosphorylations (C) in liver (n=5-6). Separate
gels were run for quantification of total AMPKa and P-AMPKa (Thr172) and ACC1_2, P-ACC1 (Ser76)
and P-ACC2 (Ser219/Ser221), respectively. Shown are the protein expression levels relative to
controls and the ratios for the phosphorylated forms to total protein expression levels (normalised
values were used). B-ACTIN or HSP90 was used for protein normalisation. Statistical analysis was
performed using one-way ANOVA and Tukey post-test. In case of no normal distribution, data were
tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant
differences compared with control or between groups as indicated.
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In order to confirm a possible interaction between activated AMPKa and ACC, correlation analyses
were performed. For the HF/n-3 animals, a significant correlation was found between
P-AMPKa/AMPKa and P-ACC1/ACC1_2 ratios (Table 12), but not between P-AMPKa/AMPKa and
P-ACC2/ACC1_2 ratios in the liver (data not shown). It is known that ACC2 is the isoform of ACC,
which is involved in the regulation of mitochondrial fatty acid oxidation, whereas ACC1 maintains the
regulation of fatty acid synthesis (Hardie 2011).

Noteworthy, further correlation analyses illustrated a significant negative correlation between
P-ACC2/ACC1_2 ratios and the gene expression levels of ACC1 and ACC2, respectively, for control and
HF/n-3 animals. Furthermore, a nearly significant correlation could also be observed between

P-ACC2/ACC1_2 ratios and the gene expression levels of CPT1a upon HF/n-3 in the liver (Table 12).

Table 12. Correlation analysis data on the regulation of acetyl-CoA carboxylase in liver

Protein (WB) Gene / Protein (WB) Correlation
Total C HF HF/n-3
P-AMPKa/AMPKa P-ACC1/ACC1_2 p 0.0919 0.8065 0.7077 0.0435%*
r 0.4354 -0.1298 0.2923 0.8244
P-ACC2/ACC1_2 Accl? p 0.7806 0.0686 0.3027 0.0398*
r 0.07302 -0.7778 -0.5088  -0.8957
P-ACC2/ACC1_2 Acc2 p 0.1188 0.0493* 0.4521 0.0055**
r 0.3928 -0.8129 -0.3842  -0.9722
P-ACC2/ACC1_2 Cptia® p 0.8616 0.0169* 0.2533 0.0786
r -0.04423 -0.8920 -0.5547  0.7614

Shown are correlations between targets involved in de novo lipogenesis, mitochondrial fatty acid
oxidation or the master regulator AMPKa in the liver after 12 weeks of feeding either control (C),
HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The
expression data were generated by RT-gPCR (n=8-12) or Western blot (WB) analysis (n=5-6), whereby
protein expression data (only capitals or bold type) are presented as ratios for the phosphorylated
forms and total protein expression levels. Correlation analyses were performed utilizing the whole
data set (total), but also analysing the data from each group separately. For the genes marked with a
hash symbol, the data were obtained from Ludwig et al. (Ludwig 2013), testing for normal
distribution and outliers. Normalised values were used. Outliers were detected by using Grubb’s test
and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, indicate significant
correlation. p, statistical significance; r, Pearson correlation coefficient.
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4.3.2.2 Impact of HF® and HFMS (60 k)% fat) on hepatic lipid metabolism

In the study by Dahlhoff et al. previous findings suggested that dietary methyl-donors can prevent
further hepatic lipid accumulation in DIO mice by activating AMPKa, thereby mediating increased
fatty acid utilization. However, for both high-fat groups - with and without dietary MDS - the gene
expression of CPT1a was significantly upregulated compared to control and, moreover, Western blot
analysis showed a significant increase in P-AMPKa and P-AMPKa/AMPKa ratio with significant higher
levels found in HFMS than in HF? livers. In contrast to the HF mice from the study by Ludwig et al.,
total AMPKa content remained unaffected upon HF? (Dahlhoff 2014, Ludwig 2013).

Nonetheless, analysis of DNL, another metabolic process that defines hepatic TAG accumulation and

is partly controlled by AMPK, was missing.

4.3.2.2.1 Impact of HF® and HFMS (60 kJ% fat) on hepatic de novo lipogenesis

To characterise hepatic DNL in mice from the study by Dahlhoff et al. for subsequent comparison
with the results regarding hepatic DNL obtained from the analysis of mice from the study by Ludwig
et al. (cf. 4.3.2.1), the gene expression levels of ACC1 and ACC2 were analysed by RT-qPCR (Figure
22A). In addition, protein expression of total ACC1 (265 kDa) and ACC2 (280 kDa), and their
phosphorylated forms P-ACC1 (Ser76) and P-ACC2 (Ser219/Ser221) were determined by Western
blot analyses (Figures 22B and C), and the ratios for P-ACC1 and total ACC1 protein, as well as for
P-ACC2 and total ACC2 were quantified.

The mRNA levels for ACC1 and ACC2 were significantly lower in CMS, HF? and HFMS mice compared
to control mice (Figure 22A). Interestingly, in mice fed HFMS, significantly reduced protein expression
levels were measured for total and phosphorylated ACC1. For P-ACC1, significantly reduced
expression levels were also observed in CMS and HF” animals compared to control, but total ACC1
protein expression showed only a tendency for lower levels. Moreover, the P-ACC1/ACC1 ratios did
not change (Figure 22B). For hepatic ACC2 protein expression, in comparison to control mice,
significantly lower levels for total ACC2 were only found in HFMS mice, but not in CMS and HF2 mice,
which showed only a tendency for lower levels, whereas significantly reduced levels were
determined for P-ACC2 upon CMS and HFMS. Noteworthy, P-ACC2/ACC2 ratios were not significantly

different between the dietary groups (Figure 22C).
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Figure 22. Gene and protein expression of enzymes involved in de novo lipogenesis in livers from
mice fed soybean oil / beef tallow-based HFDs. All data are means + SE and were collected from
mice after 12 weeks of feeding either control (C*) or HFD (HF%; 60 k1% fat) based on soybean oil and
beef tallow, or 4-week dietary methyl-donor supplementation (CMS or HFMS). (A) Gene expression
data for acetyl-CoA carboxylase 1 and 2 (Accl and Acc2) in liver (n=8-9). Data were retrieved by RT-
gPCR, normalised to Hprtl and Gapdh, and calculated relative to controls. (B and C) Western blot
analysis of ACC1 and its representative phosphorylation P-ACC1 (Ser76; B) and of ACC1_2 and P-ACC2
(Ser219/Ser221; C) in liver (n=7-9). Separate gels were run for quantification of total ACC1 and
ACC1_2, or P-ACC1 (Ser76) and P-ACC2 (Ser219/Ser221), respectively. Shown are their protein
expression levels relative to controls and the ratios for the phosphorylated forms and total protein
expression levels (normalised values were used). B-ACTIN or HSP90 was used for protein
normalisation. Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case
of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition,
outliers were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05,
**p < 0.01, ***p < 0.001, significant differences compared with control or between groups as

indicated.
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4.3.2.2.2 Comparison of data on hepatic lipid metabolism generated by analysing the material of

feeding studies that used differential HFDs

Finally the data on the regulation of hepatic metabolism that were generated by analysing the
material of two different feeding trials, the study by Ludwig et al. (Ludwig 2013) and the study by
Dahlhoff et al. (Dahlhoff 2014), were summarised in Table 13. The feeding trials not only differed in
the aim of the study, the analysis of the impact of different kinds of substitution / supplementation
(n-3 LCPUFA vs. methyl-donors) on DIO, moreover, the HFDs that were used in the studies also

differed in fat quantity (48 kJ% vs. 60 kJ% fat) and fat quality (palm oil vs. beef tallow).

Table 13. Data on the regulation of hepatic metabolism by HFDs that differ in fat quantity, fat
quality and substitution / supplementation

A. Partial substitution of palm oil with n-3 LCPUFA B. Methyl-donor supplementation

Regulation Regulation
Function Gene / Protein (WB) ——————————— Function Gene / Protein (WB)
HF HF/n-3 HF/n-3 CMS HF® HFMS HFEMS
C C HF c ¢t e HFA
FA oxidation Cptla* f —_—— FA oxidation Cptia* f f —
DNL Acc1* — 3 ¥ DNL Accl v v —
Acc2 —_ * v Acc2 * v —
ACC1_2 * * * ACC1 — * —
ACC1_2 _— ; —_
Regulation P-ACC1 _— ; —_ Regulation P-ACC1 ; ; —_
P-ACC2 — ¥4 4 P-ACC2 - ¥y —
P-ACC1/ACC1_2 —_— — — P-ACC1/ACC1 —_—— —
P-ACC2/ACC1_2 —_—— — P-ACC2/ACC1_2 —_—— —
AMPKa * —_ AMPKa* —_——
P-AMPKa —_—— P-AMPKao# 4 4+ 14
P-AMPKa/ AMPKa 4 — — P-AMPKa/ AMPKa* 4 ¢+ 1

Regulation of gene (1st letter in capital) or protein (only capitals or bold type; Western blot)
expressions of enzymes involved in fatty acid oxidation and de novo lipogenesis, and the further
regulation of these enzymes by (A) HF (48 kl% fat, palm oil) and partial substitution of palm oil with
n-3 LCPUFA (HF/n-3) or (B) HF* (60 kl% fat, beef tallow) and methyl-donor supplementation (HFMS).
Comparisons between HFDs (HF or HF2) and corresponding control diets (C or C%; black), substituted /
supplemented HFD and corresponding control diet (red), substituted / supplemented HFD and
corresponding HFD (green) or methyl-donor supplemented control diet (CMS) and corresponding
control diet (yellow) are shown. Upward- and downward-oriented arrows indicate upregulation or
downregulation, respectively, and unregulated processes are represented by a dash symbol. For the
genes rated by asterisks, the data were obtained from Ludwig et al. (Ludwig 2013), for those marked
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with a hash symbol, the data was obtained from Dahlhoff et al. (Dahlhoff 2014), testing for normal
distribution and outliers. DNL, de novo lipogenesis; FA, fatty acid; WB, Western blot.

4.3.3 Impact of HF and HF/n-3 (48 kJ% fat) on iBAT

Hitherto, data of the present study indicated that the upregulation of fatty acid oxidation in small
intestine and liver, as well as the reduction of hepatic DNL might contribute to the n-3 LCPUFA-
mediated fat mass-reducing effect and the improved health status of the HF/n-3 mice compared to
HF mice. However, the results so far can not completely explain the increased energy expenditure
upon HF/n-3, a finding that is based on previous results that indicated significant lower final body
mass, despite higher energy assimilation than in HF animals (Ludwig 2013).

It has been described that the energy consumed can be stored or can be used for physiological needs
and physical activity, whereby the majority is used for metabolic processes, or is lost due to the
production of heat (Tseng 2010, Lowell 2000). The BAT contributes to the regulation of energy
homeostasis by burning calories to produce heat. It was proposed that induction of brown fat
thermogenesis reduced the increase in obesity expected from the level of energy intake (Rothwell
1979). In comparison to cold-induced thermogenesis, specific food compounds, such as PUFA, trigger
DIT. They induce thermogenesis, inter alia, impinging on UCP1 expression / activity (Sadurskis 1995,
Oudart 1997). It must be kept in mind that DIT, in absolute terms, not only includes the heat
production in iBAT (facultative DIT), but also the energy cost due to absorption, digestion and storage
of nutrients (obligatory DIT; Oudart 1997).

Based on previous results that showed significantly increased UCP1 mRNA levels in iBAT upon HF/n-3
compared to HF (Ludwig 2013), the potential contribution of DIT to the anti-obesogenic effect of n-3
LCPUFA was further examined in iBAT.

4.3.3.1 iBAT mass, lipid droplets and lipid metabolism

First, iBAT mass and TAG content in total iBAT was further characterised, followed by analysis of gene
and protein expressions and processes that are related to thermogenic capacity of iBAT.

At the end of the 12-week feeding, significantly increased iBAT mass was measured for both high-fat
groups compared to control (Table 14), whereas TAG content in total iBAT showed only a significant
increase for the HF mice, and the TAG content in HF/n-3 mice was only close at the significance level
(Table 14). Noteworthy, for HF mice, the protein content pro gram of iBAT mass and the TAG content
pro gram of protein was significantly upregulated in iBAT compared to control mice. Comparing iBAT
mass with TAG content, a significant correlation could be observed within the control (r=0.9582,

p=0.0102) and HF/n-3 group (r=0.9193, p=0.0272), but due to the higher scattering no correlation
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was found within the HF group (r=0.7493, p=0.1449). Surprisingly, analysis of iBAT tissue morphology
in hematoxylin and eosin-stained paraffin sections by light microscopy indicated increased lipid
droplet size in iBAT for both high-fat groups (Figure 23A). These enlarged lipid droplets might be

explained by increased storage of TAG in iBAT.

Table 14. iBAT mass, triacylglyerol and protein content

Mass C HF HF/n-3
iBAT (mg)* 1793 + 21.2 312 + 15.5° 246.8 + 18.2%b
Subgroup (n=5)
TAG (mg) / g iBAT 92.6 + 9.3 118.1 + 13.7 118.4 + 12.7
TAG (mg) in total iBAT 20.7 = 1.6 40.7 * 6.9° 321 + 5.6
Protein (mg) / g iBAT 49.2 + 3.6 37.0 + 1.3° 454 t 2.0
Protein (mg) in total iBAT 11.2 + 11 125 + 0.7 119 + 1.2
TAG (mg) / protein (mg) 19 + 01 33 + 0.5° 26 = 0.2

All data are means = SE and were collected from mice after 12 weeks of feeding either control (C),
HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). Statistical
analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal distribution,
data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using
Grubb’s test and excluded from statistical data analysis. For iBAT mass, marked with a hash symbol,
the data were obtained from Ludwig et al. (Ludwig 2013). Index letters a and b indicate a significant
difference (p < 0.05) compared with C and HF group, respectively. iBAT, interscapular brown adipose
tissue; TAG, triacylglycerol.

To further analyse differences in TAG / lipid deposition in iBAT, we assessed whether the lipid storage
in iBAT can be explained by changes in expression levels of genes and proteins involved in lipid
uptake, DNL, TAG storage or synthesis, glycerol-3-phosphate generation and glucose uptake or
glycolysis. First gene expression analyses were performed. mRNA levels of LPL and CD36 were
significantly increased upon HF/n-3 compared with control, and LPL levels were also significantly
higher upon HF/n-3 than HF, indicating increased lipid uptake in iBAT for the HF/n-3 mice. ANGPTL4,
an inhibitor of LPL activity (Lafferty 2013), was found to be significantly upregulated on gene
expression level in both high-fat groups compared to control group (Figure 23B). In order to
characterise the regulation of LPL, correlation analysis was performed. Negative correlations were
found between the mRNA levels for LPL and ANGPTL4 within the HF/n-3 group (r=-0.8822, p=0.0007)
and the HF group (r=-0.5410, p=0.0857), whereas, only for the HF/n-3 animals, this correlation was

significant (Table 15). Interestingly, in MAT, a significant positive correlation could be observed
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between the mRNA levels for LPL and ANGPTL4 within the HF/n-3 group (r=0.7481, p=0.0328). In the
context of increased lipid droplets in both high-fat groups, for the mRNA level of the lipid droplet
protein perilipin 5 (PLIN5) significantly elevated levels were only measured for the HF/n-3 animals
compared to controls. Furthermore, significantly decreased ACC1 and ACC2 mRNA levels, which were
substantially stronger in HF/n-3 mice than in HF mice, were detected for both high-fat groups
compared to control (Figure 23C). Thus, expression data indicated a downregulation of DNL and an
upregulation of lipid deposition in iBAT upon HF/n-3.

Since increased lipid deposition could be explained by an upregulation of TAG synthesis, the
expression of genes involved in this process was analysed. The mRNA levels of 1-acylglycerol-3-
phosphate O-acyltransferase 9 (AGPAT9) and diglyceride acyltransferase 2 (DGAT2) were significantly
higher for HF/n-3 than for control. DGAT2 mRNA expression was even significantly elevated upon
HF/n-3 compared to HF, whereas DGAT1 mRNA levels were significantly lower for HF than for control
and HF/n-3 (Figure 23D). To examine whether genes involved in glycerol-3-phosphate generation for
TAG synthesis were regulated (Festuccia 2003), gene expression levels for GYK, lactate
dehydrogenase (LDHB) and phosphoenolpyruvate carboxykinase 1 (PCK1) were analysed. For HF/n-3,
significantly elevated GYK and LDHB mRNA levels were detected compared to HF, whereas GYK levels
were even significantly higher for HF/n-3 than for control mice. However, PCK1 expression showed
no regulation (Figure 23E). Considering the role of glucose uptake and glycolysis in iBAT, GLUT4
mMRNA levels were found to be significantly lower in HF/n-3 than in HF and control mice, and GLUT4
levels were also significantly reduced upon HF compared to control. GLUT1 gene expression showed
no regulation. Moreover, hexokinase 2 (HK2) mRNA levels significantly decreased upon HF/n-3
compared to control (Figure 23F).

For some of the analysed genes in iBAT, such as LPL, CD36, PLIN, DGAT2, GYK, PCK1 and ACC1_2, it is
known that their expression can be regulated by the transcription factors PPARa or PPARy
(Rakhshandehroo 2007, Tontonoz 2008). Furthermore, activated AMPKa can switch on catabolic
pathways, such as fatty acid oxidation, and switch off ATP-consuming, anabolic pathways, such as
DNL (Hardie 2011). Therefore, protein levels for total AMPKa and P-AMPKa (Thrl72) were
determined by Western blot analysis, and the ratios for P-AMPKa and total AMPKa were quantified.
Significantly reduced expression levels of total AMPKa and P-AMPKa were found for both high-fat
groups compared to controls, but the ratio was only significantly increased for HF/n-3 mice
compared to control and HF mice (Figure 23G). Noteworthy, these findings indicated an increased
activation of AMPKa upon HF/n-3, but reduced total content of AMPKa in both high-fat groups in
iBAT.
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Figure 23. Light microscopy of lipid droplets and expression of genes involved in lipid and glucose
metabolism in iBAT. All data are means + SE and were collected from mice after 12 weeks of feeding
either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD
(HF/n-3). (A) Representative microscopic images of hematoxylin and eosin-stained paraffin sections
of iBAT from C, HF, or HF/n-3 animals after 12 weeks of feeding. Scale bar indicates 50 um. (B) Gene
expression data of lipoprotein lipase (Lpl), angiopoietin-like 4 (Angptl4) and fatty acid translocase
(CD36), genes involved in lipid uptake, in iBAT (n=10-12). (C) Gene expression data of the lipid droplet
protein perilipin 5 (Plin5) and of Accl and Acc2, which represent de novo lipogenesis, in iBAT (n=10-
12). (D) Gene expression data of 1-acylglycerol-3-phosphate O-acyltransferase 9 (Agpat9) and
diglyceride acyltransferase 1 or 2 (Dgatl and Dgat2), genes involved in TAG synthesis, in iBAT (n=9-
12). (E) Gene expression data of glycerol kinase (Gyk), lactate dehydrogenase (Ldhb) and
phosphoenolpyruvate carboxykinase 1 (Pck1), genes involved in glyceol-3-phosphate generation, in
iBAT (n=9-12). (F) Gene expression data of glucose transporter 1 or 4 (Glutl and Glut4) and of
hexokinase 2 (Hk2), genes representing glucose uptake and glycolysis, in iBAT (n=10-12). Gene
expression data were retrieved by RT-gPCR, normalised to CypB and Hsp90abl, and calculated
relative to controls. (G) Western blot analyses of AMPKa and P-AMPKa in iBAT (n=5-6). Separate gels
were run for quantification of total AMPKa and P-AMPKa (Thr172). Shown are the protein expression
levels relative to controls and the ratios for the phosphorylated forms and total protein expression
levels (normalised values were used). B-ACTIN was used for protein normalisation. Statistical analysis
was performed using one-way ANOVA and Tukey post-test. In case of no normal distribution, data
were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using
Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
significant differences compared with control or between groups as indicated.
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To characterise processes in iBAT, which ensure that fatty acids needed for B-oxidation and/or
activation of UCP1 are released from lipid droplets, lipolysis was further explored in iBAT. Hence,
gene expression levels of HSL and GO/G1 switch 2 (G0S2), an inhibitor for ATGL, were analysed by RT-
gPCR (Figure 24A). Moreover, protein levels of adipose triglyceride lipase (ATGL), HSL (Figure 24B),
including the phosphorylated forms of HSL (Figure 24C) P-HSL (Ser660), P-HSL (Ser563) and P-HSL
(Ser565), and the lipid droplet component PLIN (Figure 24B), were determined by Western blot
analyses. The phosphorylations of HSL on Ser660 or Ser563 activate, whereas its phosphorylation on
Ser565 inhibits lipolysis by reducing HSL phosphorylation at Ser563 (Nielsen 2014). In addition, the
ratios for the phosphorylated forms and total HSL were quantified (Figure 24D).

The mRNA level of HSL showed no changes, but the mRNA level for GOS2 was significantly reduced in
the HF mice compared to controls, whereas the HF/n-3 mice showed only a trend (Figure 24A).
Notably, on protein level, significantly reduced expressions of HSL and ATGL were observed for the
high-fat mice compared to controls (Figure 24B), whereas PLIN was not regulated. Compared to
controls, P-HSL (Ser660) und of P-HSL (Ser565) levels were also significantly downregulated upon
both HFDs, but P-HSL (Ser563) was only significantly lower expressed in HF/n-3 iBAT (Figure 24C).
Finally, these changes resulted in significant lower P-HSL/HSL ratios for HF/n-3 mice than for control
or for HF mice (Figure 24D).

Thus, the data indicated that the supply of FFA for mitochondria seems not to be sustained by
increased lipolysis of TAG for the HF/n-3 mice.

To further characterise the potential relationship of genes and proteins involved in the regulation of
TAG synthesis and hydrolysis and their interplay, correlation analyses were performed using data
from this study (Table 15). PPARy is known to be involved in the regulation of TAG uptake and
storage (Tontonoz 2008) as also shown in Table 15 by significant correlations between the gene
expression levels of PPARy2 and LPL, GYK, DGAT1 or DGAT2. As mentioned before, a significant
negative correlation was also observed beween the gene expression levels of ANGPTL4 and LPL
within the HF/n-3 group (Table 15). Furthermore, significant correlations between the gene
expression levels of DGAT2 and HSL (Table 15) suggest a dynamic interplay between TAG synthesis

and hydrolysis.

84



Results

A B c HF HF/n-3
20 o ¢ 204
=N HsL e EEes 535
5 R HF/n-3 3 Bl HF/n-3
2 157 . Y 1 T ——— 15 .
& x T =
s 10{ == ATGL ELL L1 ek 9 40]
H] =
3 B-ACTIN | — | 2
o 0.5 s 0.5+
E PLIN }—---——-—-‘ ?;
0.0 . : = 00 ; : :
Hsl GOs2 B-ACTIN [ o o o == o -] HSL ATGL PLIN
C c HF HF/n-3 D
P-HSL (Ser660) |[— w— — e — | s2ge 20 ¢
| __‘ ] . HFin-3 B HEn-3
B-ACTIN S —p— 8 .5l .
| | é = wk — 2 *x —* -
P-HSL (Ser563) — = EEE T = x
" @ 10
B-ACTIN | — | = 7
o o
= 0.54 0.54
o o
P-HSL (Sers6s) | = oo o o o o o |
= 00 0.0
B-ACTIN ‘ — - | P(660)-HSL P(563)-HSL P(565)-HSL P(660)-HSL P(563)-HSL P(565)-HSL

Figure 24. Gene and protein expression of markers involved in lipolysis in iBAT. All data are means
SE and were collected from mice after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-
chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A) Gene expression data of
hormone sensitive lipase (Hsl) and GO/G1 switch 2 (G0s2), an inhibitor for ATGL, in iBAT (n=10-12).
Data were retrieved by RT-gPCR, normalised to CypB and Hsp90ab1l, and calculated relative to
controls. (B and C) Western blot analyses of HSL, adipose triglyceride lipase (ATGL) and perilipin
(PLIN; B) and of representative phosphorylations of HSL (C) in iBAT (n=5-6). Shown are their protein
expression levels relative to controls. (D) Data of Western blot analyses, which represent the
activation states (n=5-6). Separate gels were run for quantification of total HSL and P-HSL (Ser660),
P-HSL (Ser563) and P-HSL (Ser565), respectively, whereby the blot of P-HSL (Ser565) was reincubated
with ATGL. Shown are the ratios for the phosphorylated forms of HSL and its total protein expression
level (normalised values were used). B-ACTIN was used for protein normalisation. Statistical analysis
was performed using one-way ANOVA and Tukey post-test. In case of no normal distribution, data
were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using
Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
significant differences compared with control or between groups as indicated.
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Table 15. Correlation analysis data on genes and proteins involved in the regulation of
triacylglycerol synthesis and hydrolysis and their interplay in iBAT

Gene Gene Correlation
Total C HF HF/n-3
Ppary2 Lpl p <0.0001***  <0.0001*** 0.0078** 0.0288*
r 0.7009 0.9216 0.7233 0.6851
Ppary2 Gyk p 0.0113* 0.0010** 0.3817 0.0364*
r 0.4355 0.8216 0.2931 0.6638
Ppary2 Dgatl p 0.0642 0.0734 0.6832 0.0369*
r 0.3311 0.5346 0.1392 0.6970
Ppary2 Dgat2 p 0.0001*** <0.0001***  0.0935 0.0303*
r 0.6102 0.9248 0.5056 0.6807
Angptl4 Lpl p 0.1809 0.2165 0.0857  0.0007***
r -0.2426 -0.4051 -0.5410 -0.8822
Dgat2 Hsl p 0.0174%* 0.1847 0.0022** 0.0473*
r 04115 0.4319 0.7902 0.6377

Shown are correlations between targets related to the control of triacylglycerol uptake, synthesis and
hydrolysis and targets involved in these processes in the interscapular brown adipose tissue (iBAT)
after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid
(LCPUFA)-enriched HFD (HF/n-3). The expression data were generated by RT-gPCR (n=8-12) and
correlation analyses were performed utilizing the whole data set (total), but also analysing the data
from each group separately. Normalised values were used. Outliers were detected by using Grubb’s
test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, indicate
significant correlation. p, statistical significance; r, Pearson correlation coefficient.

4.3.3.2 Thermogenic capacity of iBAT

Previously, we reported that the mRNA level for UCP1 was significantly upregulated in iBAT of HF/n-3
mice (Ludwig 2013). Increased UCP1 levels may indicate that DIT in iBAT is involved in the anti-
obesogenic effect of n-3 LCPUFA. To further explore this preliminary finding in this thesis, protein
expression levels of UCP1 and CS were determined (Figure 25A). In addition, the expression levels of
genes involved in energy metabolism, such as the fatty acid binding protein 3 (FABP3), CPT1a, CS,
and p47PHOX, as a representative respiratory chain component, were analysed (Figure 25C).
Moreover, the gene expression levels of key transcription factors for energy metabolism and
mitochondrial biogenesis, PPARa and peroxisome proliferator-activated receptor y coactivator 1-a
and -B (PGCla and PGC1b) were measured (Figure 25C).

Significantly elevated UCP1 and CS protein levels were found in iBAT upon HF/n-3 compared to
control and HF (Figure 25A), but the UCP1/CS ratio was not significantly different (data not shown).
Notably, considering the significant lower protein content found in iBAT for the HF mice (cf. 4.3.3.1,

Table 14), the UCP1 and CS protein levels were still significantly elevated upon HF/n-3 compared to
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control and HF, however, for the HF mice, CS was even significantly downregulated compared to
control mice (0.7-fold, data not shown), indicating a lower mitochondrial density in iBAT for the HF
animals. Recruitment of iBAT (iBAT mass and expression of UCP1), which is represented as UCP1
content in total iBAT, was calculated (cf. 3.8), showing a significant increase for the HF/n-3 animals
compared to control and HF animals (Figure 25A). Furthermore, considering the difference of iBAT
mass and body mass between the dietary groups, the relative UCP1 and CS protein expression was
determined as capacity index (cf. 3.8) for the respective proteins (Figure 25B). Previously, we already
reported (Ludwig 2013) that the UCP1 mRNA expression capacity index is 1.7 and 1.2-fold higher for
HF/n-3 mice compared to control and HF mice, respectively. Using the protein expression data from
the present study UCP1 protein expression indices for HF/n-3 mice were found to be 2.9- and 1.4-
fold higher than for control and HF mice, respectively. For HF mice, the value was 2-fold higher
compared to control. Moreover, for CS, the values upon HF/n-3 were 2- and 1.4-fold higher
compared to control and HF mice, respectively, and the values for HF were 1.4-fold higher than for
control (Figure 25B).

With regard to FABP3, CPT1a and p47PHOX, mRNA levels were significantly upregulated in both high-
fat groups compared to controls, whereby the significantly higher FABP3 levels for HF/n-3 than for HF
mice represented the substantial highest change between the high-fat groups (Figure 25C). For key
transcription factors in energy metabolism and mitochondrial biogenesis, mRNA levels for PPARa,
PGCla and PGC1pB were significantly enhanced upon HF/n-3 compared to controls, and, importantly,
PPARa and PGC1B mRNA levels were even significantly higher for HF/n-3 than for HF mice (Figure
25C). In addition, the mitochondrial protein CS was also significantly enhanced on gene expression

level in HF/n-3 animals compared to control and HF animals (Appendix Table 21).
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Figure 25. Protein expression of uncoupling protein 1 (UCP1) and citrate synthase (CS) and
expression levels of genes involved in energy metabolism and mitochondrial biogenesis in iBAT. All
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data are means * SE and were collected from mice after 12 weeks of feeding either control (C), HFD
(HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). (A) Western blot
analysis of UCP1 and CS in iBAT (n=5-6). Shown are the protein expression levels relative to controls
and UCP1 content in total iBAT that represents recruitment of iBAT (normalised values were used).
HSP90 was used for protein normalization. (B) Relative capacity index of UCP1 and CS (normalised
values were used). (C) Gene expression data of fatty acid binding protein 3 (Fabp3), carnitine
palmitoyltransferase la (Cptla), the NAD(P)H oxidase subunit p47phox, peroxisome proliferator
activated receptor a (Ppara) and peroxisome proliferator-activated receptor y coactivator 1-a and -B
(Pgcla and Pgclp), genes involved in energy metabolism and mitochondrial biogenesis, in iBAT
(n=10-12). Data were retrieved by RT-qPCR, normalised to CypB and Hsp90ab1l, and calculated
relative to controls. Statistical analysis was performed using one-way ANOVA and Tukey post-test. In
case of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition,
outliers were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05,
**p < 0.01, ***p < 0.001, significant differences compared with control or between groups as
indicated.

4.3.3.3 Thermogenic activation and whitening of iBAT

As shown in chapter 4.3.3.2, the capacity for thermogenesis in terms of the expression of mediators
of thermogenesis is given, however, thermogenesis has to be induced to contribute to energy
expenditure. Thermogenesis can be activated by catecholamines via B-adrenergic receptor signalling,
stimulating the expression of thermogenic genes, but also thyroid hormones and fibroblast growth
factor 21 (FGF21) can play a role (Villarroya 2013b). In this context, bile acid-mediated activation of
the G protein-coupled bile acid receptor (TGR5) increases intracellular cAMP levels, which lead to an
increase in 5'-deiodinase (DIO2) and to local generation of triiodothyronine (Watanabe 2006).
Moreover, current evidence suggested that FGF21 is an autonomous, direct activator of iBAT,
whereby GPR120 activation induces the release of FGF21 (Quesada-Lopez 2016). Thus, gene
expression levels of the B1- or B3-adrenergic receptor (ADRB1 and ADRB3), TGR5 and DIO2, as well
as GRP120 and FGF21 were assessed in iBAT of mice.

A significant upregulation of ADRB3 was found for HF compared to HF/n-3 animals (Figure 26A),
whereas significantly reduced TGR5 mRNA levels were detected for HF mice compared to controls
(Figure 26B). ADRB1 (Figure 26A) and DIO2 (Figure 26B) mRNA levels were not regulated.
Importantly, the gene expression levels of GPR120 and FGF21 showed both a significant increase
upon HF/n-3 compared to controls, whereas the expression level of GPR120 was even significantly
higher upon HF/n-3 than upon HF (Figure 26C).

Furthermore, it has been shown, that adipose tissue macrophages can produce catecholamines upon
their activation by eosinophil-derived IL4, and thereby sustain adaptive thermogenesis. For example,
biosynthesis of catecholamines is essentially catalysed by the tyrosine hydroxylase (TH; Nguyen

2011). Worthy of note, TH is also recognised as marker for norardrenergic nerve fiber (Dinh 2015,
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Nagatsu 1995). Thus, having already shown that the number of M2 macrophages and eosinophils
significantly increased upon HF/n-3 (cf. 4.1.2), the protein expression level of TH was determined.
However, Western blot analysis of TH revealed only a slightly increased TH expression upon HF/n-3
compared to control (p=0.2516; Figure 26D).

Considering that thermogenic capacity can be remarkably diminished with decreased adipose tissue
vascularization, and vascular rarefaction even mediates obesity-associated BAT dysfunction, a
process that is associated with the “whitening” of this tissue (Shimizu 2015), blood vessel abundance
was assessed indirectly by measuring the gene expression level of endothelial cell markers, such as
CDH5 and CLDN5. CDHS5 was signifcantly upregulated upon both HFDs compared to control, but
CLDNS5 showed no regulation in iBAT (Figure 26E).

However, despite findings regarding enhanced potential for thermogenesis and energy expenditure,
due to indications on increased amounts of mitochondria and UCP1 (cf. 4.3.3.2), as well as a
potential for increased vessel density (Figure 26E), both HF/n-3 and HF mice showed enlarged lipid
droplets compared to control (cf. 4.3.3.1). Furthermore, immunohistochemical analyses of BAT from
HF and HF/n-3 mice showed that in the vicinity of these morphological changed brown adipocytes
macrophages (F4/80 staining) were present (Figure 26F). Since these adipocytes with enlarged lipid
droplet size within the iBAT tissue of HF and HF/n-3 mice resembled white adipocytes, we
hypothesised that this could indicate whitening of iBAT. Thus, the mRNA levels of genes typically
expressed in WAT, like the transcription factor transducin-like enhancer of split 3 (TLE3) and leptin
(LEP), as well as adiponectin (ADIPOQ) were measured in iBAT. The mRNA expression levels of TLE3
and LEP were significantly increased for the high-fat groups compared to controls, whereby LEP
levels were less pronounced for the HF/n-3 than for the HF animals (Figure 26G). Adiponectin was

not regulated (Appendix Table 21).
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Figure 26. Gene expression of proteins that are associated with thermogenic activation and
whitening of iBAT. All data are means * SE and were collected from mice after 12 weeks of feeding
either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD
(HF/n-3). (A-C) Gene expression data of proteins associated with thermogenic activation in iBAT (n=9-
12). Shown are the gene expression levels of B-adrenergic receptors Adrb3 and Adrbl (A), of the
G protein-coupled bile acid receptor (Tgr5) and 5‘-deiodinase (Dio2; B), and of the G protein-coupled
receptor (Gprl20) and the fibroblast growth factor 21 (Fgf21; C). (D) Western blot analysis of tyrosine
hydroxylase (TH), a catecholamine-synthesising enzyme of macrophages in iBAT (n=5-6). Shown are
the protein expression levels relative to control. B-ACTIN expression was used for protein
normalisation. (E) Gene expression data of the endothelial cell markers cadherin 5 (Cdh5) and claudin
5 (Cldn5) in iBAT (n=9-12). (F) Representative microscopic images of paraffin sections from iBAT
stained with primary antibody specific for F4/80. Images show regions with normal average lipid
droplet size (left image per diet) and with enlarged lipid droplet size (right image per diet). Scale bar
indicates 50 um. (G) Gene expression data of transducin-like enhancer of split 3 (Tle3) and leptin
(Lep) in iBAT (n=9-12). Gene expression data were retrieved by RT-gPCR, normalised to CypB and
Hsp90ab1, and calculated relative to controls. Statistical analysis was performed using one-way
ANOVA and Tukey post-test. In case of no normal distribution, data were tested by Kruskal-Wallis
and Dunn’s post-test. In addition, outliers were detected by using Grubb’s test and excluded from
statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences compared with
control or between groups as indicated
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To further characterise the control of UCP1 expression and a possible interplay in the
aforementioned network of transcription factors, hormones and receptors to stimulate the
expression of thermogenic genes, correlation analyses were performed.

Differential correlations were observed for the groups. Significant or nearly significant correlations
were found between the gene expression levels of PPARa, GPR120 or FGF21 and UCP1 upon HF/n-3.
Within the HF group, the mRNA level of FGF21 significantly correlated with the mRNA level of UCP1
and for the control group, a significant correlations was observed between PPARy2 and UCP1 (Table
16). Moreover, based on data from correlation analysis, an interplay between GPR120 and FGF21
was supported by analysing the whole data set, however, within the individual groups a nearly
significant correlation was only found for the HF mice.

Notably, combining the findings obtained from correlation analyses one could speculate about a
relationship between different signalling pathways. An example is the significant correlation between
the mRNA levels of SIGLEC5 and UCP1 upon HF/n-3 (cf. 4.1.2, Table 6), which supports a connection
between alternatively activated macrophages, eosinophils and the expression of thermogenic genes
in iBAT, and the correlation data obtained from the gene expression levels of GPR120 and EMR]1,
CLEC10a or SIGLECS (Table 16), which also showed significant correlations upon HF/n-3.
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Table 16. Correlation analysis of signalling pathway molecules and UCP1 expression or immune cell
marker proteins in iBAT

Gene Gene Correlation
Total C HF HF/n-3
Ppara Ucpl? p 0.0006*** 0.6483 0.9713 0.0795
r 0.5653 -0.1553 0.01167 0.5789
Ppary2 Ucpl? p 0.0449* 0.0056**  0.7307 0.7516
r 0.3461 0.7432 0.1113 -0.1150
Gprl20 Ucpl? p 0.0013** 0.2812 0.1563 0.0203*
r 0.5424 -0.3782 0.4362 0.7144
Fgf21 Ucpl? p <0.0001*** 0.4879 0.0243* 0.0185*
r 0.6331 0.2221 0.6422 0.7214
Gprl20 Fgf21 p 0.0002*** 0.3687 0.0567 0.1656
r 0.6043 0.3192 0.5630 0.4747
Gprl20 Emrl p 0.1441 0.0181* 0.5595 0.0443*
r 0.2686 -0.7231 -0.1980 0.6444
Gprl20 Clec10a p 0.6638 0.5362 0.1437 0.0040**
r 0.07990 -0.2227 -0.4484 0.8155
Gprl20 Siglec5 p 0.0070** 0.6072 0.3718 0.0404*
r 0.4674 0.1859 -0.2835 0.6537

Shown are correlations between targets related to the regulation of UCP1 expression or
inflammation and UCP1 or marker of immune cells, as well as correlations that support a possible
interplay between these processes in the interscapular brown adipose tissue (iBAT) after 12 weeks of
feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched
HFD (HF/n-3). The expression data were generated by RT-qPCR analysis (n=8-12). Correlation
analyses were performed utilizing the whole data set (total), but also analysing the data from each
group separately. For the genes marked with a hash symbol, the data were obtained from Ludwig et
al. (Ludwig 2013), testing for normal distribution and outliers. Normalised values were used. Outliers
were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p <
0.01, ***p < 0.001, indicate significant correlation. p, statistical significance; r, Pearson correlation
coefficient.

Moreover, to further characterise the metabolic regulation in brown adipocytes with enlaged lipid
droplets, correlation analyses were performed between the mRNA level of TLE3 and those of
enzymes involved in energy metabolism, since TLE3 as a co-activator of PPARy-dependent gene
expression (Villanueva 2011) is known to alter BAT phenotype and function (Villanueva 2013).

Notably, for the HF group, the gene expression levels of CPT1la, DGAT2, LPL, AGPAT9, GYK and HK2
significantly or nearly significantly negatively correlated with the gene expression level of TLE3,
however, no significant correlations were found within the other groups (Table 17). In addition, a
significant negative correlation was observed between the mRNA levels of TLE3 and UCP1 or TGR5

and even between TLE3 and the protein level of UCP1 within the HF group (Table 17). For the HF/n-3
92



Results

group, a nearly significant inverse correlation was only detected between the mRNA levels of ADRB1

and TLE3 (Table 17).

Table 17. Correlation analysis data on the metabolic regulation in adipocytes with enlaged lipid
droplets in iBAT

Gene Gene / Protein (WB) Correlation
Total C HF HF/n-3
Tle3 Cptla p 0.0039** 0.8384 0.0419* 0.4434
r 0.4820 -0.06607  -0.5935 -0.2742
Tle3 Dgat2 p 0.0378%* 0.8911 0.0410* 0.5851
r -0.3577 0.04438 -0.5956 -0.1972
Tle3 Lpl p 0.2918 0.9748 0.0386* 0.1009
r 0.1862 -0.01024  -0.6015 -0.5482
Tle3 Agpat9 p 0.0110%* 0.1643 0.0275* 0.6399
r 0.4306 0.4287 -0.6320 -0.1694
Tle3 Gyk p 0.0087** 0.8509 0.0752 0.2536
r 0.4496 0.06088 -0.5567 -0.3988
Tle3 Hk2 p 0.0090** 0.1758 0.0031** 0.4904
r -0.4413 0.4184 -0.7740 -0.2476
Tle3 Tgr5 p 0.0221%* 0.3486 0.0155* 0.8333
r -0.3914 -0.2969 -0.6774 0.07665
Tle3 Ucp1# p 0.0487* 0.5308 0.0474% 0.3041
r 0.3406 -0.2011 -0.5814 -0.3619
Tle3 UCP1 p 0.0160* 0.9007 0.0252* 0.0686
r 0.5738 -0.07810 -0.8674 0.7778
Tle3 Adrbl p 0.3338 0.3614 0.1000 0.0617
r -0.1709 0.2895 -0.4972 -0.6089

Shown are correlations between Tle3, a transcriptional co-repressor that is associated with
whitening, and targets involved in these energy metabolism in the interscapular brown adipose
tissue (iBAT) after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated
fatty acid (LCPUFA)-enriched HFD (HF/n-3). The expression data were generated by RT-gPCR (n=8-12)
or Western blot (WB) analysis (n=5-6) and correlation analyses were performed utilizing the whole
data set (total), but also analysing the data from each group separately. Gene expression data (1st
letter in capital) can be distinguished from protein expression data (only capitals or bold type)
because of different ways of writing. For the genes marked with a hash symbol, the data were
obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers. Normalised
values were used. Outliers were detected by using Grubb’s test and excluded from statistical data
analysis. *p < 0.05, **p < 0.01, ***p < 0.001, indicate significant correlation. p, statistical significance;
r, Pearson correlation coefficient.
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4.3.4 Summary of results obtained from the analysis of lipid metabolism

Findings obtained so far on the expression and regulation of enzymes involved in energy metabolism
in USI, LS, liver and iBAT by RT-qPCR and Western blot analyses are summarized in Table 18 in order
to give an overview of the changes induced by HFDs that differ in their fat quality. To simplify the
overview, significant gene and protein expression changes upon both HFDs compared to control and
those upon HF/n-3 compared to HF are represented by upward- and downward-oriented arrows
indicating upregulation or downregulation, respectively, and unregulated processes are represented
by a dash symbol.

Moreover, correlation analysis data on energy metabolism in iBAT are shown in Table 19. The
findings from correlation analysis of mMRNA levels in iBAT indicated that FGF21 is the regulator of key
proteins involved in energy metabolism, namely ADRB1, CD36 and DGAT1 (Table 19A). Significant
correlations were observed between the mRNA levels of FGF21 and ADRB1, CD36 or DGAT1 within all
groups. In addition, especially within the HF/n-3 group, significant or nearly significant correlations
were observed between the mRNA levels of the identified key proteins ADRB1, CD36 and DGAT1
(Table 19A) and between the mRNA levels of ADRB1, CD36 or DGAT1 and those of almost all other

enzymes involved in energy metabolism that were analysed in iBAT (Table 19B).
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Table 18. Summary of expression data of genes and proteins involved in energy metabolism and its
regulation in small intestine, liver and iBAT

Regulation Regulation
USI/Function ~ Gene/ Protein iBAT / Function ~ Gene / Protein (WB)
HF HF/n-3 HF/n-3 HF HF/n-3 HF/n-3
c C HF C C HF
FA oxidation Cptla f f f FA uptake Lpl —_— f f
Acoxl 4 4 4 CD36 — 4 —
Cyp4alo * * * Regulation Angptl4 f f —_—
FA transport Fabp3 f f f
FA oxidation Cptla f f —_—
p47phox f f —
Thermogenesis Ucpl* —_ f f
ucp1 — 4 4
UCP1/CS — — —
Mitochondria Cs — f f
_ ' cs — 4 4
LS| / Function Gene / Protein Regulation Regulation ppara f ? ?
FA oxidation Cptla — 4 — Pgcla — 4 —
Acox1l —_— f — Pgclp — f f
Cyp4al0 4 4 14 DNL Accl v v ¢
Acc2 * * *
Regulation AMPKa * * —_—
P-AMPKa ‘ * —
P-AMPKa/AMPKa —_ f f
Lipid droplet Plin5 —_ f —_—
PLIN5 —_—— —
G-3-P generation  Gyk — f f
. ) . Ldhb — — 14
Liver / Function Gene/Protein (WB) Regulation
Pckl —_—— —
FA oxidation Cptla* f —_—— TAG synthesis Agpat9 —_— f —_—
Acox1* f f f Dgatl —_— f
Lpbe —_— f f Dgat2 —_— f f
Cyp4al0 4 4 14 Lipolysis Hsl —_——
DNL Scd1* — 3 ¢ HSL v v —
Accl* — ¥ ¢ ATGL v v —
Acc2 —_ * 4 Regulation GOs2 * _——
ACC1_2 * * * P(660)-HSL * * —_—
Regulation P-ACC1 —_— * —_— P(563)-HSL —_— * —_—
P-ACC2 — ¥ ¥ P(565)-HSL v v —
P-ACC1/ACC —_— P(660)-HSL/HSL -y —
P-ACC2/ACC —_—— P(563)-HSL/HSL —_——
AMPKa vy — — P(565)-HSL/HSL —_y —
P-AMPKa —_—— — Glucose transport  Glutl —_—— —
P-AMPKa/AMPKa 4 — — Glut4 v v ¢
Lipolysis Hsl —_— f —_— Glycolysis Hk2 _— ‘ —_—
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(Table 18 continued) Regulation of gene (1st letter in capital) or protein (only capitals or bold type;
Western blot) expressions of enzymes involved in energy metabolism, and the further regulation of
some enzymes, by HFD (HF) and n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD
(HF/n-3) in upper and lower small intestine (USI and LSI), liver and interscapular brown adipose tissue
(iBAT). Comparisons between HF and control diet (black), HF/n-3 and control diet (red) or HF/n-3 and
HF (green) are shown. Upward- and downward-oriented arrows indicate upregulation or
downregulation, respectively, and unregulated processes are represented by a dash symbol. For the
genes rated by asterisks, the data were obtained from Ludwig et al. (Ludwig 2013), testing for normal
distribution and outliers. DNL, de novo lipogenesis; FA, fatty acid; G-3-P, glycerol-3-phosphate; TAG,
triacylglycerol; WB, Western blot.

Table 19. Correlation analysis data on genes involved in energy metabolism in iBAT

A. FGF21 as regulator of possible key proteins involved in energy metabolism in iBAT

Gene Gene Correlation
Total C HF HF/n-3
Fgf21 Adrbl p 0.0004*** 0.0198* 0.0055**  0.0016**
r 0.5759 0.6590 0.7443 0.8557
Fgf21 CD36 p <0.0001*** 0.0224* 0.0111* 0.0320*
r 0.7477 0.6490 0.7011 0.6756
Fgf21 Dgatl p 0.0071%** 0.0015* 0.0036**  0.0462*
r 0.4664 0.8066 0.7927 0.6746
Adrbl Dgatl p 0.0010*** 0.0055**  0.0739 0.0099**
r 0.5552 0.7443 0.5589 0.7982
Adrbl CD36 p 0.0044%** 0.0795 0.0502 0.0112%
r 0.4762 0.5252 0.5756 0.7573
Dgatl CD36 p 0.0157* 0.0031**  0.0869 0.0214*
r 0.4235 0.7745 0.5393 0.7443

B. Data set on correlations between mRNA levels of aforementioned key proteins and other proteins
involved in energy metabolism

Table is shown on the next page

(A and B) Shown are correlations between targets involved in energy metabolism in the interscapular
brown adipose tissue (iBAT) after 12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain
polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The expression data were generated by
RT-gPCR (n=8-12) and correlation analyses were performed utilizing the whole data set (total), but
also analysing the data from each group separately. For the genes marked with a hash symbol, the
data were obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers.
Normalised values were used. Outliers were detected by using Grubb’s test and excluded from
statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001, indicate significant correlation. p,
statistical significance; r, Pearson correlation coefficient.
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Table 19 continued

B. Data set on correlations between mRNA levels of aforementioned key proteins and other proteins involved in energy metabolism

Gene Gene Correlation Gene Correlation Gene Correlation
Total C HF HF/n-3 Total C HF HF/n-3 Total C HF HF/n-3
Ucpl” Adrb1 p 0.1306 0.0794 0.0632 0.0558 CD36 p 0.0002*** 0.2802 0.1128 0.1929 Dgatl p 0.1000 0.1575 0.0657 0.0951
r 0.2645 0.5253 0.5512 0.6201 r 0.6002 0.3396 0.4817 0.4491 r 0.2960 0.4350 0.5725 0.5890
Cs Adrbl p 0.0158* 0.0283* 0.0200* 0.0237* CD36 p <0.0001*** 0.7453 0.2648 0.0174* Dgatl p 0.0161* 0.0347* 0.0487* 0.0012**
r 0.4169 0.6562 0.6579 0.7018 r 0.6659 0.1110 0.3500 0.7264 r 0.4289 0.6379 0.6049 0.8920
Lpl Adrbl p 0.0366* 0.0393* 0.1376 0.0419* CD36 p <0.0001*** 0.1624 <0.0001*** 0.0459* Dgatl p 0.0110* 0.0874 0.2766 0.0193*
r 0.3599 0.5998 0.4546 0.6499 r 0.7063 0.4305 0.9289 0.6409 r 0.4435 0.5140 0.3601 0.7527
Angptl4 Adrbl p 0.0008*** 0.1161 0.0113* 0.0294* CD36 p 0.5869 0.1301 0.0795 0.1046 Dgatl p 0.0023**  0.4867 0.1034 0.0094**
r -0.5616 -0.5014 -0.7265 -0.6833 r -0.09977 -0.4855 -0.5502 -0.5432 r -0.5348 -0.2350 -0.5448 -0.8015
Agpat9 Adrbl p 0.0083**  0.0011**  0.0135* 0.1225 CD36 p <0.0001*** 0.1003 0.0327* 0.0174* Dgatl p 0.0592 0.0208* 0.1752 0.0042**
r 0.4451 0.8193 0.6872 0.5211 r 0.6894 0.4969 0.6166 0.7263 r 0.3371 0.6548 0.4404 0.8439
Dgat2 Adrbl p 0.0165* 0.0657 0.0014**  0.0627 CD36 p <0.0001*** 0.5016 0.0313* 0.0197* Dgatl p 0.0642 0.2048 0.0788 0.0013**
r 0.4082 0.5470 0.8107 0.6071 r 0.6783 0.2153 0.6206 0.7166 r 0.3310 0.3942 0.5512 0.8898
Plin5 Adrbl p 0.0010**  0.0319* 0.0008***  0.0183* CD36 p 0.0023**  0.9641 0.0807 0.0343* Dgatl p 0.3327 0.4413 0.1478 0.0483*
r 0.5373 0.6189 0.8316 0.7225 r 0.5047 0.0146 0.5235 0.6692 r 0.1769 0.2458 0.4668 0.6701
Gyk Adrbl p 0.6042 0.0849 0.9165 0.0374* CD36 p <0.0001*** 0.1517 0.0401* 0.0260* Dgatl p 0.2282 0.0985 0.9618 0.0009***
r 0.09364 0.5175 0.03591 0.6610 r 0.6760 0.4406 0.6242 0.6938 r 0.2229 0.4992 0.01745 0.9013
Ldhb Adrbl p 0.0020**  0.0319* 0.1382 0.0159* CD36 p <0.0001*** 0.0030**  0.3010 0.0018**  |Dgatl p <0.0001*** <0.0001*** 0.0011**  0.0001***
r 0.5329 0.6190 0.5032 0.7670 r 0.6760 0.7753 0.3641 0.8782 r 0.8520 0.8930 0.8695 0.9622
Pck1 Adrbl p <0.0001*** 0.0014**  0.0045**  0.0084** |CD36 p 0.0068**  0.3173 0.1112 0.0108* Dgatl p 0.0015**  0.0312* 0.1722 0.0449*
r 0.6532 0.8108 0.7557 0.7753 r 0.4556 0.3158 0.4836 0.7595 r 0.5390 0.6210 0.4432 0.6777
Hsl Adrbl p <0.0001*** 0.0391* 0.0062**  0.0427* CD36 p 0.0343* 0.3665 0.2520 0.0534 Dgatl p 0.0109* 0.1347 0.0424* 0.1592
r 0.6409 0.6267 0.7370 0.6481 r 0.3695 0.3021 0.3588 0.6248 r 0.4509 0.4805 0.6188 0.5115
Fabp3 Adrbl p 0.3100 0.0112* 0.0046**  0.0557 CD36 p <0.0001*** 0.0757 0.0124* 0.0482* Dgatl p 0.6888 0.0173* 0.0710 0.0173*
r 0.1794 0.7005 0.7541 0.6203 r 0.6589 0.5309 0.6934 0.6703 r 0.07363 0.6691 0.5636 0.7607
Cptla Adrbl p 0.0257* 0.0136* 0.0034**  0.0158* CD36 p <0.0001*** 0.7314 0.0196* 0.0234* Dgatl p 0.6233 0.4382 0.1913 0.0022**
r 0.3822 0.6870 0.7696 0.7332 r 0.6469 0.1109 0.6596 0.7027 r 0.09024 0.2474 0.4261 0.8718
Acc2 Adrbl p 0.0189* 0.2081 0.2048 0.0592 CD36 p 0.1931 0.9954 0.9558 0.0572 Dgatl p 0.2156 0.7477 0.6812 0.2047
r 0.4004 0.3916 0.3942 0.6136 r -0.2288 -0.001879 0.01798 0.6174 r 0.2251 0.1040 -0.1401 0.4673
Glutl Adrbl p 0.0084**  0.0142* 0.5073 0.0190* CD36 p 0.0229* 0.0140* 0.4438 0.0043**  |Dgatl p <0.0001*** 0.0019**  0.9984 0.0406*
r 0.4446 0.6840 -0.2125 0.7196 r 0.3892 0.6849 0.2445 0.8120 r 0.6446 0.7973 0.0006898 0.6876
Glut4 Adrbl p 0.1283 0.8344 0.0668 0.3007 CD36 p 0.1635 0.5877 0.3209 0.0481* Dgatl p 0.0542 0.8567 0.0109* 0.3074
r 0.2702 0.07155 0.5451 0.3643 r -0.2483 0.1842 0.3136 0.6359 r 0.3492 0.06184 0.7290 0.3841
Hk2 Adrbl p 0.0150* 0.5695 0.0194* 0.0308* CD36 p 0.2496 0.0245* 0.0004*** 0.0018**  |Dgatl p 0.0064**  0.2590 0.0351* 0.0018**
r 0.4138 0.1828 0.6606 0.6792 r 0.2030 0.6415 0.8559 0.8498 r 0.4722 0.3540 0.6368 0.8788
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4.4 Association between food / fat intake or fat quality and obesity or inflammatory status

Of interest with regard to nutrient gene interactions was whether weekly fat intake and moreover fat
quality of the diets, since HFDs differ in their n-6/n-3 PUFA and SFA/PUFA ratios, are related to
significant changes in weight-associated parameter and/or expression levels of parameter related to
lipid metabolism, metabolic control and inflammation. Thus, fat intake (g/wk) was calculated for each
animal (cf. 3.3), whereby the assimilation efficiency (cf. 3.3) was included in the calculation, and
correlation analyses were performed. Significant correlations are listed in Table 20. Moreover,
additional correlation analyses (body weight adjusted fat intake or body weight) — results are given in
brackets in Table 20 — were carried out to interpret the initial results and to exclude the influence of
the individual body weight of the mice (Kless 2017). For HF but also HF/n-3 animals, the body weight
adjusted fat intake was calculated (cf. 3.3), however, for the HF/n-3 group, this calculation represents
an explorativ approach, since no significant correlations were found between fat intake and final
body weight within this group (Table 20). Nevertheless, body weight adjusted fat intake was also
calculated for the HF/n-3 mice, since the results for the HF mice were very informative.

For the HF mice, significant correlations were observed between fat intake and final body weight, but
also other weight-associated parameter such as fat mass (Ludwig 2013) and iBAT mass or gene
expression levels of inflammation parameter in EAT (TNFa, ITGAX and EMR1) and USI (CD86)
significantly correlate with fat intake. However, for most of these parameters (except CD86), a
significant correlations was also found between them and final body weight, whereas statistical
significance was no longer present using the values for body weight adjusted fat intake for linear
regression analysis. However, CD86 nearly significantly correlated with the body weight adjusted fat
intake, but not with final body weight (Table 20).

For the HF/n-3 mice, significant correlations were observed between fat intake and lean mass or
pAMPKa/AMPKa, but also significant inverse correlations were found between fat intake and gene
expression levels of metabolic markers in iBAT (PPARa, DGAT1 and AGPAT9). Surprisingly, for the
explorative approach, most of these parameter significantly correlated with the body weight
adjusted fat intake, although the regression coefficient changed its sign from plus to minus or vice

versa (Table 20).
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Table 20. Correlation analysis data on the identification of associations between food / fat intake
or fat quality (n-6/n-3 PUFA and SFA/PUFA ratios) and obesity or inflammatory status in iBAT, EAT

and USI

Correlations between
fat intake (g/wk) [body

weight adjusted fat intake Correlation

(g/wk), final body weight (g)]

and C HF HF/n-3

certain parameter

weight-associated parameter

Final body weight (g)* p 0.0684 0.0055** 0.5473
r 0.6712 0.8651 0.2772

Fat mass (g)* p 0.0890 0.0253* [0.6168, 0.0259%*] 0.7631 [0.3648, 0.0054**]
r 0.6376 0.7703 [-0.2105, 0.7683] -0.1410 [0.4070, 0.9023]

Lean mass (g)* p 0.2167 0.6658 [0.2800, 0.2473] 0.0046* [0.0082**, 0.6488]
r 0.4909 0.1822 [0.4361, 0.4636] 0.9086 [-0.8846, 0.2116]

iBAT mass (g)* p 0.0879 0.0458* [0.4711, 0.0787] 0.9039 [0.7060, 0.0258*]
r 0.6393 0.7159 [-0.2995, 0.6538] 0.05669 [0.1759, 0.8141]

rel. gene expression of

TNFo in EAT p 0.5657 0.0332* [0.7703, 0.0192%*] 0.1851 [0.1601, 0.9750]
r 0.2408 0.7468 [-0.1237, 0.7916] -0.5663  [0.5935, 0.01474]

Itgax in EAT# p 0.6715 0.0197* [0.9629, 0.0022**] |0.4442 [0.2117,0.1432]
r 0.1790 0.7897 [-0.01981, 0.9014] |[-0.3481 [0.5391, 0.6131]

Emrlin EAT p 0.5676 0.0057** [0.3986, 0.0178%*] 0.4921 [0.2073, 0.0523]
r 0.2638 0.8640 [-0.3478, 0.7971] -0.3145  [0.5435, 0.7497]

CD86 in USI p 0.7183 0.0279* [0.0536, 0.2164] 0.5108 [0.6749, 0.3420]
r 0.1683 0.8079 [-0.7472, 0.5346] -0.3391  [0.2203,-0.4742]

Ppara in iBAT p 0.9570 0.6508 [0.3779, 0.9802] 0.0485* [0.0243%*, 0.8238]
r 0.02295 |0.1908 [-0.3622,0.01056] |-0.7576  [0.8186, 0.1043]

Dgatl in iBAT p 0.5363 0.0662 [0.2063, 0.1553] 0.0188* [0.0161%*, 0.6948]
r -0.2586 0.7233 [-0.5445, 0.5990] -0.8859  [0.8946, -0.2064]

Agpat9 in iBAT p 0.8556 0.4791 [0.9095, 0.3693] 0.0422* [0.0266%*, 0.9483]
r 0.07733 |0.2944 [0.04836, 0.3683] -0.7714 [0.8116, 0.03045]

ratio of rel. protein level

(WB)

pAMPKoa/AMPKa in iBAT P 0.3624 0.5022 [0.8658, 0.3316] 0.0086** [0.0086**, 0.8202]
r -0.8423 0.4021 [-0.1056, 0.5549] 0.9914 [-0.9914, 0.1798]

Shown are correlations between fat intake [body weight adjusted fat intake or body weight] and

weight-associated parameter or the gene / protein expression levels of targets that are associated

with obesity and inflammation in interscapular brown adipose tissue (iBAT), epididymal adipose

tissue (EAT), and upper small intestine (USI) after 12 weeks of feeding either control (C), HFD (HF), or

n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3). The expression data were

generated by RT-qPCR analysis (n=8-12) or Western blot (WB) analysis (n=3-5) and the values of fat
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intake (n=7-8) were calculated (cf. 3.3) based on the values of food intake measured by Ludwig et al.
(Ludwig 2013). Correlation analyses (fat intake) were performed analysing the data from each group
separately, whereby additional correlation analyses (body weight adjusted fat intake and body
weight) - results are given in brackets - were required to interpret the initial results. For the
parameters marked with a hash symbol, the data were obtained from Ludwig et al. (Ludwig 2013),
testing for normal distribution and outliers. Normalised expression values were used. Outliers were
detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01,
***p < 0.001, indicate significant correlation. p, statistical significance; PUFA, polyunsaturated fatty
acids; r, Pearson correlation coefficient; SFA, saturated fatty acids; TAG, triacylglycerol; wk, week.
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5 Discussion

Obesity is associated with a chronic low-grade inflammatory state (Hotamisligil 2006), whereby
animal studies have postulated that LPS absorbed by the intestine due to HFD-induced disruption of
the intestinal barrier function might promote local and systemic inflammation (Cani 2008, Cani
2007). Moreover, a potential crosstalk between the intestine, the adjacent MAT and the liver might
affect the HFD-induced inflammatory processes and detrimental metabolic changes, which are
generally thought to be induced by SFA and n-6 LCPUFA. n-3 LCPUFA, however, may rather
counteract adipose tissue inflammation (Lee 2003, Calder 2013, Todoric 2006) and enhance vascular
integrity and compliance (Lorente-Cebrian 2013), since n-6 LCPUFA and n-3 LCPUFA are precursors of
signalling molecules with opposing effects, which modulate membrane microdomain composition,
receptor signalling and gene expression (Schmitz 2008).

Apart from fat quantity and quality, feeding duration, age and gender, macronutrient composition
and genetic background determine the DIO phenotypes observed in mice feeding studies, which are
sometimes difficult to compare or even controversial. Due to this variability in HFDs, it was highly
desirable for nutritional research to use a well-defined diet composition and study design to achieve
better controlled studies and greater comparability between studies.

With this background and with the purpose to analyse the chronic effects of n-3 LCPUFA and/or the
balanced or unbalanced dietary n-6/n-3 PUFA ratios on inflammation, vascular integrity and
metabolism, in the present thesis a DIO mouse model was examined using male C57BL/6J mice,
housed under SPF conditions, which were fed defined soybean / palm oil-based diets for 12 weeks to
induce obesity. The HFDs were characterised by high-fat content (48 k% fat) and unbalanced or
balanced n-6/n-3 PUFA ratios for the isocaloric HF and HF/n-3, respectively, whereby the HF/n-3 diet
was enriched with n-3 LCPUFA. The control diet had a lower fat content (Ludwig 2013). Based on
preliminary data from gene expression arrays and RT-gPCR experiments of this study, at the
beginning of the present thesis, it was hypothesised that n-6 and n-3 LCPUFA have differential effects
on adipose tissue inflammation, n-3 LCPUFA alleviate HF-induced endothelial cell activation in the
small intestine of the mice and increase energy expenditure by inducing DIT.

Further exploring these postulated effects, the main findings of this thesis were as follows:
(1) Differential effects were observed for VATs upon HFDs, whereby for HF the highest impact was
observed analysing EAT and a few inflammatory markers were found to be significantly increased in
USI upon HF. Moreover, for the HF/n-3 mice, both immunosuppressive and -enhancing effects were
observed in adipose tissues, however, the increased number of rather anti-inflammatory ATMs upon
HF/n-3 was associated with healthy adipose tissue remodelling in VATs and thermogenesis in iBAT
thermogenesis. (2) Differential effects of HFDs on genes involved in vascular function were found in

USI. Findings for HF mice indicated endothelial dysfunction, based on the differential regulation of
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mRNA levels of proteins regulating NO bioavailability and the transcellular pathway, whereas
vascular integrity seemed to be maintained upon HF/n-3, possibly due to its anti-inflammatory and
anti-oxidative properties. (3) The observed anti-obesogenic effect of n-3 LCPUFA might be explained
in part by the enhanced combustion of fatty acids by targeting transcriptional regulatory pathways
and AMPKa, whereby FGF21 might mediate their metabolic effects in iBAT. For the HF/n-3 mice,
expression data and subsequent correlation analyses suggest that HF/n-3 activates less efficient
pathways for energy production in the intestine and the liver and increases ATP consumption upon
the induction of a TAG / FFA cycle in iBAT, which showed increased thermogenic and oxidative
potential in HF/n-3 mice.

With regard to the data of this thesis and of published data of mouse studies from other laboratories,
using lard- or beef tallow-based HFDs with up to 60 k% fat, it is tempting to speculate that the
soybean / palm oil-based HF (48 ki% fat) used in the DIO model analysed in this thesis is too
moderate to induce a strong inflammatory response and to disturb the intestinal barrier upon
chronic HF feeding. Therefore, the postulated counteractive impact of HF/n-3 on adverse effects of

HF on the intestinal barrier and endothelial permeability were difficult to study.

5.1 Differential effects of HFDs on inflammation

In this thesis, for the first time, a holistic, comparative and molecular approach was applied to
determine chronic HF-induced inflammatory changes and the potential of HF/n-3 to counteract these
effects in a DIO mouse model, whereby HF/n-3 showed lower n-6/n-3 PUFA and SFA/PUFA ratios.
Different adipose tissues, VATs (EAT and MAT) and iBAT, the spleen, the liver and the small intestine
were analysed, and macrophage but also the less explored T cells were characterised based on gene
expression and immunohistochemical analyses of their surface markers and subsequent correlation

analyses to define their distinct phenotype and biological function.

5.1.1 Moderate and tissue-specific inflammatory changes in adipose tissues upon HF

Although we could show tissue-specific inflammatory changes according to gene expression and
immunohistochemical analyses upon HF, surprisingly, in this thesis, the obese HF mice did only show
moderate changes in inflammatory markers compared to control and obese HF/n-3 mice. In EAT,
only the significantly upregulated gene expression level of EMR1 suggested an increased macrophage
number upon HF compared to control. Furthermore, the significantly increased mRNA level of iNOS
upon HF compared to C and HF/n-3, as well as the significant correlation between F4/80-positive CLS

and CD11c-positve CLS that was only observed within the HF group - a negative correlation was
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observed within the HF/n-3 group - indicated more likely the predominance of the pro-inflammatory
M1 phenotype in EAT for the HF mice compared to the HF/n-3 mice. However, no significant changes
in T cell marker expression levels were observed upon HF in EAT.

Unlike other feeding trials with similar experimental settings, using HFDs with higher fat content and
different fat quality (Kaneko 2011, Shaul 2010, Strissel 2007) than HF, gene expression levels of TNFa
and the M1 macrophage marker ITGAX were not significantly increased in EAT upon HF compared to
control feeding (cf. Table 8). Moreover, compared to the data from aforementioned HFD feeding
studies, the HF-induced increase of EMR1 mRNA levels is considered rather as moderate (2-fold vs. 8-
fold).

Contrary to the findings in EAT that indicated moderate inflammatory changes upon HF, no changes
were observed in MAT. Surprisingly, in contrast to EAT, significantly increased mRNAs levels of the
macrophage markers EMR1, ITGAX and CLEC10a were found in iBAT from HF mice. Nonetheless,
cytokine expression levels do not suggest inflammatory conditions and the expression of immune cell
markers was lower in iBAT compared to EAT, as evidenced by higher C4-values.

Thus, findings from the present study indicated preferentially inflammatory processes in EAT upon
long-term HF feeding compared to control. However, MAT and iBAT, which were rarely examined in
other published studies, were not impaired, in agreement with previous assumptions that, under
HFD conditions, MAT is the most metabolically active adipose tissue and thus the least affected
(Hageman 2010) and BAT is largely resistant to inflammation (Fitzgibbons 2011), although it can be
subjected to inflammation, which can downregulate the activity of iBAT, in severe obesity (Roberts-
Toler 2015).

Moreover, based on correlation analyses, one can speculate that the more inflammatory phenotype
observed upon HF in EAT is attributed to the higher body weight of these mice compared to the
HF/n-3 mice, which were fed a HFD with lower n-6/n-3 PUFA and SFA/PUFA ratios, and is therefore a

secondary effect of the increased fat intake with low fat quality (cf. Table 20).

5.1.2 Immunosuppressive effects of HF/n-3

Unlike SFA and n-6 LCPUFA, n-3 LCPUFA were reported to be beneficial in the treatment of
inflammatory diseases. The anti-inflammatory and pro-resolving effects of n-3 LCPUFA might depend
in large on the formation of eicosanoid lipid mediators that are less inflammatory than those derived
from n-6 LCPUFA (Calder 2013). Moreover, the nature of the lipid can define the adipose tissue
environment and shape ATM polarization and its inflammatory and metabolic sequelae, since it was
found that lipid-induced toxicity is an important determinant of the pro-inflammatory switch in ATM

polarization in adipose tissues, observed in an advanced state of obesity that is often associated with
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insulin resistance (Prieur 2011). Thus, based on its balanced n-6/n-3 ratio and the lower SFA/PUFA
ratio compared to HF, rather immunosuppressive effects were assumed upon HF/n-3.

Consistently, our findings from gene expression and immunohistochemical analyses indicated (1) a
significant reduction of T cells in MAT and spleen upon HF/n-3 compared to HF and/or control, and
(2) the promotion of a more anti-inflammatory cytokine profile and a rather less inflammatory M2-
like polarization of ATMs upon HF/n-3 in MAT and iBAT compared to EAT.

Although, the impact of n-3 LCPUFA on T cells was largely analysed, to the best of our knowledge,
MAT was never examined in this context in mice. Nonetheless, the significant reduction of CD4-
and/or CD8a-positive T cells found upon HF/n-3 in MAT and spleen was possibly caused by
activation-induced apoptosis in Thl cells that was reported to be stimulated by n-3 LCPUFA after
their incorporation into lipid rafts or by distinct n-3 LCPUFA-induced T cell subtype activation (Kim
2010). The finding of a significant upregulation of the CASP3 protein in MAT upon HF/n-3 supports
this opinion.

Furthermore, in contrast to EAT, some findings in MAT and iBAT indicated the promotion of a rather
less inflammatory M2-like phenotype in macrophages in HF/n-3 mice, consistent with findings from a
previous study (Titos 2011). However, the results from the present study were less conclusive since
they are based on gene and immunohistochemical analyses, which are limited considering the
classification of immune cells, and detailed analyses of T cells and ATMs by fluorescence-activated
cell sorting analysis are warranted to define and quantitate in more detail their different activation
and metabolic phenotyp. Nevertheless, and despite the upregulation of M2 and M1 markers in all
adipose tissues upon HF/n-3, data from gene expression analysis indicated a rather anti-
inflammatory environment in MAT and iBAT, whereas in EAT the gene expression levels of pro- and
anti-inflammatory cytokines were upregulated upon HF/n-3 compared to control. In addition, CD301-
positive cells predominated the CLS in iBAT.

Moreover, even though in most publications the classification of macrophages is based on the co-
expression of distinct surface markers for the M1 and M2 phenotype, recent literature found that
macrophages do not always rigidly adhere to these expression profiles. They rather show a mixed
M1/M2 profile and a more or less inflammatory state (Shaul 2010, Xu 2013). Stemming from these
findings, we finally concluded that macrophages within MAT and iBAT adopt more likely an anti-
inflammatory phenotype in the HF/n-3 animals.

In addition, activated macrophages are not only categorised into M1- or M2-polarised subtypes
based on their phenotype, but also in respect to the distinct mechanism of activation (Eguchi 2013),
which define their different functions (Huang 2014). Thus, the significant correlations between the
gene expression levels of immune cell markers and metabolic markers, such as CD36 and CPT1la

found for HF/n-3 (cf. Table 6) or the upregulation of key transcription factors controlling M2

104



Discussion

polarization like IRF4 (cf. Ludwig 2013) or PGC1B lend further support to the assumption of a
prevalence for the anti-inflammatory M2 macrophage phenotype in iBAT and MAT upon HF/n-3.

The phenotype of the macrophages (M1 and/or M2) within EAT cannot be characterised with the
results presented, but the moderate upregulation (1.68-fold) of the TNFa gene expression level in
HF/n-3 mice indicated only a slightly higher inflammatory state in HF/n-3 mice compared to control
mice and a rather moderate one compared to the data from other feeding studies (4- to 12-fold)

using HFDs with higher fat content and different fat quality (Kaneko 2011, Shaul 2010, Strissel 2007).

5.1.3 Immunoenhancing effects of HF/n-3

Findings from the present study provided so far only little evidence of differential effects on adipose
tissue inflammation upon chronic HFD feeding, since only results from correlation analysis indicated
the predominance of a more inflammatory macrophage phenotype in EAT for the HF mice compared
to the HF/n-3 mice. Surprisingly, an increased abundance of macrophages was found upon HF/n-3
compared to control in all analysed adipose tissues and even compared to HF in MAT and iBAT
revealing an immunoenhancing effect of HF/n-3. Thereby, EAT showed the strongest effect amongst
adipose tissues, as evidenced by the higher number of macrophages found in EAT compared to MAT
and iBAT in addition to the elevated number of T cells and the higher mRNA level of TNFa that were
observed upon HF/n-3 compared to control in EAT.

Although literature that analysed the impact of n-3 PUFA and its derivates on ATMs in DIO is rather
small, and no data exists for iBAT, their impact on macrophage polarization was largely explored in
in-vitro studies, showing potent anti-inflammatory effects. Notably, depending on the composition of
the background diet and the study design, different outcomes have been observed for the number of
ATMs upon n-3 PUFA intervention; a reduction (Oh 2010) or no changes, but even an increase in the
number of macrophages was found in VATs (Pavlisova 2015). Nevertheless, the role of ATMs
accumulation is sometimes still unclear. It was shown that the ATM number change in the course of
adipose tissue remodelling in obese mice, while enhanced M1 polarization of ATMs in obese adipose
tissues may interrupt the normal process of dead cell clearance and, thus, further stimulate pro-
inflammatory responses (Strissel 2007). Conversely, it was reported that macrophages are also
recruited to adipose tissues, if the need for lipid buffering capacity is high (Kosteli 2010) or apoptotic
cells has to be cleared (Fischer-Posovszky 2011), but without activation of a pro-inflammatory state.
In the context of the present study, the increase in ATMs upon HF/n-3 was considered to be
associated with healthy adipose tissue remodelling and the clearance of apoptotic adipocytes (MAT
and EAT), and/or lipid buffering and even thermogenesis (iBAT). This assumption is based on

aforementioned findings on the prevalence for a rather anti-inflammatory macrophage phenotype in
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adipose tissues upon HF/n-3 and those from RT-gPCR analysis, indicating significant higher overall
levels of OPN (shown previously; Ludwig 2013) and apoptosis, as well as a significant higher number
of multinucleated giant cells (“clusters”) in MAT when comparing HF/n-3 mice with HF mice. These
clusters resemble the adipogenic niche for adipose tissue remodelling and restoration, which was
introduced by Lee et al. and, moreover, it was found that the macrophages involved in this processes
express high levels of OPN (Lee 2013). In addition, DHA has been reported to show anti-obesity
activity due to its role in stimulating apoptosis (Kim 2006), a mechanism that might contribute to the
significant reduction of VAT volume upon HF/n-3 compared to HF that was previously observed in
the present study (Ludwig 2013).

In BAT, findings from gene expression and linear regression analyses, which indicated a significant
higher number of eosinophils upon HF/n-3 compared to HF and significant correlations between
eosinophils and macrophages or even the marker of thermogenesis UCP1 within the HF/n-3 group,
lend further support to the concept that eosinophils and M2 macrophages might not only play an
important role in regulating adaptive thermogenesis upon cold (Molofsky 2013, Nguyen 2011), but
also upon HF/n-3. Thus, results from this thesis indicated for the first time that the efferent
thermogenic circuit, consisting of eosinophils and alternative acitvated macrophages, might also be
induced upon HF/n-3 in iBAT, since former publications only reported its role in the development of
cold-induced beige fat, due to their contribution to catecholamine synthesis (Qiu 2014). A potential
mechanism might involve the induction of the n-3 fatty acid receptor GPR120, which mediates anti-
inflammatory effects (Oh 2010), as indicated by its significantly increased mRNA level upon HF/n-3
and significant correlations between GPR120 and surface markers of aforementioned immune cells.
Moreover, macrophages may act through the control of sympathetic innervation and thus lipolysis to
induce iBAT thermogenesis, whereby macrophages recruitment might have been initiated by the
increased need for lipid buffering capacity, given the increased lipid uptake that was found upon
HF/n-3 for iBAT. Noteworthy, the recent publication by Fischer et al. questioned that M2
macrophages synthesise relative amounts of catecholamines and have a direct role in adipocyte

metabolism or adaptive thermogenesis upon cold or IL4 treatment (Fischer 2017).

5.1.4 Inflammatory changes in the small intestine upon HFDs

Most prior studies have focused on adipose tissue as the source of obesity-associated inflammation,
whereas the intestine as another potential source has not been extensively explored, although it
could be shown that HFDs and gut bacteria interact to promote pro-inflammatory changes in the
small intestine (Ding 2010). In this thesis, the HFDs showed differential effects on intestinal

inflammation upon long-term feeding. However, in contrast to the feeding trial by Ding et al. that
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used a HFD based on soybean oil and lard (Ding 2010), findings from the present study indicated
once again rather minor inflammatory changes within the small intestine upon HF compared to
control. Noteworthy, HF/n-3 counteracted the significant HF-induced changes in USI, as previously
shown for the cell adhesion molecule ICAM1 (Ludwig 2013), but also for MCP1 and the immune cell
marker CD86, which is associated with intestinal inflammation (Plaza-Diaz 2014), suggesting that the
lower fat quality of HF is associated with its stronger pro-inflammatory properties in comparison to
HF/n-3. Finally, the TGFB1 mRNA level was also significantly increased in USI upon HF feeding
compared to control and HF/n-3 and might partly explain the low inflammatory tone in the small
intestine of HF animals (Smith 2011).

Surprisingly, in the present study, the USI showed even bigger changes in inflammatory markers than
the LSI, whereby the USI represents the duodenum and most parts of the jejunum and the LSI mostly
consists of the ileum (Fatima 2009). However, given the differential inflammatory changes in the
distinct regions of the small intestine upon HFDs (de Wit 2008), most studies that analysed HFD-
induced intestinal inflammation (Ding 2010) or changes in the gut microbiota and intestinal
permeability (de la Serre 2010) examined the ileum. These feeding studies could show HFD-induced
impairments in gut barrier function and/or inflammatory changes in the intestine, whereas others
could not (Kless 2015) or only if the housing conditions were changed and the jejunum was examined
(Muller 2016). Thus, factors like the study design, the dietary approach (dose and composition), the
duration of the diet intervention, the housing conditions and the choice of the segment of the gut
(jejunum, ileum or colon) can affect the outcome and data of the feeding study and might explain to

some extent the conflicting results.

5.2 Differential effects of HFDs on genes and proteins involved in vascular function in USI

All feeding studies that analysed the potential link between HFD-induced impairment in gut barrier
function, LPS translocation and systemic inflammation only studied the intestinal epithelial barrier so
far. In this thesis, however, using a comparative and molecular approach, the differential impact of
HFDs on intestinal endothelial integrity was assessed upon long-term feeding. Furthermore, for the
first time the effect of HFDs, differing in fat quality, on the regulation of NO bioavailability was
examined in the small intestine, given our findings on the HF-induced pro-inflammatory phenotype
of the endothelium in the mucosal scrapings of the USI and since physiologic levels of NO appear to
play an important role in the maintenance of endothelial function. Macrovascular and microvascular
complications associated with obesity, were found to be caused by reduced NO availability secondary
to an enhanced oxidative stress production (lantorno 2014). Thereby, reactive metabolites of both

oxygen (ROS) and nitrogen (NO) have been implicated in the endothelial cell response to
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inflammation, while an imbalance in favour of superoxide was associated with the pro-inflammatory
phenotype of the endothelial cells and even pathological angiogenesis and increased endothelial

permeability that are induced by inflammatory mediators (Cromer 2011).

5.2.1 Regulation of NO bioavailability upon HFDs in USI

Findings from RT-gPCR analyses of proteins that regulate NO bioavailability, such as CAV1 and ARG2,
indicated a possible reduction in NO bioavailability in the USI from HF mice. Both genes were
significantly upregulated upon HF compared to control or HF/n-3 and might result in reduced NO
generation, consistent with former studies (Grayson 2013, Chung 2014), since CAV1 inactivates NOS3
by binding and ARG2 competes with NOS3 for its substrate L-arginine. These HF-induced changes
could be counteracted by HF/n-3, possibly due to its anti-inflammatory and anti-oxidative properties
as suggested by the findings on intestinal inflammation (cf. 5.1.4) and gene expression and
correlation analyses in USI that indicated an increased and balanced antioxidant response (SOD1 and
CAT) upon HF/n-3 compared to control and HF. However, in comparison with HF/n-3 mice,
significantly upregulated mRNA levels were found for SOD1 but not for CAT upon HF compared to
control, possibly resulting in enhanced hydrogen peroxide levels. Given that in an oxidising
environment eNOS might turn itself into a source of superoxide anions (Pacher 2007), the
aforementioned findings for HF animals, besides the significant correlations that were found
between the mRNA levels of eNOS and proteins associated with inflammation and oxidative stress,
might add to the assumption that, in contrast to HF/n-3, HF feeding disturbed the nitroso-redox
balance in intestinal endothelial cells.

There is little information in the literature describing the effect of PUFA on NO bioavailability and
most of it is based on in-vitro studies or studies that analysed the aorta. Previous reports showed
increased NO generation and reduced vascular oxidative stress upon fish oil intervention, while
preventing vascular endothelial dysfunction (Balakumar 2012). In addition, studies comparing the
impact of n-3 and n-6 LCPUFA found higher anti-oxidative and anti-inflammatory properties upon n-3
LCPUFA intervention (Richard 2008) and revealed distinct changes in the composition and function of
caveolae that house an array of cell signalling molecules and are associated with genes involved in

endothelial dysfunction and inflammation (Wang 2008).

5.2.2 RT-gPCR analyses of proteins involved in the regulation of intestinal barrier integrity

As already mentioned in the context of HFD-induced intestinal inflammation (cf. 5.1.4), published

studies that analysed HFD-induced changes in intestinal permeability mainly examined the ileum (de
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la Serre 2010, Cani 2008, Kless 2015). However, other feeding studies reported defective intestinal
barrier integrity in the jejunum, depending on housing conditions and thus intestinal bacterial
diversity and composition (Mdller 2016) or at early time points and without intestinal inflammation
(Johnson 2015). Nonetheless, all these feeding studies analysed the epithelial barrier, whereas the
microvascular endothelial barrier, which also influences intestinal permeability, was less recognised
and investigated. Although, Spadoni et al. (Spadoni 2015) has characterised, for the first time, the
gut-vascular barrier and its role in the control of the systemic dissemination of bacteria, HFD-induced
changes of intestinal vascular integrity upon long-term feeding are largely unknown.

In this context, findings from the present study based on RT-gPCR analyses indicated changes in the
transcellular pathway upon HF that might result in increased transcellular flux in USI. However,
HF/n-3 could counteract this effect, since the significant HF-induced upregulation of mRNA levels for
both the lipid raft protein CAV1, a critical protein for caveolae-meditated endocytosis and
transcytosis, and PLVAP, a transmembrane glycoprotein that has been localised to caveolae and
transendothelial channels of systemic fenestrated capillaries, could be reversed upon HF/n-3 in USI.
With regard to changes in the transcellular pathway, former studies have shown that an upregulation
of PLVAP is associated with VEGF-induced caveolae formation and microvascular leakage as observed
in diabetic retinopathy (Wisniewska-Kruk 2016), and PLVAP was found to be increased in the gut
upon infection, resulting in the systemic dissemination of bacteria (Spadoni 2015). Moreover, rats
fed with a high-fat / sucrose diet showed high expression of CAV1 and endothelial hyperpermeability
(Peng 2014), whereby phospho-CAV1 was thought to participate in transcellular and paracellular
pathway to regulate endothelial permeability (Sun 2009).

Given that the role of junctional proteins like CDH5 (Harris 2010) in the control of endothelial
permeability and angiogenesis is defined by its phosphorylation status (activity) and localisation
(amount available for engagement at adherens junctions), in this thesis, mMRNA expression data on
junction proteins are insufficient to describe functional changes of the paracellular pathway.
However, surprisingly, we could demonstrate significantly increased mRNA levels for the endothelial-
specific cell-cell adhesion proteins CDH5 and CD31 (Harris 2010, Privratsky 2014), but also for TGF(1,
ICAM1, MMP9 and CAV1 in USI from HF mice compared to control mice. It is noteworthy that in the
context of chronic inflammatory diseases the upregulation of these angiogenic mediators indicates
pathological angiogenesis, which is associated with vascular hyperpermeability (Chidlow 2007).

Thus, based on findings from the present study and published reports on PLVAP, HF might enhance
lipoprotein passage (Herrnberger 2014), leukocyte transmigration (Keuschnigg 2009) or systemic
dissemination of bacteria (Spadoni 2015) within USI. In this thesis, the possibility of HF-induced
leukocyte transmigration is supported by significant correlations that were found between the mRNA

levels for the immune cell marker CD86 and the vesicular transport-related genes CAV1 and PLVAP
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(cf. Table 11). However, physiological measurements that would allow the detection of enhanced
vascular leakage were beyond the scope of the present study and measurements of plasma albumin
levels were insufficient to express an opinion on that issue, since no mouse urine samples were
available for analyses. Nonetheless, the hypoalbuminaemia found upon HFDs at week 6 but no
longer at week 12 is worth further investigation and might indicate compensatory effects.

Noteworthy, in contrast to HF, vascular integrity seems to be maintained upon HF/n-3 in the USI, as
evidenced by the unchanged gene expression levels for CAV1 and PLVAP, which may partly depend
on the attenuation of raft dependent inflammatory signalling that was found to be differentially
modulated by n-6 and n-3 PUFA (Wang 2008). Moreover, studies have shown that oxidative stress

and CAV1 expression are related (Ousmaal 2016).

For technical reasons, mucosal scrapings, that represent an enrichment of epithelial and
microvascular cells, were used for analyses of the small intestine. Thus, the observed expression level
changes of some markers cannot be solely attributed to one cell type, although we tried to use
mainly endothelial-specific marker. Moreover, separate analyses were performed for the upper and
the lower part of the small intestine, whereby HF feeding induced more changes in the USI.

Finally, to confirm the assumptions made in the context of differential changes of endothelial
function upon HFDs (5.2.1 and 5.2.2), a new feeding study is required as a next step, which is well-
designed to reproduce and support essential data from the former study by performing more

physiological and biochemical experiments.

5.3 Differential effects of HFDs on obesity

In this thesis, besides the analysis of the inflammatory changes and associated modifications in
vascular function upon HFDs differing in n-6/n-3 PUFA and SFA/PUFA ratios, we also applied, for the
first time, a holistic, comparative and molecular approach to further characterise the differential
impact of HFDs on obesity upon long-term feeding. Different tissues, the small intestine, the liver and
iBAT, were analysed and potential mechanisms for the n-3 LCPUFA-induced anti-obesogenic effect

were explored by RT-qPCR and Western blot analyses, and subsequent correlation analyses.

5.3.1 Impact of HFDs on lipid metabolism in small intestine and liver

Data from previous in-vivo studies already proposed that n-3 LCPUFA can reduce HFD-induced
obesity and hepatic fat accumulation by targeting transcriptional regulatory networks and by the

regulation of genes involved in hepatic (Dossi 2014) and intestinal (van Schothorst 2009) lipid
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metabolism. In this thesis, findings from RT-gPCR and Western blot analyses are consistent with
these reports. Of note, HF/n-3 mice showed a significant upregulation of PPARa-induced genes
involved in fatty acid oxidation, whereby the most pronounced increases were found for the
w-oxidation gene CYP4al0, which is crucial for the generation of dicarboxylic fatty acids (Fiamoncini
2015). In this context, it is important to note that lipidomics data from mice analysed in the present
thesis (personal communication by Dr. Tobias Ludwig, Prof. Hannelore Daniel, and Dr. Bernhard
Bader, TUM) revealed significantly enhanced levels of odd-numbered medium-chain, dicarboxylic
acylcarnitines and significatly lower levels of long-chain acylcarnitines in the livers from HF/n-3 mice
compared to livers from control and/or HF mice. These data support the notion that HF/n-3-induced
activation of PPARa may account for the stimulation of hepatic and even intestinal lipid oxidation
and the concept, that in particular w-oxidation and peroxisomal B-oxidation were activated upon
HF/n-3, considering previous findings from a mouse feeding study, which used a fish oil-based HFD
(Fiamoncini 2015).

However, given the important interplay between peroxisomes and mitochondria, the intermediates
that are exported from the peroxisome by a still unknown mechanism can be further oxidised to CO;
and H,O in mitochondria, whereby the carnitine-mediated pathway, which implies the previous
conversion into acylcarnitines in peroxisomes, and the free-acid pathway are discussed (Wanders
2016). Nonetheless, there are still substantial gaps in the knowledge about peroxisome metabolism.
Surprisingly, in this thesis, CPT1a, which is also modulated by PPARa and controls mitochondrial
B-oxidation, was not induced upon HF/n-3, raising the question of whether this carnitine
acyltransferase is still the rate limiting step of mitochondrial -oxidation in circumstances where fatty
acids are preferentially channeled into peroxisomes for oxidation, since peroxisomes contain itself
two distinct carnitine acyltransferases. In addition, medium-chain fatty acids are supposed to diffuse
across the mitochondrial membrane (Wanders 2016).

Notably, since peroxisomal B-oxidation itself generates heat instead of ATP due to lack of an electron
transport system (Lodhi 2014), in the present study, the enhanced fatty acids turnover in
peroxisomes may partly explain the higher energy expenditure upon HF/n-3 compared to HF and the
prevention of excessive hepatic lipid deposition found in HF/n-3 mice (Ludwig 2013). Furthermore,
peroxisomes can perform fatty acid B-oxidation using half of the O, amount that would be needed
for mitochondrial B-oxidation (Fiamoncini 2013).

In addition, given the role of malonly-CoA, the product of ACC2, and of AMPK in the control of CPT1
(Hardie 2011), in this thesis, data from Western blot and linear regression analysis do not support a
role of the AMPK-ACC2-CPT1 axis in providing a flux control over mitochondial B-oxidation, although,
for the HF/n-3 mice, activated AMPKa seems to be involved in the downregulation of hepatic DNL by

phosphorylating ACC1 and further findings from correlation analyses even indicate an association
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between posttranslational and transcriptional control of both ACC isoforms. Surprisingly, the
P-ACC/ACC ratios (ACC1 and ACC2) were not altered upon both HFDs. Nevertheless, the observed
significant lower hepatic mRNA levels for ACC2 and ACC1 (Ludwig 2013) in HF/n-3 mice than in HF
mice, together with the significant lower ACC protein level, indicate reduced hepatic DNL upon
HF/n-3. Thus, our data suggest, that HF/n-3 may prevent HF-induced hepatic lipid deposition by
increasing fatty acid oxidation, especially w-oxidation and peroxisomal B-oxidation, and by reducing
DNL, whereby ACC was rather regulated on transcriptional level and not by the posttranslational
regulation via AMPKa.

SREBP-1c, which is known to be involved in the dietary control of lipogenic enzyme genes, is also
regulated by AMPK, whereby activated AMPK reduce SREBP-1c expression (Browning 2004),
however, although it is speculated that AMPK can target nuclear proteins involved in transcriptional
regulation, it is still an open question how AMPK quickly downregulate key players in liver lipid
metabolism (Canté 2010). Moreover, PUFA can directly influence gene expression by targeting
SREBP-1c, supressing its gene transcription, mRNA stability and proteolytic processing, whereby the
latter option might imply the activation of AMPK as obseved in hepatoma cells (Deng 2015) and
might reduce feed-forward activation of the SREBP gene as found for EPA (Takeuchi 2010).

Of note, an ideal ACC inhibitor would impair lipogenesis, however, it also would avoid compensatory
inhibition of fat oxidation by protein hyper-acetylation due to increased availability of acetyl-CoA to
prevent hepatic lipid accumulation. In this context, it was shown that ACC inhibition targets CPT1a at
the mRNA level (Chow 2014). Surprisingly, in this thesis, this regulation was observed for the control
mice, whereas an inverse relationship was found for the HF/n-3 mice (cf. Table 12), indicating
metabolic flexibility upon HF/n-3, whereby DNL is reduced and the activity of lipid oxidation is
maintained or even increased.

Thus, in summary, the greater beneficial effect of HF/n-3, containing EPA and DHA, on reducing
hepatic TAG content is rather related to enhanced combustion of fatty acids, since EPA has the
highest potential to activate PPARa, the major regulator of fatty acid oxidation, and other reports
stated that n-3 LCPUFA inhibit VLDL secretion partly due to lower substrate (TAG) availability (Jump
2011).

Moreover, regardless of fat quantity (48 vs. 60 kJ% fat) and quality (SFA/PUFA ratios; 2.16:1 vs.
5.4:1), in this thesis, data from two independent mouse feeding studies (Ludwig 2013, Dahlhoff 2014)
showed that both HFDs, HF (Ludwig 2013) and HF? (Dahlhoff 2014), change the expression levels of
lipogenic genes, indicating a reduction of hepatic DNL. Considering the aforementioned findings
gained with the HF/n-3 mice, this effect might present a long-term adaption to HFDs as already
stated in another publication (Jump 2011), although the extent of the expression changes might

depend on PUFA, fat and carbohydrate content of the diet (Ferramosca 2014). Noteworthy, given
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that upon HF the ACC protein content was reduced, whereas for the HF® mice the ACC mRNA levels
were changed, the mechanisms seem to differ across studies. However, in both feeding studies, ACC
was rather not controlled by the posttranslational regulation via AMPKa, since the P-ACC/ACC ratios
for ACC1 and ACC2 showed no alterations, although Western blot analyses indicated the activation of
AMPKa upon HF and HF2. Surprisingly, for the HF mice, the total level of AMPKa showed a significant

reduction compared to control mice.

5.3.2 Impact of HFDs on iBAT energy metabolism - increased thermogenic and oxidative potential

in iBAT upon HF/n-3

Besides increased fatty acid oxidation in the small intestine and the liver, BAT is deemed important in
the combat of obesity, since uncoupled respiration wastes food energy. However, only a handful of
studies have investigated the impact of HFD on iBAT upon long-term feeding and even less have
analysed DIT in iBAT considering the fat composition of the HFDs. Nonetheless, emerging evidence
suggested that a fish oil diet rich in n-3 LCPUFA promotes BAT thermogenesis (Bargut 2016b),
although the underlying mechanisms remain poorly described. Importantly, it has to be taken into
consideration that the mechanism of DIT, referring to increased energy expenditure that
accompanies food intake, includes uncoupling of mitochondrial respiration through UCP1, but also
the activation of futile metabolic cycles (Bonet 2017). Both might account for the anti-obesogenic
effect of HF/n-3 and therefore were examined in this thesis.

In this regard, findings from this thesis indicate enhanced thermogenic and oxidative potential in
iBAT upon HF/n-3 compared to HF. Increases in iBAT mass, UCP1 content, and mitochondrial and
vascular density, features that characterise cold-induced iBAT activation (Cannon 2004), were
observed for iBAT from HF/n-3 mice. Although iBAT mass was significantly increased upon both
HFDs, the mRNA and protein levels of UCP1 and the mitochondrial marker CS were only significantly
upregulated upon HF/n-3 compared to control and even HF; impotantly, these increased expression
levels were even observed taking in account iBAT mass or protein content. Furthermore, the mRNA
levels of PGCla and PGC1B, as regulatory factors for mitochondrial biogenesis, were also significantly
increased upon HF/n-3. Conversely, the HF mice showed significant lower protein and mitochondrial
densities in iBAT, suggested by the reduced protein level of CS (CS per gram of protein), and, in
addition, the TAG content in total iBAT or per gram of protein (cf. Table 14) was significantly elevated
upon HF compared to control. Thus, in contrast to the HF/n-3 mice, the iBAT mass increase of HF
mice might be related to lipid accumulation resulting from lower oxidative potential or dysfunctional

lipid metabolism.
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These results are in line with Bargut et al. (Bargut 2016b) reporting an induction of thermogenic
markers in iBAT upon feeding a fish oil-based HFD, whereby energy expenditure could be increased
by partial and even more by total substitution of lard with fish oil.

Noteworthy, although an enhanced level of UCP1 is often used as a surrogate measure of BAT
activity, it will not necessarily result in increased energy expenditure as shown by Festuccia et al.
(Festuccia 2011), analysing the impact of the PPARy agonist thiazolidinedione (TZD) on BAT. Despite
the increased capacity for UCPl-mediated uncoupled respiration upon TZD treatment, BAT
mitochondrial number and energy expenditure were not changed, moreover, the brown adipocytes
displayed a whitened phenotype, which was explained by the TZD effects in promoting lipogenesis
and in dampening the B-adrenergic-mediated activation of adipocytes (Festuccia 2011).

Interestingly, in the present thesis, this morphological change in iBAT, which was observed in obesity
and was associated with lipid accumulation and dysfunctional BAT (Bargut 2016a), was not only
found in HF mice but also in HF/n-3 mice, although former studies observed rather reduced lipid
accumulation upon fish oil-based HFD compared to lard-based HFD (Bargut 2016b). Nonetheless, in
the study by Bargut et al., the differences in iBAT lipid content were not as pronounced comparing
the lard / fish oil-based HFD with the lard-based HFD and finally, both HFDs rich in fish oil showed
increased energy expenditure. Unfortunately, the study by Bargut et al. does not provide data for the
dietary lipid compostition (Bargut 2016b).

Finally, in the present study, data from RT-gPCR analysis do not support an inactive state for iBAT
from HF/n-3 mice compared to the HF mice, but rather suggest an increase in fatty acid uptake (LPL
and CD36), efficient fatty acid oxidation (CPT1a, PPARa and FABP3; Vergnes 2011) and ultimately
enhanced lipid turnover in iBAT for the HF/n-3 mice.

Furthermore, in contrast to findings from the study by Festuccia et al. (Festuccia 2011), in the
present study, data from RT-qPCR analysis do not a priori indicate reduced sympathetic activity upon
HF/n-3. The mRNA levels of ADRB1 and ADRB3, which regulate the thermogenic functions of brown
adipocytes (Collins 2012), were not reduced. In addition, the data showed a slight rise in the protein
level of TH and suggest an increased abundance of eosinophils and of alternative activated
macrophages upon HF/n-3, which might indicate higher sympathetic nerve activity (Tang 2015) and
thermogenic function of iBAT in HF/n-3 mice compared to control and HF mice, considering other
reports that stated general beneficial effects of n-3 LCPUFA on the autonomic nervous system (La
Rovere 2015) and a contribution of immune cells in the regulation of brown adipocyte activity upon
cold (Nguyen 2011, Qiu 2014). However, the latter was questioned recently by Fischer et al. (Fischer
2017).

On top of that, two further adrenergic-independent brown fat activator pathways were analysed,

which can play a role in the activation of iBAT upon HF/n-3; bile acids that act through TGR5
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(Watanabe 2006) or the hepatic factor FGF21, whose expression can also be induced in brown
adipocytes by GPR120 (Quesada-Lépez 2016). Compared to the HF mice, we found that the HF/n-3
mice had higher mRNA levels for TGR5 and GPR120, and that those were significantly upregulated
compared to controls.

Moreover, for the HF/n-3 mice, in addition to the aforementioned possibly increased lipid uptake,
the plasma NEFA levels were significantly diminished compared to control and HF mice, and the HF-
induced body weight gain was partly prevented. Given the reports, which have suggested that the
activation of iBAT is accompanied by increased lipid uptake (Bartelt 2011), these findings support a
lipid-lowering effect of the HF/n-3 that might involve iBAT. Furthermore, the differential regulation
of LPL activity found upon HF/n-3 in MAT and iBAT would suggest that fatty acids were shuffled
towards activated iBAT (Dijk 2015). Comparing the mRNA levels of ANGPTL4 and LPL (Lafferty 2013),
findings from linear regression analyses showed a significant correlation in MAT (r=0.7481, p=0.0328)
and a significant inverse correlation in iBAT (r=-0.8822, p=0.0007) within the HF/n-3 group.

Finally, even the findings on mitochondrial and vascular density give no indication of obesity-linked
BAT dysfunction for the HF/n-3 mice (Shimizu 2015).

To conclude, there is no a priori reason to expect an inactive iBAT for the HF/n-3 mice. In contrast to
the HF mice, the increased lipid accumulation observed upon HF/n-3 might be an effect of on overall
high lipid load rather than of an inability of iBAT to combust the fatty acids. However, based on the
linear regression analyses, which show significant inverse correlations between the mRNA levels of
the white adipocyte marker TLE3, that was reported to antagonise thermogenesis (Villanueva 2013),
and enzymes related to energy metabolism, including UCP1 (cf. Table 17), we assume a less active
state of iBAT for the HF mice compared to HF/n-3 mice upon long-term feeding, which may depend

on the reduced mitochondrial protein content associated with HF.

5.3.3 Induction of a TAG / FFA cycle in iBAT upon HF/n-3

Since the net balance among the synthesis, oxidation, and hydrolysis of TAG in adipocytes
determines the net quantity of cellular fat content, RT-gPCR and Western blot analyses were
performed to further characterise iBAT energy metabolism. In this thesis, for the first time,
expression data indicate the induction of a second thermogenic pathway that relies on futile cycling
of TAG (lipolysis and fatty acid re-esterfication) upon long-term HF/n-3 feeding in iBAT.

Considering that adipocyte lipolysis is a complex process that is tightly controlled through integration
of multiple and diverse hormonal and biochemical signals to prevent the spillover of lipids and
lipotoxicity when fatty acid demand is low, we further characterised lipolysis by Western blot

analyses, since lipolysis is regulated by several co-activation mechanism that include post-
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translational phosphorylation of the lipases or co-regulatory proteins such as G0S2 (Nielsen 2014).
Notably, in this thesis, the data indicate a downregulation of the lipolytic pathway upon both HFDs
compared to control in iBAT. Surprisingly, although their mRNA levels were not changed, the protein
levels of the lipases ATGL and HSL were significantly reduced, indicating posttranslational
modifications upon HFDs. One explanation might be proteasome-mediated degradation as already
described for adipose ATGL in obese mice, however, the level of lipases does not always correlate
with its cellular hydrolase activity (Dai 2013). In addition, findings on the phosphorylation status of
HSL indicated reduced lipolysis by the B-adrenergic cAMP-PKA-HSL pathway (Ser660) upon HF/n-3,
whereas the mRNA level of G0S2, a negative regulator of ATGL (Nielsen 2014), was found to be
reduced upon both HFDs compared to control. However, due to time constraints, the regulation of
ATGL, such as its AMPK-dependent activation, was not further analysed, although ATGL-catalysed
lipolysis may be required for brown adipose phenotype, since it was found to promote fatty acid
oxidation and re-esterfication, inducing the cycling between DAG and TAG (Ahmadian 2011,
Ahmadian 2009).

Nonetheless, in this thesis, findings from linear regression analyses (cf. Table 15) that showed for
both high-fat groups significant correlations between lipolysis (HSL) and fatty acid re-esterification
(DGAT2), and the increased mRNA level of GYK (Mazzucotelli 2007) upon HF/n-3, add to the
assumption of HF/n-3-induced futile cycling of TAG in iBAT. Furthermore, the upregulation of the
energy-demanding fatty acid re-esterification, creating a substrate cycle upon HF/n-3 could help to
explain the induction of mitochondrial biogenesis and the activation of AMPKa (P-AMPKa/AMPKa
ratio) as well as the significantly reduced NEFA levels in plasma (Ludwig 2013) that were observed for
the HF/n-3 mice compared to HF and control mice, since the data of this thesis indicate that the fatty
acids, which were preferentially channeled into iBAT upon HF/n-3, remain in this tissue for oxidation
or storage (cf. Table 19).

These findings are in line with those from recent studies, analysing WAT but not iBAT. They
suggested the involvement of a futile substrate cycle based on TAG lipolysis and re-esterification in
the anti-obesity effect of n-3 LCPUFA, whereby UCP1 was not induced (Janovska 2013, Flachs 2013).
Notably, the TAG / FFA substrate cycling in adipose tissues creates an efficient buffer system that
provides fatty acids in time of metabolic need, thus allowing sufficient fatty acid flux without non-
physiological increase in cellular NEFA (Flachs 2013). In this regard, it should be noted that long-chain
acyl-CoA themselves can modulate fatty acid supply via feedback inhibiton of lipolysis (Sanders

2015).
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5.3.4 Balanced energy metabolism in iBAT upon HF/n-3

Finally, considering that a shift in the balance among activities of the major metabolic pathways,
those contributing to TAG / FFA cycle and those involved in associated metabolic fluxes like
mitochondrial B-oxidation and DNL or in fatty acid uptake and citric acid cycle might affect cellular
lipid content (TAG and NEFA), in this thesis, gene expression data and subsequent correlation
analyses indicate a balanced enegy metabolism upon HF/n-3 in iBAT.

Upon long-term feeding, the expression profile of genes involved in the regulation of lipid
metabolism was profoundly altered in iBAT upon HF/n-3 compared to control and HF. In addition to
the aforementioned significant upregulation of UCP1, FGF21, a direct activator of iBAT (Quesada-
Lépez 2016), and of genes related to mitochondrial biogenesis (PGCla and PGC1p), fatty acid uptake
(LPL and CD36) and fatty acid oxidation (FABP3, CPT1a and PPARa), genes involved in glycerol-3-
phosphate generation (GYK and LDHB) and TAG synthesis (DGAT1, DGAT2 and AGPAT9) were also
found to be induced upon HF/n-3. Notably, correlation analyses indicate that, for the HF/n-3 mice,
the increased expression levels of PPARa, DGAT1 and AGPAT9 are direct effects of the increased fat
intake and probably the improved fat quality of HF/n-3 compared to HF, however, the actual effect
was masked by the influence of the final body weight (cf. Table 20).

No change in the mRNA levels of HSL (lipolysis) and GLUT1 (glucose uptake) were detected, whereas
the mRNA levels of ACC1 and ACC2 (DNL) as well as GLUT4 and HK2 (glucose metabolism) were
significantly reduced upon HF/n-3.

Moreover, findings from correlation analyses in iBAT examining the coordinated regulation of mRNA
levels of enzymes related to metabolic pathways and a relationship between ADRB1 and UCP1 or
metabolic enzymes (cf. Table 19) suggest that a TAG / FFA cycle or even UCP1-mediated
thermogenesis (Flachs 2013) are induced in iBAT upon HF/n-3 in order to result in increased energy
expenditure.

Noteworthy is that, within the HF/n-3 group, the mRNA levels of ADRB1, CD36 and DGAT1 show a
significant correlation with FGF21 mRNA level and also with the mRNA levels of almost all other
enzymes involved in energy metabolism.

However, these findings make it difficult to dissect the possible impact of TAG / FFA cycle activation
and mitochondrial uncoupling on whole body energy balance, if the HF/n-3-induced modulations of
energy metabolism-related gene expression levels in iBAT will finally translate into functional
thermogenic activity. Notably, activity of the TAG / FFA cycle might also play a crucial role in

transformation of WAT to BAT, as reported by Barneda et al. (Barneda 2013).
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5.3.5 Pathways induced in iBAT upon HF/n-3

In the present thesis, activation of PPARa, PPARy2 and AMPKa could be the pathways to mediate the
effects of chronic HF/n-3 feeding in iBAT, whereby also the HF/n-3-induced increase in FGF21 and
immune cells might be involved in regulating the activity of iBAT.

As noted above (cf. 5.3.2), UCP1-mediated thermogenesis can not be induced by the PPARy agonist
TZD alone (Festuccia 2011). It also requires PPARa, which contributes to thermogenic activation of
BAT by coordinately regulating lipid catabolism and thermogenic gene expression via induction of
PGC-1a (Hondares 2011). In the present study, as n-3 LCPUFA are ligands of PPARa and PPARy2
(Jump 2008), findings from correlation analyses in iBAT (cf. Tables 15 and 16) indicate that, for the
HF/n-3 mice, PPARa activation participates in UCP1 expression and PPARy2 could be responsible for
the changes in genes involved in lipid uptake and storage, because these genes are transcriptional
targets of PPARy2 (Tontonoz 2008).

Moreover, a complex interplay of intracellular regulation pathways, including PPARa and PPARy2 and
AMPKa, may generate the conditions for the activation of a TAG / FFA cycle, since the gene
expression of PPARa was significantly increased and the activation of AMPKa (P-AMPKa/AMPKa
ratio) was induced in iBAT upon HF/n-3. Notably, given its important role in regulating cellular energy
balance, mediating the responses to environmental or dietary changes, AMPKa might be involved in
the regulation of lipolysis and the TAG / FAA cycle or might even modulate the coupling between
lipolysis and fatty acid re-esterification, consistent with findings previously obtained from the
analysis of metabolic effects elicited by combined interventions, including n-3 LCPUFA, in WAT
(Flachs 2013). Furthermore, AMPK activity results from a local energy deficit (van Dam 2015). Thus,
the HF/n-3-induced activation of AMPKa (P-AMPKa/AMPKa ratio), identified in the present thesis,
might occur as a consequence rather than being a cause of BAT activation, as UCP1-dependent
uncoupling and the energy-demanding TAG / FFA cycle leads to decreased intracellular energy levels.
In addition, as stated before (cf. 5.1.3) the number of M2 macrophages and eosinophils might be
increased upon HF/n-3 in order to support the formation of metabolic active adipocytes (Masoodi
2015), since ATMs that are recruited to iBAT, possibly due to enhanced local lipid fluxes, can buffer
local increases in lipid concentration (Kosteli 2010) and even contribute to iBAT activity upon cold
(Nguyen 2011, Qiu 2014), although the latter was questioned recently by Fischer et al. (Fischer 2017).
Furthermore, n-3 LCPUFA act as ligands of GRP120 and, as recently reported, GPR120 may not only
be the mediator in anti-inflammatory and insulin-sensitising effects (Oh 2010), but even in the energy
metabolism of brown adipocytes, since n-3 LCPUFA-mediated GPR120 activation can induce the
release of FGF21 resulting in the promotion of iBAT activity (Quesada-Lépez 2016). In this thesis, it
was found that mRNA levels for GPR120 and FGF21 were significantly increased upon HF/n-3

compared to control and HF feeding. Thus, based on findings from correlation analyses, FGF21 may
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be essential for the HF/n-3-induced changes in the gene expression levels of enzymes related to
energy metabolism (CD36, DGAT1, UCP1 and ADRB1) and, given its impact on sympathetic nerve
activity (Owen 2014) and its potential as metabolic hormone (Jin 2016), FGF21 might also influence
the sympathetic innervation of iBAT and fine tune multiorgan crosstalk. Moreover, due to its dual
role, GPR120 may connect inflammation and metabolism in iBAT.

Finally, in this thesis, findings suggest that n-3 LCPUFA exert their favourable effects on obesity by
targeting distinct pathways, such as PPARa, PPARy2 and AMPKa in iBAT, but also in liver and small
intestine, in order to increase energy expenditure, whereby FGF21, as downstream target of PPARs
and as activator of several downstream signalling pathways including AMPKa (Jin 2016), may
mediate these effects. Various changes in gene and protein expression profiles were observed for the
HF/n-3 mice compared to the HF mice, whereby the changes in the liver and the small intestine
suggested enhanced endosomal w-oxidation and peroxisomal B-oxidation, and those in iBAT
indicated the induction of an energy-demanding TAG / FFA cycling and possibly UCP1-dependent
thermogenesis upon HF/n-3. However, although the thermogenic and oxidative capacity of iBAT was
induced upon HF/n-3, a new feeding study is required for additional measurements of iBAT activity
and lipid content to examine whether the upregulation of the thermogenic capacity / machinery in

iBAT translates into physiologically functional thermogenesis.

5.4 Conclusion and perspectives

The mouse feeding study analysed in this thesis provided an opportunity for mechanistic
examination of the pathways involved in the favourable effects of a n-3 LCPUFA-enriched HFD in DIO,
whereby the differential inflammatory, metabolic, and vascular changes upon HFDs, which differed in
their fat quality (n-6/n-3 PUFA and SFA/PUFA ratios), could be analysed. The expression data of this
thesis support findings from former studies that found numerous beneficial impacts of n-3 LCPUFA
on health, including lipid-lowering and anti-inflammatory actions and their ability to maintain
vascular function. Moreover, our data indicated that the HF/n-3 with a balanced n-6/n-3 ratio and
lower SFA/PUFA ratio than HF could exert both immunoenhancing and -suppressive effects in
different tissues, suggesting a more complex role of ATMs in obese adipose tissues. Thus, the
unexpected increased content of macrophages in VATs and iBAT upon HF/n-3 compared to HF and
control feeding - highest numbers were observed in EAT - was considered important for healthy
adipose tissue remodelling, whereby the rather anti-inflammatory macrophages could play a
valuable role in the clearance of apoptotic adipocytes, lipid buffering or even iBAT thermogenesis.
However, only little evidence of differential effects of the HFDs on adipose tissue inflammation were

found upon chronic feeding, although the data suggest a predominance of a more pro-inflammatory
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macrophage phenotype upon HF compared to HF/n-3 in EAT, which has to be supported by further
measurements. Furthermore, for the HF mice, rather minor inflammatory changes were observed in
USI and even less in LS|, but also in the other tissues examined. It is therefore tempting to speculate
that the soybean / palm oil-based HF (48 ki% fat) is too moderate to induce a strong inflammatory
response and to disturb the intestinal barrier function upon long-term feeding. Nonetheless, in this
thesis, gene expression data showed differential changes in proteins, which regulate NO
bioavailability and the transcellular pathway, upon HFDs in the intestine, suggesting favourable
effects on vascular integrity for HF/n-3 that might involve the anti-oxidative potential of n-3 LCPUFA.
For further physiological experiments, the potential compensatory effect upon chronic feeding must
be kept in mind, since hypoalbuminaemia was found upon HFDs at week 6 but no longer at week 12.
In addition, although the physiological and metabolic confirmation for the enhanced iBAT activity
upon HF/n-3 compared to HF feeding is still pending, the HF/n-3-induced modulations of energy
metabolism-related gene expression levels in iBAT indicated the contribution of TAG / FFA cycling
and even UCP1-dependent mitochondrial uncoupling to the enhanced energy expenditure observed
upon HF/n-3. In this context, HF/n-3 might exert its beneficial effect on obesity and obesity-related
fatty liver by targeting distinct pathways, such as PPARa, PPARy2 and AMPKa in iBAT, but also in liver
and intestine, in order to enhance fatty acid oxidation and to induce mechanism of DIT, effects that
might be mediated by the metabolic hormone FGF21. Moreover, it was suggested that the increased
lipid uptake by iBAT upon HF/n-3 might contribute its hypolipidemic effect, whereby iBAT seems to
plays an outstanding role in the storage and combustion of fatty acids.

However, the assumptions made in this thesis, based on findings from RT-qPCR, Western blot and
immunohistochemical analyses, have to be confirmed by physiological and functional analyses,
whereby new feeding studies have to be carried out. A possible impact of HF on endothelial
dysfunction and vascular permeability has to be evaluated by the Evans blue extravasation method
and blood flow measurements. Detailed analyses of immune cells by fluorescence-activated cell
sorting analysis are warranted to define and quantitate in more detail the different activation and
metabolic phenotypes. Furthermore, iBAT activity and lipid content have to be determined by
measuring supraclavicular skin temperature or using different positron emission tomography-
computed tomography tracers in combination with magnetic resonance spectroscopy techniques
(Schilperoort 2016).

Overall, manipulation of dietary fat quality, in terms of reducing the SFA content and the n-6/n-3
PUFA ratio of the HFD, is a possible avenue for positive manipulation of energy metabolism and
metabolic inflammation in obese mice. However, mixed results as well as the lack of consistency and
findings across human studies (Buckley 2009) make it difficult to confirm these findings in humans.

Various factors including differences in study design, dose and composition of the n-3 PUFA
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intervention, composition of the background diet and the duration of the intervention as well as the
gut microbiome could be confounding the results from animal and human studies.

Translating these discoveries into recommendations for human intake of n-3 LCPUFA as preventive
strategy or even as combination therapy for obesity will ultimately require a more complete
understanding of the individual effects of each fatty acid on inflammation and the regulation of
energy metabolism, and of the different possible targets of n-3 LCPUFA to combat obesity, taking
into account the valuable contribution of our results to explore potential mechanism. Given the
differential physiological functions of DHA and EPA (Mozaffarian 2012) and the diversity of bioactive
metabolites, including pro-resolving mediators like resolvins and protectins or immunomodulatory
branched fatty acid esters of hydroxy fatty acids (Kuda 2017), the pleiotropic effects of fatty acids
add another layer of complexity toward understanding the anti-obesogenic and anti-inflammatory
impact of n-3 LCPUFA. In addition to targeting iBAT activity, as analysed in this study, n-3 LCPUFA
might also increase the differentiation of brown adipocytes in white fat depots, as shown for EPA
(zhao 2014). Thereby, EPA might promote brown adipogenesis by modulating miRNAs (Kim 2016). In
addition, a recent study revealed that the gut microbiota, which composition was found to be
changed depending on dietary fat composition (Lam 2015) and thus might partly explain the
diffentential impact of HFDs on intestinal barrier disruption and associated systemic inflammation
(Kaliannan 2015), might also play a role in the emergence of thermogenic brown fat cells within

white fat depots (Sudrez-Zamorano 2015), adding insight into the microbiota-fat signalling axis.
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6 Appendix

Table 21. Changes in gene expression upon soybean / palm oil-based HFDs in iBAT

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
FA transport 19-21 Lpl 1.00 1.51** 1.50**
19-20 CD36 1.16 1.42%* 1.22
19-22 Fabp3 2.07*** 3.91**x* 1.89%**
FA metabolism 16-18 Ucpl? 1.12 1.59%** 1.42%**
25-28 Cptla 1.54%** 2.06%** 1.34
23-26 Lpbe 0.90 0.87 0.96
19-22 Accl 0.61*** 0.30*** 0.49***
20-22 Acc2 0.76** 0.59*** 0.77*
25-28 Agpat9 1.46 2.37%*x* 1.62
26-27 Dgatl 0.75** 0.95 1.27%
18-21 Dgat2 1.26 1.83%** 1.45%*
23-26 Gyk 1.34 3.16%** 2.35%**
21-22 Ldhb 0.87 1.11 1.27*
26-27 Glutl 0.84 0.91 1.09
21-23 Glut4 0.72%*x* 0.59*** 0.82*
25-27 Hk2 0.70 0.54* 0.76
19-20 Cs 1.09 1.25%** 1.14*
20-22 Pckl 0.91 1.08 1.19
28-31 p47phox 1.70* 1.68* 0.98
23-26 Hsl 1.00 1.00 1.00
20-23 Plin5 1.27 1.48* 1.16
23-27 g0s2 0.53* 0.56 1.06
22-25 Angptl4 1.26* 1.28* 1.01
Inflammation 27-29 Emrl 1.41* 1.79%*** 1.27
28-33 Itgax 2.06** 3.99%** 1.94
26-27 Mrcl 1.20 1.42%* 1.18
29-32 Clecl10a 1.39* 1.38* 0.99
32-36 Siglec5 1.60 2.87%** 1.80*
25-26 Tefpl 1.19 1.38%* 1.16
29-31 Tnfa 1.01 1.16 1.15
31-33 IL10 1.22% 1.23%* 1.01
28-32 Mcp1l 2.12% 2.22%* 1.05
Endothelium 27-31 Cdh5s 1.22% 1.38%** 1.13
23-26 Cldn5 1.38 1.01 0.73
Innervation 25-27 Adrb1l 1.03 0.91 0.88
25-27 Adrb3 1.28 0.94 0.74*
31-32 Tgr5 0.76* 0.95 1.26
25-28 Dio2 0.70 1.10 1.59
25 Gprl20 1.09 1.46%* 1.33*
31-33 Fgf21 1.25 1.50** 1.20
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. Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF

Transcription 29-31 Tle3 1.40%** 1.54%** 1.10

22-23 Ppary2 1.03 1.04 1.01

22-24 Ppara 1.21** 1.45%** 1.19%**

25-28 Pgcla 1.16 1.47* 1.27

23-25 Pgc1B 1.02 1.17** 1.15*
Adipokines 20-23 AdipoQ 0.97 1.08 1.11

24-29 Lep 2.95%** 1.68* 0.57

Shown are the results of gene expression analysis in interscapular brown adipose tissue (iBAT) after
12 weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid
(LCPUFA)-enriched HFD (HF/n-3), using RT-gPCR (n=7-12). mRNA expression levels are depicted as
relative fold changes. Data were analysed with AAC4 method and normalised to CypB and Hsp90ab1l
gene expression. Fold changes were calculated relative to C and HF group. For the genes marked with
a hash symbol, the data was obtained from Ludwig et al. (Ludwig 2013), testing for normal
distribution and outliers. Statistical analysis was performed using one-way ANOVA and Tukey post-
test. In case of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In
addition, outliers were detected by using Grubb’s test and excluded from statistical data analysis.
*p < 0.05, **p < 0.01, ***p < 0.001, significant differences compared with control or between groups
as indicated. FA, fatty acid; HFD, high-fat diet.

Table 22. Changes in gene expression upon soybean / palm oil-based HFDs in EAT

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF

Inflammation 24-28 Emrl 2.35%* 2.71%** 1.15
24-27 Itgam 1.24 1.34%* 1.08
24-29 Itgax® 2.85 6.62%** 2.32
23-24 Mrc1# 0.97 1.17 1.21*
26-28 Clec10a 1.16 1.43%** 1.23*
28-31 CD4 1.03 1.48* 1.44%*
28-30 CD86 0.97 0.96 0.99
27-29 Nos2 1.33%* 1.02 0.76*
28-31 Tnfa 1.43 1.68** 1.18
31-34 IL10* 1.45 1.71%* 1.18
24-28 Mcp1# 3.08%* 2.61%* 0.85
25-31 Spp1 (Opn)* 2.60* 8.04%*** 3.09%*

Endothelium 26-29 Vcaml 1.36 2.21%** 1.62*
27-29 Icaml 1.15 1.26 1.09
25-26 Tek 0.93 0.83 0.89

Shown are the results of gene expression analysis in epididymal adipose tissue (EAT) after 12 weeks
of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3), using RT-gPCR (n=8-12). mRNA expression levels are depicted as relative fold
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changes. Data were analysed with AAC, method and normalised to Actb and Gapdh gene expression.
Fold changes were calculated relative to C and HF group. For the genes marked with a hash symbol,
the data was obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers.
Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal
distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were
detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01,
***p < 0.001, significant differences compared with control or between groups as indicated. HFD,
high-fat diet.

Table 23. Changes in gene expression upon soybean / palm oil-based HFDs in liver

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF

12 weeks

Inflammation 26-27 Emrl 1.04 1.17 1.12
31-35 Tnfa 1.23 0.92 0.75

FA metabolism 21-23 Cptla* 1.26* 1.01 0.80
19-21 Acox1* 1.29%* 1.78%** 1.38%**
22-25 Lpbe 1.13 2.25%** 1.99%**
20-24 Cyp4all 1.59%** 4,03*** 2.53%**
20-28 Scd1* 0.71 0.06%** 0.09%**
24-27 Accl? 0.83 0.51*** 0.61***
19-23 Acc2 0.79 0.23%** 0.29%**
25-28 Hsl 1.37 1.68%* 1.23

6 weeks

Endothelium 14-15 Alb 0.96 0.81*** 0.84**

Shown are the results of gene expression analysis in liver after 12 weeks or 6 weeks of feeding either
control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3),
using RT-gPCR (n=9-12). mRNA expression levels are depicted as relative fold changes. Data were
analysed with AAC, method and normalised to Hprtl and Actb gene expression. Fold changes were
calculated relative to C and HF group. For the genes marked with a hash symbol, the data was
obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers. Statistical
analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal distribution,
data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were detected by using
Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
significant differences compared with control or between groups as indicated. FA, fatty acid; HFD,
high-fat diet.
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Table 24. Changes in gene expression upon soybean / palm oil-based HFDs in LSI

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
12 weeks
Inflammation 26-31 Itgax 1.28 1.15 0.90
28-32 Emrl 1.20 1.13 0.94
22-27 Nos2 0.99 0.40* 0.41%*
26-29 TgfBl 1.26 1.03 0.81
Stress 21-23 Sod1l 1.18 1.43** 1.21
24-27 Tnfsf10 0.95 0.91 0.95
Endothelium 26-29 CD31 1.17 1.10 0.94
29-30 Vcam1* 1.22 1.07 0.88
30-32 lcam1* 0.97 1.01 1.04
28-31 Tek” 1.17 0.98 0.83
Junction 24-26 Ocln 1.26* 1.11 0.88
FA metabolism 22-26 Cptla 1.06 1.62* 1.52
21-25 Acox1 1.09 1.56* 1.43
24-29 Cyp4all 1.71%* 14.73*** 8.63***
6 weeks
Endothelium 34-36 Cdh5 1.30 1.23 0.95
Junction 24-25 Ocln 1.07 1.16 1.09

Shown are the results of gene expression analysis in lower small intestine (LSI) after 12 weeks or 6
weeks of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3), using RT-gPCR (n=8-12). mRNA expression levels are depicted as relative fold

changes. Data were analysed with AAC, method and normalised to CypB and Hsp90abl gene

expression. Fold changes were calculated relative to C and HF group. For the genes marked with a

hash symbol, the data was obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution

and outliers. Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of

no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers

were detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05,

**p < 0.01, ***p < 0.001, significant differences compared with control or between groups as
indicated. FA, fatty acid; HFD, high-fat diet.

125



Appendix

Table 25. Changes in gene expression upon soybean / palm oil-based HFDs in MAT

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
Inflammation 24-27 Emrl 1.23 1.65%* 1.34
25-27 ltgam 1.14 1.61%** 1.41%**
25-29 Itgax® 1.07 2.44%** 2.29**
23-25 Mrc1?# 1.17 1.56*** 1.33
28-30 Clecl10a 1.05 1.35% 1.29
24-29 CD4 0.79 0.71 0.90
25-30 CD8a 0.74 0.60* 0.82
25-28 CD86 0.85 0.95 1.12
28-30 Nos2 1.18 1.04 0.88
28-30 Tnfa 0.77 0.87 1.12
31-33 IL10* 1.09 0.98 0.89
25-28 Mcp1# 1.66* 1.60* 0.96
25-31 Spp1l (Opn)* 1.68 5.27*** 3.14**
Endothelium 24-26 Vcaml 1.06 1.23 1.17
26-29 Icam1l 0.91 0.93 1.02
25-27 Tek 1.01 0.93 0.92
FA uptake 18-21 Lpl 1.05 0.99 0.94
23-25 Angptl4 1.52* 1.51 0.99

Shown are the results of gene expression analysis in mesenteric adipose tissue (MAT) after 12 weeks
of feeding either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-
enriched HFD (HF/n-3), using RT-gPCR (n=8-10). mRNA expression levels are depicted as relative fold
changes. Data were analysed with AAC, method and normalised to Actb and Hprtl gene expression.
Fold changes were calculated relative to C and HF group. For the genes marked with a hash symbol,
the data was obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers.
Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal
distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were
detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01,
***p < 0.001, significant differences compared with control or between groups as indicated. FA, fatty
acid; HFD, high-fat diet.
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Table 26. Changes in gene expression upon soybean / palm oil-based HFDs in spleen

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
Inflammation 24-25 Emrl 0.84 0.77** 0.91
24-26 Itgax 1.16 0.76* 0.66***
24-25 CD4 0.99 0.70*** 0.71%**
25-26 CD8a 1.05 0.83 0.79*

Shown are the results of gene expression analysis in spleen after 12 weeks of feeding either control
(C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD (HF/n-3), using RT-
gPCR (n=10-12). mRNA expression levels are depicted as relative fold changes. Data were analysed

with AAC,; method and normalised to Gapdh and Hprtl gene expression. Fold changes were

calculated relative to C and HF group. Statistical analysis was performed using one-way ANOVA and

Tukey post-test. In case of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s

post-test. In addition, outliers were detected by using Grubb’s test and excluded from statistical data

analysis. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences compared with control or

between groups as indicated. HFD, high-fat diet.

Table 27. Changes in gene expression upon soybean / palm oil-based HFDs in USI

Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
Inflammation 28-31 ltgam 1.20 1.22 1.02
26-29 Itgax 1.15 1.09 0.95
29-31 CD86 1.45%* 0.91 0.63***
27-30 Nos2 0.78 0.48* 0.61
26-28 Tefpl 1.79* 1.46 0.82
31-34 Mcp1l 1.83* 1.10 0.60
NO bioavailability 28-30 Nos3 1.30 0.88 0.68
20-22 Arg2 1.18* 1.07 0.90
27-30 Cavl 1.61 0.88 0.55*
Stress 27-29 gp91phox 1.18 1.03 0.87
27-29 p47phox 1.24 1.03 0.83
20-22 Sod1l 1.57%** 2.27%** 1.44%**
21-23 Cat 1.18 1.70%* 1.43%*
24-26 Tnfsf10 0.87 0.67*** 0.77*
27-30 Mmp9 2.82%** 2.12%** 0.75
Endothelium 27-29 CD31 1.27* 1.05 0.83
29-31 Vcam1* 1.76 1.27 0.72
30-31 Icam1* 1.58* 1.09 0.69
29-31 Tek” 1.71%* 1.21 0.71
24-26 Plvap 1.48%** 1.10 0.74*
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Fold change
Function Cq-value Gene
HF vs. C HF/n-3 vs. C HF/n-3 vs. HF

Junction 35-37 Cdh5 1.47%* 1.19 0.81

31-33 Cldn5 1.21 0.79 0.65

24-26 Ocln 0.86 1.00 1.17
FA metabolism 22-26 Cptla 1.61%*** 2.24%** 1.39%**

20-22 Acox1 1.47%** 1.86%** 1.26*

23-29 Cyp4all 7.01%%* 42.65*** 6.08***

Shown are the results of gene expression analysis in upper small intestine after 12 weeks of feeding
either control (C), HFD (HF), or n-3 long-chain polyunsaturated fatty acid (LCPUFA)-enriched HFD
(HF/n-3), using RT-qPCR (n=7-11). mRNA expression levels are depicted as relative fold changes. Data
were analysed with AAC, method and normalised to Actb, Gapdh and Hprtl gene expression. Fold
changes were calculated relative to C and HF group. For the genes marked with a hash symbol, the
data was obtained from Ludwig et al. (Ludwig 2013), testing for normal distribution and outliers.
Statistical analysis was performed using one-way ANOVA and Tukey post-test. In case of no normal
distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In addition, outliers were
detected by using Grubb’s test and excluded from statistical data analysis. *p < 0.05, **p < 0.01,
***p < 0.001, significant differences compared with control or between groups as indicated. FA, fatty
acid; HFD, high-fat diet, NO, nitric oxide.

Table 28. Changes in gene expression upon soybean oil / beef tallow-based HFDs in liver

Fold change
Tissue  Function Cq-value Gene A
HFfvs.C®  CMSvs.C® HFMSvs.Cc®  HFMSvs. HF
Liver
FA Metabolism 21-23 Cptla® 1.59%** 0.90 1.68*** 1.05
23-25 Accl 0.59** 0.65%* 0.53%** 0.90
23-25 Acc2 0.64* 0.58* 0.51%** 0.74

Shown are the results of gene expression analysis in liver after 12 weeks (n=8-9) of feeding either
control (C2) or HFD (HF; 60 kl% fat) based on soybean oil and beef tallow, or 4-week dietary methyl-
donor supplementation (CMS or HFMS), using RT-gPCR. mRNA expression levels are depicted as
relative fold changes. Data were analysed with AAC, method and normalised to Gapdh and Hprtl
expression. Fold changes were calculated relative to C* and HF® group. For the genes marked with a
hash symbol, the data was obtained from Dahlhoff et al. (Dahlhoff 2014), testing for normal
distribution and outliers. Statistical analysis was performed using one-way ANOVA and Tukey post-
test. In case of no normal distribution, data were tested by Kruskal-Wallis and Dunn’s post-test. In
addition, outliers were detected by using Grubb’s test and excluded from statistical data analysis.
*p <0.05, **p < 0.01, ***p < 0.001, significant differences compared with control or between groups
as indicated. FA, fatty acid; HFD, high-fat diet.
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8 Abbreviations

AA
ACC
ACOX1
ACTb
ad
ADIPOQ
ADRB
AGPAT9
Al

ALA
ALB
AMP
AMPK
ANGPTL4
ANOVA
APS
ARG2
ATGL
ATM
ATP
B220
BAT
BCA
BH,4
BMI

bp

BSA

C

CA

°C
C57BL/6)
C57BL/6NCrl
CaZ+
CaM
cAMP
CAT
cat. no.
CAV1
CD11b
CD11c
CD206
CD3
CD301
CD31
CD36

arachidonic acid

acetyl-CoA carboxylase

acyl-CoA oxidase 1

B-actin

up to

adiponectin

B-adrenergic receptor
1-acylglycerol-3-phosphate O-acyltransferase 9
adherens junction

a-linolenic acid

albumin

adenosine monophosphat

AMP-activated protein kinase
angiopoietin-like 4

analysis of variance, statistical test

ammonium persulfate

arginase 2

adipose triglyceride lipase
adipose tissue macrophage

adenosine triphosphate

protein tyrosine phosphatase, receptor type, C (=PTPRC)
brown adipose tissue

bicinchoninic acid, protein quantification assay
tetrahydrobiopterin, enzymatic cofactor

body mass index

base pair

bovine serum albumin

control diet / group (Ludwig 2013)

control diet / group (Dahlhoff 2014)

degree Celsius, unit

inbred wild type mouse strain used in the study by Ludwig et al. (Ludwig 2013)
inbred wild type mouse strain used in the study by Dahlhoff et al. (Dahlhoff 2014)
calcium

calmodulin

cyclic adenosine monophosphate

catalase

catalog number

caveolin 1

cluster of differentiation antigen 11b (=ITGAM)
cluster of differentiation antigen 11c (=ITGAX)
cluster of differentiation antigen 206 (=MRC1)
cluster of differentiation antigen 3

cluster of differentiation antigen 301 (=CLEC10a)
platelet-endothelial cell adhesion molecule 1 (=PECAM1)
fatty acid translocase
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Abbreviations

Cb4
CD8a
CD86
CDH5
cDNA
C/EBPB
cf.
ChREBP
CLDN5
CL-CASP3
CLEC10a
CLS
“CLS”
CMS
COX
CPT1a
Cq-values
CS
CYP450
CYP4a10
CYPB
Cys

Da

DAG
AAC,
DGAT
DHA
DIO2
DIO
DIT
DANN
DNL
DTT
EAT
ECL
ECM
EDP
EDTA
EEQ
EET
e.g.
ELISA
ELOVL
EMR1
en%
eNOS
EPA

cluster of differentiation antigen 4

cluster of differentiation antigen 8a

cluster of differentiation antigen 86

cadherin 5

complementary deoxyribonucleic acid

CCAAT / enhancer binding protein

compare

carbohydrate regulatory element binding protein
claudin 5

cleaved caspase 3

C-type lectin domain family 10, member A (=CD301)
crown-like structures

subgroup of CLS (macrophages surrounding adipocyte)
C? / methyl-donor supplemented diet / group (Dahlhoff 2014)
cyclooxygenase

carnitine palmitoyltransferase 1a

threshold cycle value in RT-gPCR

citrate synthase

cytochrome P450

cytochrome P450, family 4, subfamily a, polypeptide 10
cyclophilin B

cysteine

dalton, unit

diacylglycerol

method to quantify gene expression after RT-qPCR
diglyceride acyltransferase

docosahexaenoic acid

5‘-deiodinase

diet-induced obesity

diet-induced thermogenesis

deoxyribonucleic acid

de novo lipogenesis

dithiotreitol

epididymal adipose tissue

blocking reagent

extracellular matrix

epoxydocosapentaenoic acid
ethylenediaminetetraacetic acid
epoxyeicosatetraenoic acid

epoxyeicosatrienoic acid

for example

enzyme-linked immunosorbent assay

elongation of very long-chain fatty acids protein (elongase)
EGF-like module-containing mucin-like hormone receptor-like 1 (=F4/80)
energy%

endothelial nitric oxide synthase (=NOS3)
eicosapentaenoic acid
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Abbreviations

EPAX 1050-TG
ER
etal.
F4/80
FA
FABP3
FACS
FADS
FFA
FGF21
Fig.

Fw

g

Xg
G0S2
G-3-P
GAPDH
G-C
GDP
GLUT
gp91PHOX
GPR120
GYK

h

H*

HB
HDoHE
HEPE
HETE
HF

HF?
HFD
HFMS
HF/n-3
HIF1la
HK2
HNF-4a
HPEPE
HPETE
HPRT1
HSL
Hsp90
Hsp90abl
iBAT
ICAM1
i.e.

IHC

n-3 LC-PUFA concentrate used in the study by Ludwig et al. (Ludwig 2013)

endoplasmic reticulum

and others

macrophage surface molecule (=EMR1)
fatty acid

fatty acid binding protein 3
flourescence-activated cell sorting
fatty acid desaturase

free fatty acids

fibroblast growth factor 21

figure

forward

gram, unit

times Earth's gravitational force, unit
GO/G1 switch 2

glycerol-3-phosphate
glycerinaldehyd-3-phosphat-dehydrogenase
guanine-cytosine

guanosine diphosphate

glucose transporter

cytochrome b-245, beta polypeptide (subunit of NAD(P)H oxidase)
G protein-coupled receptor 120
glycerol kinase

hour, unit

proton

buffer for triacylglycerol analysis
hydroxydocosahexaenoic acid
hydroxyeicosapentaenoic acid
hydroxyeicosatetraenoic acid
high-fat diet / group (Ludwig 2013)
high-fat diet / group (Dahlhoff 2014)
high-fat diet
HF® / methyl-donor supplemented diet / group (Dahlhoff 2014)
n-3 LCPUFA-enriched HFD / group (Ludwig 2013)
hypoxia-inducible factor 1
hexokinase 2
hepatic nuclear factor 4a
hydroperoxyeicosapentaenoic acid
hydroperoxyeicosatetraenoic acid
hypoxanthine-guanine phosphoribosyltransferase 1
hormone sensitive lipase
heat shock protein 90
heat shock protein 90 (cytosolic) and class B member 1
interscapular brown adipose tissue
intercellular adhesion molecule 1
that is to say
Immunohistochemistry
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Abbreviations

IRF4
ITGAM
ITGAX

kGy
KI67
kJ

LA
LCPUFA
LDHB
LEP
LOX
LPBE
LPL
LPS
LSI
LXRa
M
m
M1

M2

MAT

MCP1

MDS

Met

MetS

min

MLN

MLX

MMP9

MRC1

mRNA

MUFA

n

n-3 LCPUFA
n-6 LCPUFA
NAD(P)H oxidase
NAFLD

NEFA

NFkB
NFkBp65
NLRP3

NMR

NO

NOS2

NOS3

2

Interleukin

interferon regulatory factor 4

integrin a-G (=CD11b)

integrin a-X (=CD11c)

international unit

kilogray, unit

antigen KI-67

kilojoule, unit

linoleic acid

long-chain polyunsaturated fatty acid
lactate dehydrogenase

leptin

lipoxygenase

enoyl-Coenzyme A hydratase

lipoprotein lipase

lipopolysaccharide

lower small intestine

liver X receptor a

mol, unit

square metre, unit

type 1 macrophage

type 2 macrophage

mesenteric adipose tissue

monocyte chemoattractant protein-1
methyl-donor supplementation
methionine

metabolic syndrome

minute, unit

mesenteric lymph nodes

max-like factor X

matrix metallopeptidase 9

mannose receptor, C type 1 (=CD206)
messenger RNA

monounsaturated fatty acid

number per group

n-3 long-chain polyunsaturated fatty acid
n-6 long-chain polyunsaturated fatty acid
nicotinamide adenine dinucleotide (phosphate)-oxidase
non-alcoholic fatty liver disease
non-esterified fatty acids

nuclear factor kB

nuclear factor NFkB p65 subunit

Nod-like receptor family pyrin domain containing 3
nuclear magnetic resonance

nitric oxide

nitric oxide synthase 2

(endothelial) nitric oxide synthase 3 (=eNQOS)
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NP-40
OCLN
ONOO
OPN

p

P

P-ACC
P-AMPK
P-HSL
P-NFkBp65
p47PHOX
PCK1
PCR
PGC1
Phe

PKA
PLIN
PLVAP
PPAR
PUFA

r

rev

RIN
RIPA
RNA
ROS

RT
RT-qPCR
RXR

s

SAA
SCAT
SDS
SDS-PAGE
SEM

Ser

SFA

Sl
SIGLEC5
SOD
SPF
SREBP1
TAE
TAG
TBE

TBS
TBS-T

Nonidet P-40®
occludin
peroxynitrite
osteopontin
statistical significance
phosho or phosphate
phosphorylated acetyl-CoA carboxylase
phosphorylated AMP-activated protein kinase
phosphorylated hormone sensitive lipase
phosphorylated nuclear factor NFkB p65 subunit
neutrophil cytosolic factor 1 (subunit of NAD(P)H oxidase)
phosphoenolpyruvate carboxykinase 1
polymerase chain reaction
peroxisome proliferative activated receptor, gamma, coactivator 1
phenylalanine
protein kinase A
perilipin
plasmalemma vesicle-associated protein
peroxisome proliferator activated receptor
polyunsaturated fatty acids
Pearson correlation coefficient
reverse
RNA integrity number
radioimmunoprecipitation assay buffer
ribonucleic acid
reactive oxygen species
reverse transcription / transcriptase
real-time quantitative polymerase chain reaction
retinoic acid X receptor
second, unit
serum amyloid A
subcutaneous adipose tissue
sodium dodecyl sulfate
sodium dodecyl sulfate polyacrylamide gel electrophoresis
standard error of the means
serine
saturated fatty acid
small intestine
sialic acid binding Ig-like lectin 5
superoxide dismutase
specific-pathogen-free
sterol regulatory element binding protein 1
Tris / acetate / EDTA buffer
triacylglycerols
Tris / borate / EDTA buffer
Tris-buffered saline
Tris-buffered saline + Tween-20®
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TEC
TEK
TEMED
TGFB
TGR5
TH

Thr

T)

TLE3
Tm
TNFa
TNFSF10
Tris
TSE
TUM
Tyr
TZD
UCP1
usl
VAT
VCAM1
VLDL
VS.
VVO

w

w/w
WAT
WB

wk

transendothelial channel
endothelial-specific receptor tyrosine kinase
tetramethylethylenediamine
transforming growth factor B

G protein-coupled bile acid receptor
tyrosine hydroxylase

threonine

tight junction

transducin-like enhancer of split 3
melting temperature

tumor necrosis factors a

tumor necrosis factor (ligand) superfamily, member 10
tris hydroxymethyl aminomethane
TSE Systems, company

Technische Universitat Miinchen
thyrosine

thiazolidinedione (PPARy agonist)
uncoupling protein 1

upper small intestine

visceral white adipose tissue
vascular cell adhesion molecule 1
very low-density lipoprotein

versus

vesiculo-vacuolar organelle

week

weight in weight

white adipose tissue

Western blot

week

152



Materials

9 Materials

9.1 Primers

Gene Gene name Primer sequence (5'-3') Amplicon
inbp
Adrb1 Bl-adrenergic receptor fw  CGT CCG TCG TCT CCT TCT AC 275
rev CAT GAT GAT GCC CAG TGT CTT
Adrb3 B3-adrenergic receptor fw  CAG CCA GCC CTG TTG AAG 61
rev.  CCTTCATAG CCATCAAACCTG
Accl Acetyl-Coenzyme A carboxylase a Qiagen order no. 76
Q101554441
Acc2 Acetyl-Coenzyme A carboxylase fw  AGG GTC ATA GAG AAG GTG CTCA 140
rev. AGATCCTCG GGCGTCACCAT
Acox1 Acyl-Coenzyme A oxidase 1 fw  GAG ATG GAT AAT GGC TAC CTG AAG 139
rev. AAACCATGG TCC CAT ATGTCAGC
Actb B-Actin fw  CCA CTG CCG CAT CCTCTT CC 137
rev. GCC ACA GGA TTC CAT ACC CAA GA
Alb Albumin fw  CTG TGA CAA ATC CCT TCA CACTCT 128
rev. GCA GGA AACATTCGTTTCTTT CGG
Arg2 Arginase 2 fw  TCCAGG TTG GGA TGC CAC CTA 180
rev. TCCTCC CAT GGT GAC ACA GCT
Cat Catalase fw  GCCTCG CAG AGA CCT GAT GT 141
rev. TCT GTC AAA GTG TGC CAT CTCG
Cavl Caveolin 1 fw  CGA CGT GGT CAA GATTGA CTT TGA 154
rev. TGC CAT TGG GAT GCC GAA GAT
Cdh5 Cadherin 5 fw  CCCACT ATG TGG GAA AGA TCA AGT 172
rev.  ATG AGG GCA GTA AGG AAG TACTCA
CD4 Cluster of differentiation 4 fw  TAG AGG AGG TTC GCC TTC GC 146
rev. CCT CCT CTT TCC TGT TCT CCA GC
CD8a Cluster of differentiation 8 a fw  AGAAAGTGAACTCTGCTGCTACCAA 93
rev. AAT CTT CTG GTC TCT GGG GCT G
CD31 Platelet endothelial cell adhesion fw  GCA GCACTCTTG CAG TCA GA 141
molecule 1 rev. GGTTTCTGT TTG GCCTTG GCTTTC
CD86 Cluster of differentiation 86 Qiagen order no. 63
QT01055250
Cldn5 Claudin 5 fw  TAG GAT GGG TGG GCT TGA TCC 172
rev. AGC GCC AGC ACA GATTCATACA
Clec10a C-type lectin domain family 10, Qiagen order no. 101
member A QT00151011
Cptla Carnitine palmitoyltransferase 1a fw  GTC CCA GCT GTC AAAGATACCG 244
rev. ATG GCG TAG TAG TTG CTG TTA ACC
Cs Citrate synthase fw  CTG AGG AAG ACT GAC CCT CG 206
rev. TTCATCTCC GTCATG CCATA
Cyp4al0 Cytochrome P450, family 4, fw  CTAAGCCCAACCCGATTT GC 111
subfamily a, polypeptide 10 rev. TTG CCT GTG GAG GTA GAACTG G
CypB Cyclophilin B fw  TCGTCT TTG GACTCT TTG GAA 118

rev

TCCTTG ATG ACA CGATGG AA
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Gene Gene name Primer sequence (5'-3') Amplicon
inbp
Dgatl Diglyceride acyltransferase 1 fw  TCC AGA CAA CCT GAC CTA CCG 174
rev.  ACCATC CACTGT TGG ATC AG
Dgat2 Diglyceride acyltransferase 2 Qiagen order no. 128
Q100134477
Dio2 5‘-Deiodinase fw ACA GGT TAA ACT GGG TGA AGA TGC 193
rev. CAG TTG CCT AGT GAAAGGTGGT
Emrl EGF-like module containing, mucin-like  Qiagen order no. 87
hormone receptor-like 1 QT00099617
Fabp3 Fatty acid binding protein 3 fw  ATC CAT GTG CAG AAG TGG AA 91
rev.  CACTGC CAT GAG TGA GAG TCA
Fgf21 Fibroblast growth factor 21 fw  TGG AAT GGATGA GATCTAGAGTTIGG 251
rev. GAG CTC CAG GAG ACTTTCTGG A
GO0s2 GO/G1 switch 2 fw  ACT GCA CCCTAG GCCCAGC 173
rev. GCA CAC TGC CCA GCA CGT
Gapbh Glyceraldehyde 3- phosphate fw  CCT GGA GAAACCTGCCAAGTATG 132
dehydrogenase rev.  GAG TGG GAG TTG CTG TTG AAG TC
gp91phox Cytochrome b-245, beta polypeptide fw  TTG GGT CAG CACTGG CTCTG 204
rev. TGG CGG TGT GCA GTG CTATC
Gprl20 G protein-coupled receptor 120 fw  CGG CGG GGA CCA GGA AATTC 111
rev. ACC AGT CCC GGC ACCAGG A
Glutl Glucose transporter 1 fw  CGT CAG GGC GTG GAG GTC 122
rev. CACCTT CTT GCT GCT GGG ATC
Glut4 Glucose transporter 4 fw  TGT TGC GGATGCTATGGGTCCT 163
rev. CACCTC CTG CTC TAA AAG GGA AG
Gyk Glycerol kinase fw  CAA ATG CAA GCA GGA CGA TG 144
rev. AGG CCC CAG CTT TCA TTA GG
Hk2 Hexokinase 2 fw  AGA GAA CAA GGG CGA GGA GC 137
rev. GGA GGA AGC GGA CAT CAC AAT
Hprtl Hypoxanthine guanine fw  GTC GTG ATT AGC GAT GAT GAA CC 124
phosphoribosyl transferase rev. GTCTTTCAG TCCTGT CCATAATCAG
Hsl Hormone sensitive lipase fw  GAA CTA AGT GGA CGC AAG CC 239
rev. TTG ACA TCA GAG GGT GTG GA
Hsp90ab1l Heat shock protein 90 a, class B fw  AGG AGG GTC AAG GAA GTG GT 215
member 1 rev. TTTTTCTTGTCT TTG CCGCT
Icam1 Intercellular adhesion molecule 1 fw  GTCTACAACTTT TCT GCT CCG GT 114
rev. GCT CAC AAG AACCACCTTCGAC
IL10 Interleukin-10 Qiagen order no. 103
QT00106169
Itgam Integrin alpha M Qiagen order no. 139
Q100156471
Itgax Integrin alpha X fw  GCA GGA GTG TCC AAAGCAAGAC 121
rev  CTG AAG CTG GCT CAT CAC AGC
Ldhb Lactate dehydrogenase fw  ATG GTG AAG GGA ATG TAC GGC 97
rev. GCTTCT GATTGATGACGCTGGT
Lep Leptin fw  ACATTT CAC ACA CGC AGT CGG 140

rev

AGG CAG GCT GGT GAG GACCT
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Gene Gene name Primer sequence (5'-3') Amplicon
inbp
Lpbe Enoyl-Coenzyme A hydratase fw  GCT TGC CCA ACA TGG ACA GTG 103
rev. GCCTGG ACT GAACGGACACAAG
Lpl Lipoprotein lipase Qiagen order no. 108
QT01750469
Mcpl Monocyte chemoattractant protein-1 fw  GCT CAG CCA GAT GCA GTT AACG 142
rev.  GCT TGG TGA CAA AGA CTACAG CTT
Mmp9 Matrix metallopeptidase 9 fw  CTA GTG AGA GACTCT ACACGGA 122
rev. GCG GTA ACCATCCGAGCGG
Mrcl Mannose receptor, C type 1 fw  GCCAGG ACG AAA GGC GGG AT 147
rev.  GGA GTT GTT GTG GGC TCT GGT G
Nos2 Nitric oxide synthase 2 fw  CCG AGC GTC AAA GACCTG CA 118
rev. AGG AAC CTA CCA GCT CACTCT G
Nos3 Nitric oxide synthase 3 SABioscience order no. 124
PPMO03801A
Ocln Occludin fw  CAC GAC AGG TGG GGA GTC 76
rev. TTG ATC TGA AGT GAT AGG TGG ATATT
p47phox Neutrophil cytosolic factor 1 fw  CGG CAC CCA GGT GGT TTG AT 163
rev. TCA GTG GGCAGTTTCAGGTCAT
Pck1l Phosphoenolpyruvate carboxykinase 1 fw  GTG CCT GTG GGA AGA CTAACTT 116
rev. CCTTAA GTT GCCTTG GGC ATC
Pgcla Peroxisome proliferative activated fw  GGA CGG AAG CAATTT TTC AA 217
receptor, gamma, coactivator 1 a rev  GAG TCT TGG GAA AGG ACA CG
Pgclp Peroxisome proliferative activated fw  CGA GCTCTT CCAGATTGACAGT 134
receptor, gamma, coactivator 1 B rev. TGCAGG ATG GTG TGT CGCCTT
Plin5 Perilipin 5 fw  AACTGG ACCAGCAGAATGTGGT 152
rev. ACT ACA CAC ACA GTG CTCAGCA
Plvap Plasmalemma vesicle-associated fw  GGA AAC AGT CAT GCA GCAACT G 97
protein rev  TAT GTA GGT GAT CAG GTCGCCT
Ppara Peroxisome proliferator activated fw  CCA GTACTT AGG AAG CTGTCCG 150
receptor a rev.  TAT TCG ACA CTC GAT GTT CAG GG
Ppary2 Peroxisome proliferator activated fw  ACT CTG GGA GAT TCT CCT GTT GTC 84
receptor y2 rev.  CAT GGT GGTTTCTTG TGA AGT GCT
Siglec5 Sialic acid binding Ig-like Qiagen order no. 87
lectin 5 QT00297556
Sod1 Superoxide dismutase 1 fw  CGG CGG ATG AAG AGA GGC AT 125
rev.  ACG GCC AAT GAT GGAATGCTCT
Tek Endothelial-specific receptor tyrosine fw  GAT GTG ACC AGA GAATGG GCG AA 145
kinase rev.  AGG AAG GAT GCT TGT TGA CGC AT
Tgfpl Transforming growth factor g1 Qiagen order no. 145
Q100145250
Tgr5 G protein-coupled bile acid receptor1  fw  CAG GAG GCC ATAAACTTCCA 126
rev. GTCAGCTCCCTGTTICTITG
Tle3 Transducin-like enhancer of split 3 fw TGGTGAGCTTTGGAGCTGTT 95
rev. CGGTTT CCC TCC AGG AAT
Tnfa Tumor necrosis factor a Qiagen order no. 112

QT00104006
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Gene Gene name Primer sequence (5'-3') Amplicon
inbp
Tnfsf10 Tumor necrosis factor (ligand) fw  ACC AAC GAG ATG AAG CAG CTG 122
superfamily, member 10 rev.  ATG TGC AAG CAG GGT CTG TTC AA
Vcaml Vascular cell adhesion molecule 1 fw  CGT GGA CATCTACTCTTT CCCCA 98
rev.  TGT CTG GAG CCAAACACTTGACC

9.2 Antibodies

Antibody Application  Description Company

ACC1/2 WB; (BSA) monoclonal, 3676, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

ACC1 WB; (BSA) monoclonal, 04-322, Merck Millipore, Billerica, MA,
1:1000 rabbit anti-muse USA

AMPKa WB; (BSA) polyclonal, 2532, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

ATGL WB; (BSA) monoclonal, 2138, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

B-ACTIN WB; (BSA) polyclonal, 4967, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

B220 IHC-P; monoclonal, 553084, BD Biosciences, Heidelberg,
1:3000 rat anti-mouse Germany

CL-CASP3 IHC-P; polyclonal, 9661, Cell Signaling/New England Biolabs,

(Asp175) 1:300 rabbit anti-mouse Frankfurt am Main, Germany

CAT WB; (BSA) polyclonal, sc-34285, Santa Cruz, Heidelberg,
1:1000 goat anti-mouse Germany

CD3 IHC-P/IHC- monoclonal, RM-9107-S0, NeoMarkers, Fremont, CA,
F; 1:300 rabbit anti-mouse USA

CDh4 IHC-F; monoclonal, 550278, BD Biosciences, Heidelberg,
1:50 rat anti-mouse Germany

CD8a IHC-F; monoclonal, 553027, BD Biosciences, Heidelberg,
1:200 rat anti-mouse Germany

CD11c IHC-P; monoclonal, 553799, BD Biosciences, Heidelberg,
1:5000 hamster anti-mouse Germany

CD206 IHC-P; polyclonal, 18704-1-AP, Proteintech, Chicago, IL, USA
1:1500 rabbit anti-human

CD301 IHC-P; monoclonal, LS-C123200, LifeSpan Biosciences,
1:40 rat anti-mouse Seattle, WA, USA

CS WB; (BSA) polyclonal, ab96600, Abcam, Cambridge, UK
1:5000 rabbit anti-mouse

F4/80 IHC-P; monoclonal, T-2006, BMA Biomedicals, Augst,
1:120 rat anti-mouse Switzerland

HPRT WB; (BSA) polyclonal, sc-20975, Santa Cruz, Heidelberg,
1:1000 rabbit anti-mouse Germany

HSL WB; (BSA) polyclonal, 4107, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

HSP90 WB; (BSA) monoclonal, SMC-149, StressMarq Biosciences Inc,
1:1000 mouse anti-mouse Cadboro Bay, Victoria, Canada

KI67 IHC-P; monoclonal, RM-9106-S0, NeoMarkers, Fremont, CA,
1:200 rabbit anti-mouse USA
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Antibody Application  Description Company

NFkBp65 WSB; (BSA) polyclonal, 3034, Cell Signaling/New England Biolabs,
1:1000 rabbit anti-mouse Frankfurt am Main, Germany

phospho-ACC1 WB; (ECL) polyclonal, 07-303, Merck Millipore, Billerica, MA,

(Ser76) 1:500 rabbit anti-mouse USA

phospho-ACC2 WB; (BSA) polyclonal, sc-30446, Santa Cruz, Heidelberg,

(Ser219/Ser221) 1:500 rabbit anti-mouse Germany

phospho-AMPKa WB; (BSA) monoclonal, 2535, Cell Signaling/New England Biolabs,

(Thr172) 1:500 rabbit anti-mouse Frankfurt am Main, Germany

phospho-HSL WB; (BSA) polyclonal, 4126, Cell Signaling/New England Biolabs,

(Ser660) 1:1000 rabbit anti-mouse Frankfurt am Main, Germany

phospho-HSL WB; (BSA) polyclonal, 4139, Cell Signaling/New England Biolabs,

(Ser563) 1:1000 rabbit anti-mouse Frankfurt am Main, Germany

phospho-HSL WB; (BSA) polyclonal, 4137, Cell Signaling/New England Biolabs,

(Ser565) 1:1000 rabbit anti-mouse Frankfurt am Main, Germany

phospho-NFkBp65  WB; (BSA) polyclonal, 3031, Cell Signaling/New England Biolabs,

(Ser536) 1:500 rabbit anti-mouse Frankfurt am Main, Germany

PLIN WB; (BSA) monoclonal, 9349, Cell Signaling/New England Biolabs,
1:3500 rabbit anti-mouse Frankfurt am Main, Germany

TH WB; (BSA) polyclonal, AB152, Merck Millipore, Billerica, MA,
1:1000 rabbit anti-mouse USA

UCP1 WB; serum, Klingenspor 1996
1:10000 rabbit anti-hamster

2° antibody WB; (ECL) IRDye800CW-conjugated goat  926-32211, LI-COR Biosciences, Bad
1:20000 anti-rabbit IgG (H+L) Homburg, Germany

2° antibody WB; (ECL) IRDye680RD-conjugated 925-68072, LI-COR Biosciences, Bad
1:20000 donkey anti-mouse I1gG (H+L) Homburg, Germany

2° antibody IHC-P; rabbit anti-rat IgG 312-005-045, Jackson ImmunoResearch,
1:1000 West Grove, PA, USA

2° antibody IHC-P; rabbit anti-Syrian Hamster IgG  NB120-6699, Novus Biologicals, Littleton,
1:1000 CO, USA

9.3 Consumables

Item

Company

96-well plate

Bedding and nesting material
Biosphere?® filter tips (10, 100, 1000 pl)
Bone scissors

Buckets for homogenisation

Cage, type | (200 cm?)

Cage, type Ill (825 cm?)

Clingfilm

Cool rack 96-wells

Corning® Costar® "stripette", disposable pipettes
2;5;10; 25; 50 ml

Corning® Costar® reagent reservoirs

Nunc / Thermo-Fisher Scientific, Langenselbold, Germany
Abedd® LAB & VET Service GmbH, Wien, Germany
Sarstedt AG & Co. KG, Niimbrecht, Germany

Fine Science Tools GmbH, Heidelberg, Germany

Retsch GmbH, Haan, Germany

Ehret GmbH & Co. KG, Emmendingen, Germany

Ehret GmbH & Co. KG, Emmendingen, Germany

Sylvana, Penny-Markt GmbH, Kéln, Germany

Eppendorf AG, Hamburg, Germany

Corning® Inc., Sigma-Aldrich Chemie GmbH, Miinchen,
Germany

Corning® Inc., Sigma-Aldrich Chemie GmbH, Minchen,
Germany
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Item

Company

Cotton gloves, Softline
Cover slips 24 x 60 mm
Dewar flask

Dissection scissors
Eppendorf Combitips plus

Eppendorf Multipette® plus

Eppendorf Xplorer®, multi-channel, 50 — 1200 pL,
griin

Forceps

Gel chamber, sled, comb

Glass plates, clips, rubber, chambers, combs
Glassware (beakers, cylinders, funnels)

Heat sealing film

Histosettes

Ignition thread

Lab coat

Laboratory aluminum foil
Latex gloves, size "M"

Low Profile Blades SEC35™

Masterclear Cap Stripes and real-time PCR Tube
Stripes

Microtube boxes

Microtube PP, 1.5 ml

Microtube PP, 2 ml

Microtube tough-spots®

Microvette®, Li-Heparin, 0.5 ml

Minisart syringe filter, 0.22 pm
Mortar

Multi-channel pipette 30-300 pl
Myjector® U-100 insulin syringe, 0.5 ml
Nitrile gloves

Pap pen

Paper towels

Parafilm®

Pasteur pipettes, glass
Pestle

Pipettes 10; 200, 1000 pl

Pipettes 2,5; 10; 100, 1000 pl

Pipetting aid

Plastic ware (beakers, cylinders, funnels)
Purple nitrile exam gloves, size "M"
Pressurizer for tablets

Protran BA 83 Whatman™ (0.2 um)

Zefa-Laborservice GmbH, Harthausen, Germany
Menzel GmbH & Co. KG, Braunschweig, Germany
KGW-Isotherm, Karlsruhe, Germany

Fine Science Tools GmbH, Heidelberg, Germany
Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

Fine Science Tools GmbH, Heidelberg, Germany
UniEquip GmbH, Planegg, Germany

Biometra GmbH, Gottingen, Germany

Diagonal GmbH & Co KG, Miinster, Germany
Eppendorf AG, Hamburg, Germany

Simport Scientific, Beloeil, Canada

Parr Instrument Co., Moline, USA

CWS-boco GmbH, Dreieich, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Résner-Mautby Meditrade GmbH, Kiefersfelden, Germany

Richard Allan Scientific/Microm/Thermo Scientific,
Walldorf, Germany

Eppendorf AG, Hamburg, Germany

Zefa Laborservice, Harthausen, Germany
Paul Bottger OHG, Bodenmais, Germany
Diagonal GmbH & Co. KG, Miinster, Germany
Diversified Biotech, Boston, USA

Sarstedt AG & Co. KG, Niimbrecht, Germany

Sartorius AG, Gottingen, Germany

Morgan Technical Ceramics - Haldenwanger,
Waldkraiburg, Germany

Brand GmbH & Co. KG, Wertheim, Germany
Terumo® Europe N.V., Leuven, Belgium
Kimberly-Clark Deutschland GmbH, Mainz, Germany
Kisker Biotech GmbH & Co. KG, Steinfurt, Germany
Anton Schlecker, Ehingen, Germany

Pechiney Plastic Packaging, Chicago, USA

Zefa-Laborservice GmbH, Harthausen, Germany

Morgan Technical Ceramics - Haldenwanger,
Waldkraiburg, Germany

Gilson Intl. B.V., Limburg, Germany

Eppendorf AG, Hamburg, Germany

Gilson Intl. B.V., Limburg, Germany

Diagonal GmbH & Co KG, Miinster, Germany
Kimberley-Clark Health Care, Zaventem, Belgium
IKA®-Werke GmbH & Co. KG, Staufen, Germany

GE Healthcare Life Sciences, Freiburg, Germany
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Item

Company

Reaction tubes, 0.2 ml

Reaction tubes, 0.5 ml

Reaction tubes, 2 ml (safe-lock)
Restrainer

Safety goggles

Scalpel

Spatula

Stainless steel beads

SuperFrost® Plus & Polysine® slides
Tips, blue 1000 pl

Tips, white, 10 pl

Tips, yellow, 100 pl

Transferpette® Multi-channel, 30-300 pl

Tissue-Tek cryomolds, intermediate

Tube racks

Tubes, 15 ml

Tubes, 50 ml

Twin.tec real-time PCR plates 96
Waste bags

Water bottle

Weighing dish, blue

Western Blot Incubation Boxes
Whatman paper

Zefa-Laborservice GmbH, Harthausen, Germany
Brand GmbH & Co. KG, Wertheim, Germany
Eppendorf AG, Hamburg, Germany

Bruker BioSpin GmbH, Rheinstetten, Germany
UVEX Winter Holding, Fiirth, Germany

B. Braun Melsungen, Melsungen, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Qiagen GmbH, Hilden, Germany

Menzel GmbH & Co. KG, Braunschweig, Germany
Brand GmbH & Co. KG, Wertheim, Germany
Brand GmbH & Co. KG, Wertheim, Germany
Brand GmbH & Co. KG, Wertheim, Germany

Brand GmbH & Co. KG, Wertheim, Germany

Sakura Finetek Europe B.V., Alphen aan den Rijn,
Netherlands

Brand GmbH & Co. KG, Wertheim, Germany
Greiner Bio-One GmbH, Frickenhausen, Germany
Greiner Bio-One GmbH, Frickenhausen, Germany
Eppendorf AG, Hamburg, Germany

PAA Laboratories GmbH, Pasching, Austria

Vitlab®, GroRBostheim, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
LI-COR Biosciences GmbH, Bad Homburg, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany

9.4 Chemicals

Item

Company

1 kb DNA ladder
Acetic acid (100 %; C2H403)

Acrylamide/ Bisacrylamide "Roti-Gelektrophorese"

Gel 30
Agarose, pegGOLD universal

Ammoniumpersulphate (APS; (NH4)2520s)

Aquatex® aqueous mounting medium
Boric acid (H3BO3)

Bovine serum albumine, Albumin Fraction V, pH

52,>97%

Bromophenolblue

Carbogen gas (CO2 & 03)

Carbon dioxide (CO:z solid; "dry ice")
Chloroform (CHCls)

New England Biolabs GmbH, Frankfurt am Main, Germany
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Peglab biotechnology GmbH, Erlangen, Germany
Bio-Rad Laboratories GmbH, Miinchen, Germany

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Linde Gas, UnterschleiRheim, Germany

TKD GmbH, Fraunberg-Tittenkofen, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany

159



Materials

Item

Company

Coomassie Brilliant Blue G 250
Dithiotreitol (DTT; CaH1002S:)
DNA-Oligonucleotides (PCR primer)

ECL Advance™ blocking agent

Eosine

EPAX 1050-TG

Ethanol (C2Hs0)

Ethanol, denaturated (C2Hs0)

Ethidium bromide (C21H20BrNz)

Food

GeneRuler™, 50 bp DNA Ladder
Glycerol (C3Hg03)

Glycerol standard solution (C3HgOs)
Glycine (C2HsNO2)

Hamalaun (Emallume)

Hematoxylin (Gill)

Hydrochloric acid (HCI)

Isopropanol (C3HgO)

Methanol (CHs0)

Nitrogen, liquid (N2)

Nonidet P-40 (C14H220(C2H40)n n=9-10)
Orange G

Oxygen (02)

PageBlue™ Protein staining solution
Pageruler, prestained
Paraformaldehyde

Paraplast® (paraffin)

Phosphatase inhibitor
Phosphate-buffered saline (PBS) in tablets
PhosSTOP phosphatase inhibitor cocktail
Polyoxyethylen (10) tridecyl ether
Ponceau S

Protease inhibitor

QIAzol® Lysis Reagent

Rnase-Zap®

Roti®-HistoKitt

Roti®-Safe GelStain

Sodium azide (NaNs3)

Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaH2PO4)
Sodium dodecyl-sulphate (SDS; NaCi2H25S04)
Sodium hydroxide (NaOH)
Sodium-deoxycholate (C2aH3zoNaOa)
Sulfuric acid (H2S04)

SERVA Electrophoresis GmbH, Heidelberg, Germany
AppliChem GmbH, Darmstadt, Germany

Metabion, Martinsried, Germany

GE Healthcare Life Sciences, Freiburg, Germany
Medite Medizintechnik AG, Nunningen, Switzerland
Goerlich Pharma International, Erding, Germany
J.T. Baker; Mallinckrodt, Deventer, Netherlands

CLN GmbH, Niederhummel, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Ssniff Spezialdidten GmbH, Soest, Germany
Fermentas GmbH, St. Leon-Rot, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Merck KGaA, Darmstadt, Germany

WALDECK GmbH & Co. KG, Minster, Germany
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