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ABSTRACT 

Brown adipose tissue (BAT) is specialized on producing heat through the metabolization of 

glucose and fatty acids. This process termed non-shivering thermogenesis (NST) is mediated by 

the uncoupling protein 1 (UCP1), expressed in mitochondria of brown adipocytes. Activated UCP1 

in BAT can increase energy expenditure and facilitate body and fat mass loss. These properties 

render BAT a promising target to tackle the obesity epidemic. One major limitation in harvesting 

the potential of BAT is its limited availability especially in obese persons. Recently the presence 

of a second type of UCP1 expressing adipocyte, the brite (brown-in-white) adipocytes has been 

established. These cells can derive from direct conversion of white adipocytes in white adipose 

tissue (WAT) upon stimulation by cold. Conversion of white into brite adipocytes is a promising 

way to bypass the issue of limited BAT capacity. However, human environmental thermal 

conditions render UCP1 and thus brown and brite adipocytes by default inactive. Thus, means to 

increase the abundance of these adipocytes are as crucial as those stimulating UCP1 activity. 

Omega-3 polyunsaturated fatty acids (n3-PUFA) and multiple lipid derivatives derived from n6-

and n3-PUFA have been shown to stimulate recruitment of brown and brite adipocytes in cell 

culture models. However, the evidence of studies in vivo in humans is still scarce and studies in 

mice yield controversial results. The latter might be due to improper choice of housing conditions 

in which UCP1 is chronically active and thus do not reflect the human environment.  

Analysis of fatty acid metabolites in adipose tissue samples of human and mice housed at 

temperatures reflecting the human environment demonstrated that the global fatty acid 

metabolite profile distinguishes between BAT and WAT in mice but not humans. However, some 

fatty acid metabolites were associated with the abundance of brown and brite adipocytes in both 

mice and humans. Further, the potential to modulate the abundance of specific lipid derivatives 

by supplementation of their n6- and n3-PUFA precursors was investigated in mice. The global 

fatty acid metabolite profile could be modulated by dietary intervention, but these changes were 

not associated to changes in the potential to recruit brown or brite adipocytes. Studying a novel 

UCP1 knockout mouse model demonstrated that the abundance of UCP1 in a human-like thermal 

environment does not influence the susceptibility of mice to diet-induced obesity. A fundamental 

issue of studying the brown and brite adipocytes in human and mice respectively might be the 

relatively low abundance in relation to total cell number in tissue homogenates. To address this 

issue a lipid imaging method was established, enabling the regional investigation of lipid 

metabolism in WAT and thus may be a valuable tool to investigate changes in lipid metabolism of 

less abundant cell types. 

In general, the presented data corroborates the importance of the thermal environment in murine 

studies investigating the potential of lipid derived metabolites to recruit UCP1 derived NST.  
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ZUSAMMENFASSUNG 

Braunes Fettgewebe (BAT) ist auf die Produktion von Wärme durch die Verstoffwechselung von 

Glukose und Fettsäuren spezialisiert. Dieser als zitterfreie Thermogenese (NST) bezeichnete 

Prozess wird durch das Entkopplerprotein 1 (UCP1) vermittelt, das in den Mitochondrien brauner 

Fettzellen exprimiert wird. Aktiviertes UCP1 in BAT kann den Energieverbrauch erhöhen und 

somit die Reduzierung von Körper- und Fettmasse erleichtern. Diese Eigenschaften machen BAT 

zu einem vielversprechenden Ziel zur Bekämpfung der Adipositas-Epidemie. Eine Haupt-

Einschränkung bei der Nutzung des Therapiepotenzials von BAT ist die begrenzte Verfügbarkeit, 

insbesondere in adipösen Personen. Kürzlich wurde die Existenz eines zweiten Typs UCP1 

exprimierender Fettzellen, den „brite“ (braun in weiß) Adipozyten, bestätigt. Diese Zellen können 

unter anderem aus der der direkten Umwandlung von in weißem Fettgewebe (WAT) lokalisierten 

weißen Adipozyten, durch die Stimulation mit Kälte, entstehen. Die Umwandlung von weißen in 

„brite“ Adipozyten ist eine vielversprechende Möglichkeit, das Problem der begrenzten BAT-

Kapazität zu umgehen. Allerdings sind sowohl UCP1 wie auch braune und „brite“ Adipozyten in 

der gewöhnlichen thermischen menschlichen Umwelt inaktiv. Daher sind Möglichkeiten die 

Anzahl dieser Fettzellen zu erhöhen ebenso wichtig wie solche, die die UCP1-Aktivität stimulieren. 

Sowohl mehrfachungesättigte omega-3 Fettsäuren (n3-PUFA) und mehrere von n6- und n3-PUFA 

abgeleitete Metabolite können die Rekrutierung von braunen und „brite“ Adipozyten im 

Zellkulturmodell stimulieren. Untersuchungen in vivo am Menschen sind jedoch bisher selten und 

Studien an Mäusen liefern widersprüchliche Ergebnisse. Letzteres könnte durch die 

unsachgemäße Wahl der Haltungsbedingungen bedingt sein, in denen UCP1 chronisch aktiv ist 

und somit nicht die menschliche Situation darstellen.  

Die Analyse von Fettsäuremetaboliten in Fettgewebsproben von Menschen sowie Mäusen, die bei 

an die menschliche Umgebung angepassten Temperaturen gehalten wurden, zeigte, dass sich das 

globale Profil der Fettsäuremetabolite von BAT und WAT bei Mäusen, aber nicht aber bei 

Menschen unterscheidet. Einige Fettsäuremetabolite waren jedoch sowohl bei Mäusen als auch 

bei Menschen mit der Anzahl von braunen und „brite“ Adipozyten assoziiert. Außerdem wurde 

das Potenzial zur Beeinflussung der Abundanz spezifischer Lipidderivate durch Zuführung ihrer 

n6- und n3-PUFA-Vorstufen in Mäusen untersucht. Das globale Profil der Fettsäuremetabolite 

konnte durch eine Ernährungsintervention beeinflusst werden. Dies war jedoch nicht mit 

Veränderungen des Potenzials zur Rekrutierung brauner oder „brite“ Adipozyten verbunden. Die 

Untersuchung eines neuen UCP1 „knockout“ Mausmodells zeigte, dass die UCP1 Menge allein, in 

einer der menschlichen thermischen Umwelt angepassten Umgebung, keinen Einfluss auf die 

Entstehung von Diät-induzierter-Adipositas hat. Ein grundsätzliches Problem bei der 

Untersuchung der braunen und „brite“ Adipozyten bei Menschen und Mäusen ist ihre relativ 

geringe Anzahl im Verhältnis zur Gesamtzellzahl im homogenisierten Gewebe. Um dieses Problem 
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zu umgehen, wurde ein bildgebendes Verfahren zur regionalen Untersuchung des 

Lipidstoffwechsels in WAT etabliert. Diese Methode stellt ein wertvolles Werkzeug zur 

Untersuchung von Veränderungen im Lipidstoffwechsel von weniger häufig vorkommenden 

Zelltypen dar. 

Zusammengefasst bestätigen die präsentierten Daten die Bedeutung der thermischen Umgebung 

in murinen Studien, die sich mit dem Potenzial von Lipidmetaboliten zur Rekrutierung von UCP1 

abhängiger NST untersuchen. 
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1 INTRODUCTION 

1.1 OVERWEIGHT AND OBESITY 

The prevalence of overweight and obesity has risen tremendously during the past decades and 

continues to grow to epidemic proportions. Overweight and obesity are defined by the body mass 

index (BMI), ranging from 25 kg/m2 to < 30 kg/m2 for overweight and > 30 kg/m2 for obesity. 

Obesity is associated with several comorbidities, collectively termed metabolic syndrome (MetS) 

including cardiovascular disease and type 2 diabetes mellitus. About a quarter of adults 

worldwide was obese in 2016, accounting for about 3 million premature deaths (OECD 2019). 

This leads to a remarkable socioeconomic impact e.g., decreasing income by 2% and increasing 

healthcare costs by 4% per point BMI > 30 kg/m2 (Kjellberg et al. 2017).  

Obesity results from a chronic positive energy balance, with energy intake exceeding energy 

expenditure. Consequently, obesity treatments aim to reduce energy intake and simultaneously 

increase energy expenditure to generate a negative energy balance, thus induce weight loss. The 

currently two most efficient treatment options are lifestyle interventions and/or bariatric 

surgery. Lifestyle interventions aim to increase physical activity in conjunction with dietary 

adaption to decrease energy intake. While lifestyle interventions are very effective their success 

is limited due to poor adherence to the program influenced by multiple parameters (Burgess, 

Hassmén, and Pumpa 2017). Bariatric surgery is currently mostly used in severe cases of obesity 

(BMI > 40 kg/m2) to facilitate weight loss by decreasing gastric volume and altering 

gastrointestinal signaling (Pucci and Batterham 2019). Both strategies however face a common 

issue – the long-term maintenance (> 5 years) of the achieved weight loss (Anderson et al. 2001). 

Besides potentially low adherence of individuals to recommended lifestyles one of the underlying 

mechanisms is a substantial reduction of energy expenditure in response to weight loss 

(Rosenbaum et al. 2008). Pharmacological options supporting weight loss and its maintenance 

exclusively target energy intake (Ruban et al. 2019).  

Consequently, means to increase energy expenditure besides physical activity are essential to 

complement current treatment options. Here, progress in the understanding in adipose tissue 

metabolism during the last decade, especially the re-discovery of brown adipose tissue (BAT) in 

adult humans (Nedergaard, Bengtsson, and Cannon 2007; Cypess et al. 2009; van Marken 

Lichtenbelt et al. 2009; Virtanen et al. 2009), has opened potential novel therapeutic strategies.  
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1.2 ADIPOSE TISSUE – WHITE, BRITE AND BROWN 

Obesity is characterized by an excessive accumulation of adipose tissue due to a chronic excess of 

energy intake. Consequently, understanding adipose tissue physiology is a key factor to 

understand the etiology of obesity.  

The characteristic cell type of adipose tissue are adipocytes. So far, three distinct types of 

adipocytes - white, brite and brown - have been characterized. White adipocytes are responsible 

for storage of excessive energy in form of triacylglycerol (TG). Their accumulation in the 

subcutaneous and visceral adipose tissue is colloquially known as “fat”. Morphologically, these 

adipocytes are characterized by a unilocular lipid droplet framed by a thin round rim of cytoplasm 

and a squeezed nucleus (Figure 1). In contrast, brown adipocytes, the second type of adipocytes 

have multiple lipid droplets (multilocular) and a round nucleus (Figure 1). The difference in 

morphology indicates the different functions these cells have. In contrast to white adipocytes, 

brown adipocytes do not primarily store energy but are involved in thermoregulation through the 

dissipation of heat (see chapter 1.3). The third type of adipocyte has been “established” in the last 

decade. The brite (brown-in-white) or “beige” adipocytes are characterized by an intermediate 

appearance of brown and white adipocytes (Figure 1). Brite adipocytes emerge within white 

adipose tissue (WAT) upon sympathetic stimulation via β3-adrenergic receptor signaling. 

Although their primary function is still a matter of debate, brite adipocytes like brown adipocytes, 

can dissipate heat, thus contribute to energy expenditure.  

 

Figure 1: Morphology of white, brite and brown adipocytes. 

Images of white and brown adipose tissue sections demonstrating characteristic morphology of 
white, brite and brown adipocytes. Nuclei stained in blue (hematoxylin) and cytoplasm stained in red 
(eosin). 

Brite adipocytes are of major interest in the field of obesity treatments as there is evidence that 

these cells partly derive from direct conversion of white adipocytes (Rosenwald et al. 2013; Y. H. 

Lee et al. 2015). This would have double benefit, since not only these cells are able to increase 

energy expenditure but also directly decrease the number of white adipocytes thus ameliorating 

the effects of excessive fat accumulation. 
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1.3 UCP1-MEDIATED NON-SHIVERING THERMOGENESIS 

Adaptive thermogenesis enables endothermic animals to maintain a constant body temperature 

over a broad range of environmental conditions. Within the thermoneutral zone of animals body 

core temperature can be maintained without use of active mechanisms (Gordon 2012). Below this 

temperature zone animals need to recruit heat producing mechanisms to cope with increased heat 

loss to the environment. This adaptive heat production is mediated by shivering and non-

shivering thermogenesis (NST). Shivering is an adenosine triphosphate (ATP) driven process, 

producing heat by repeated contraction of skeletal muscle without physical work. Shivering is 

needed once NST, mediated by BAT, is not sufficient (Cannon and Nedergaard 2004). 

NST in BAT is activated by the sympathetic nervous system upon cold exposure through the 

release and binding of the neurotransmitter noradrenaline (NA) to adrenergic receptors 

expressed by brown adipocytes (Figure 2). Adrenergic receptors constitute a group of G-protein 

coupled receptors of which the β3-adrenergic subtype is predominantly expressed by rodent 

brown adipocytes. Ligand binding to ß3-adrenergic receptors activates a signaling cascade 

ultimately leading to increased lipolysis and activation of UCP1 (Figure 2). Briefly, the activation 

of adenylyl cyclase (AC) by ß3-adrenoreceptor signaling, leads to increased levels of the second 

messenger cyclic adenosine monophosphate (cAMP). Subsequently, activation of protein kinase A 

(PKA) by cAMP results in the phosphorylation of the enzymes hormone sensitive lipase 

(HSL)(Shih and Taberner 1995) and perilipin (Chaudhry and Granneman 1999). Phosphorylation 

of perilipin liberates the coactivator protein, comparative gene identification-58 (CGI-58), in turn 

activating adipose triglyceride lipase (ATGL) (Zimmermann et al. 2004; Lass et al. 2006). The 

lipolytic activity of HSL and ATGL releases free fatty acids from TG, diacylglycerols (DG). Free fatty 

acids are translocated into mitochondria, where they activate uncoupling protein 1 (UCP1) and 

serve as fuel for mitochondrial β-oxidation.  
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Figure 2: Activation of brown adipocytes by β3-adrenergic signaling. 

Noradrenaline (NA) is released and binds to the G-protein coupled β3-adrenergic receptor. The 
resulting activation of adenylyl cyclase (AC) leads to increased cyclic adenosine monophosphate 
(cAMP) levels and the activation of protein kinase A (PKA). PKA induces UCP1 gene transcription in 
the nucleus and lipolysis by phosphorylating the enzyme hormone sensitive lipase (HSL), perilipin 
and activation of the enzyme adipose triglyceride lipase (ATGL). Free fatty acids released from lipid 
droplets by lipolysis are transported to mitochondria and activate UCP1. 

UCP1 is exclusively expressed in the inner mitochondrial membrane of brite and brown 

adipocytes and is the key protein responsible for NST. Briefly, the degradation of free fatty acids 

derived from lipolysis by β-oxidation and the tricarboxylic acid cycle results in the production of 

the reduction equivalents NADH and FADH2. The electron transport chain uses the energy of these 

molecules to pump protons from the mitochondrial matrix in the intermembrane space. The 

resulting concentration gradient between mitochondrial matrix and intermembrane space 
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generates a proton motive force, that usually is utilized to produce the universal energy currency 

ATP. In activated brown and brite fat cells however, the proton motive force is uncoupled from 

ATP production by UCP1 and dissipated in form of heat (Figure 3). The exact mechanism by which 

UCP1 transports proton is still not fully resolved and several models are discussed (Bertholet and 

Kirichok 2019). According to the most recent model, UCP1 is activated by free fatty acids, that 

bind to the substrate binding site of UCP1 by hydrophobic interaction. Subsequently, protons bind 

to the carboxylic headgroup of the fatty acids in the intermembrane part of UCP1. This leads to a 

conformational change of UCP1 and the release of the proton in the mitochondrial matrix 

(Fedorenko, Lishko, and Kirichok 2012).  

 

Figure 3: Generation of the proton gradient and utilization by UCP1. 

Energy from the reduction equivalent (NADH + H+) generated by the tricarboxylic acid cycle (TCA) 
and β-oxidation of free fatty acids released by lipolysis is used by three complexes (I, II, IV) of the 
electron transport chain to transport protons (H+) over the inner mitochondrial membrane. Free 
fatty acids activate UCP1 which bypasses adenosine triphosphate (ATP) production (V) and uses the 
proton gradient to dissipate heat.  

In addition to its lipolysis promoting action, PKA rapidly induces transcription of the UCP1 gene 

via activation of the cAMP response element binding protein (CREB) (Rim and Kozak 2002). 

Besides CREB, UCP1 gene expression is regulated by transcription factors that bind and regulate 

nuclear hormone receptors in the promoter region of the UCP1 gene. These include the 

peroxisome proliferator-activated receptors alpha (PPARα) and gamma (PPARγ) (F. Villarroya, 

Peyrou, and Giralt 2017). Both of these receptors are responsive to several natural compounds 

like fatty acid derivatives (Ghandour et al. 2016).  
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1.4 RELEVANCE OF LIPIDS IN HUMAN NUTRITION AND AS FUNCTIONAL MOLECULES IN ADIPOSE 

TISSUE METABOLISM 

Lipids are a heterogenous group of chemical compounds with a single shared feature, that is being 

insoluble in water. Consequently, lipids execute a plethora of different functions including energy 

production (fatty acids) and the storage of energy (e.g. TG) as well as the formation of biological 

membranes (phospholipids) or transport molecules for other hydrophobic substances 

(cholesteryl ester). Apart from a few, most lipids either contain or are derived from fatty acids. 

Fatty acids consist of a hydrocarbon-chain of varying length with a polar carboxylic headgroup 

(CH3-(CH2)n-COOH) (Figure 4 A). As demonstrated on the example of brown adipocyte activation, 

fatty acids not only are energy substrates but also functionally implied in biological processes. 

One important group of fatty acids implied in various biological processes are polyunsaturated 

fatty acids (PUFA). PUFA are divided into two groups - n6-PUFA and n3-PUFA - depending on the 

position of first double bond at the third carbon (counted from the end most distant from the 

carboxylic headgroup) (Figure 4 B). The n3-PUFA, eicosapentaenoic acid (EPA), docosahexaenoic 

acid (DHA) and α-linolenic acid (ALA) as well as the n6-PUFAs arachidonic acid (AA) and linoleic 

acid (LA) are an essential element of human nutrition as mammalian cells are not able to (ALA, 

LA) or have limited capacity to (EPA, DHA, AA) produce these fatty acids (Plourde and Cunnane 

2007).  

A balanced intake dietary of n6- and n3-PUFA is associated with health benefits while an increase 

in the n6/n3 ratio is associated with obesity and inflammation (Simopoulos 2016). Increased 

dietary uptake of n3-PUFA increases the expression of UCP1 in brown and brite adipocytes (M. 

Kim et al. 2015; J. Kim et al. 2016; Bargut, Silva-e-Silva, et al. 2016; Bargut, Souza-Mello, et al. 

2016). Additionally, a group of oxidized n6- and n3-PUFA metabolites, termed oxylipins, is 

discussed to stimulate brown and brite adipocyte function (Maurer et al. 2019). Oxylipins are 

generated via one of three enzymatic pathways (by Gabbs et al. 2015)(Figure 4 B). Cyclooxygenase 

(COX) (also termed prostaglandin H synthase (PGHS)), responsible to produce prostanoids that 

are important mediators of inflammatory processes. The group of lipoxygenase enzymes (LOX) 

generate hydroperoxyl-, epoxy- and hydroxy fatty acids by introducing dioxygen into PUFA. 

Lastly, cytochrome P450 (CYP450) enzymes either generate oxylipins similar to LOX by 

hydroxylase activity or epoxy fatty acids by epoxygenase activity. Their association to adipose 

tissue metabolism relies on the affinity of several oxylipins to receptors involved in adipogenesis 

such as PPARγ, or G-protein coupled receptors (Barquissau et al. 2017). Elevated UCP1 expression 

is observed in vitro upon treatment with carbaprostacyclin, a stable analogue of the COX derived 

oxylipin prostacyclin (PGI2) (Vegiopoulos et al. 2010; Bayindir et al. 2015). Or the LOX derived 9-

hydroxyoctadecadienoic acid (9-HODE) and 13-hydroxyoctadecadienoic acid (13-HODE) (Y. H. 

Lee et al. 2016).  
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Furthermore, the CYP450 derived 12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME) is a 

potent activator of fatty acid uptake by BAT and enhances cold tolerance in vivo (Lynes et al. 

2017). A second group of PUFA derived molecules implied in energy balance regulation are 

endocannabinoids (Figure 4 B). The involvement of endocannabinoids in central regulation of 

energy balance by signaling via the cannabinoid receptor 1 (CB1) is well established (Matias and 

Di Marzo 2007). CB1 inhibition decreases energy expenditure in mice (Bajzer et al. 2011; Boon et 

al. 2014) and increased levels of cannabinoids in BAT and WAT after cold exposure or stimulation 

with the β3-adrenergic receptor agonist CL-316,243 suggest a negative feedback mechanism on 

thermogenic capacity (Krott et al. 2016).  

Conclusively, the accumulating evidence suggests that lipid derivatives can promote the 

recruitment of brown and brite adipocytes or stimulate their function. In addition, with the 

potential to modulate their abundance via nutrition (Ostermann et al. 2017; Schebb et al. 2014; 

Balvers et al. 2012) these properties render this class of molecules prospective targets to treat 

obesity.  

1.5 AIMS 

Although functional BAT has been confirmed in adult humans, some major challenges persist in 

order to harness its potential in the fight against obesity. BAT in adult humans is negatively 

associated with BMI (van Marken Lichtenbelt et al. 2009) and age (Cypess et al. 2009). Thus, the 

target group for obesity treatment has little BAT to begin with. This is aggravated by the fact that 

sole recruitment of brown and brite adipocytes is not sufficient as UCP1 is constitutively 

inactivated. Activation of substantial BAT thermogenesis is possible by acute and chronic mild 

cold exposure (Yoneshiro et al. 2013; van der Lans et al. 2013; Chondronikola et al. 2014). 

However, this is not a suitable therapeutic option as freezing is uncomfortable and thus 

compliance to the treatment would almost certainly be low. Thus, alternative mechanisms to 

induce UCP1 are necessary.  

One possible solution might be dietary interventions increasing the abundance of lipids that 

induce UCP1. Therefore, the aim of the presented work was to identify and characterize novel lipid 

metabolites that are associated with the activity of UCP1 to provide a basis for the development 

of dietary interventions that stimulate UCP1 expression and/or activity. 
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Figure 4: Structure of fatty acids and the synthesis of oxylipins and endocannabinoids. 

(A) Fatty acids consist of a hydrocarbon chain (black) and a carboxylic headgroup(blue). Depending 
on the number of double bonds (DB) in the hydrocarbon chain, fatty acids are grouped in saturated 
(0 DB), monounsaturated (1 DB) and polyunsaturated (≥ 2DB) fatty acids, that can be interconverted 
in each other. (B) Fatty acids derived from plant- or animal-based diets are incorporated into cell 
membranes as phospholipids. Various cytosolic enzymes can release fatty acids, N-arachidonoyl-
phosphatidylethanolamine (NAPE) or diacylglycerols (DG) from membranes. Depending on the 
enzymatic pathway a variety of different oxylipins and endocannabinoids are produced from the 
precursor fatty acid. Identical colors indicate the precursor fatty acid. cPLA2 = cytosolic phospholipase 
A2; NAT = N-acyltransferase; PLC = phospholipase C; COX = cyclooxygenase; LOX = lipoxygenase; CYP = 
cytochrome P450; NAPE-PLD = NAPE phospholipase D; DG = diacylglycerol; DAGL = DAG lipase (adapted 
and modified from (Maurer et al. 2019). 
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2 GENERAL MATERIAL AND METHODS 

This chapter provides the rational and additional information for the key materials and methods 

applied in the chapters 3-6. 

2.1 ANIMALS 

All animal breeding and experimentations were conducted in the specific-pathogen-free animal 

husbandry facilities of the Technical University of Munich registered at the local authorities 

according to §11 of the German Animal Welfare Act (AZ32-568, 01/22/2015). Prior to the start of 

the experiments mice were housed in groups in individual ventilated cages at an ambient 

temperature of 23°C ±1°C with ad libitum access to chow food (Cat# V1124-300, Ssniff 

Spezialdiäten GmbH, Soest/Germany) and water. At the beginning of all experiments 8-week-old 

mice were switched to a chemically defined control diet (CD, Cat# S5745-E720, Ssniff 

Spezialdiäten GmbH, Soest/Germany), assigned to experimental groups and transferred to 

climate cabinets (HPP750life, Memmert, Schwabach/Germany). Experiments in climate cabinets 

were conducted in an open cage system at 55% relative humidity, the respective experimental 

temperature and a 12/12 hour light/dark cycle (5:00 am/pm CET). An outline of all experimental 

protocols is given in Figure 5. 

2.1.1 Studying UCP1-dependent thermogenesis – a matter of temperature 

To interpret the effect of dietary intervention on the recruitment of brown and brite adipocytes, 

ambient temperature is a crucial factor. The thermoneutral zone of mice is 29-31°C, thus standard 

housing conditions (23°C ±1°C) of mice are accompanied by a chronic activation of 

thermoregulatory mechanisms. The major thermogenic mechanism in mice is UCP1-mediated 

NST in BAT. Studying mice below thermoneutral temperatures aggravates the transfer of results 

to human context, as humans – due to heating and clothing – live at thermoneutral conditions 

most of their live. Additionally, UCP1 knockout (UCP1-KO) mice are able to recruit alternative 

thermogenic mechanisms if housed at temperatures below thermoneutrality. Consequently, all 

animal experimentation in this work, investigating the effect of dietary fatty acid supplementation 

on recruitment of thermogenic capacity (Figure 5 C-E) and contribution of UCP1 to the 

development of diet-induced obesity (DIO) (Figure 5 F), were conducted at 30°C. 

2.1.2 Temperature dependent changes in oxylipin and lipid metabolism 

Changes in oxylipin metabolism associated to NST (Figure 5 A) investigated in Chapter 3 were 

studied using C57BL/6J mice acclimatized to 5°C or 30°C for one week. 
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Figure 5: Overview of the animal experimentation protocols. 

Experimental protocols corresponding to (A) chapter 3, (B) chapter 6, (C-E) chapter 4, and (F) 
chapter 5. The respective mouse strains (C57BL/6J, 129S6/SvEvTac or UCP1 wildtype (UCP1-WT) 
and knockout (UCP1-KO) on a C57BL/6N background), used for the experiments are indicated on the 
left side of each experimental overview. Group sizes are indicated on the right side of each 
experimental overview (n = #). Temperature settings of the climate cabinets are provided below the 
timeline. All mice received control diet at the beginning of the experiment (white bars). In feeding 
trials (B-E) mice subsequently were switched to experimental diets containing either ~31% 
(intermediate-fat diet = IFD) or ~48% (high-fat diet = HFD) energy from fat. The main fat source for 
each diet is indicated in parentheses behind each diet. Numbers behind experimental diets in (C) 
indicate the ratio of n6/n3 PUFA. To stimulate the recruitment of brown and brite adipocytes at 
thermoneutrality (C) mice received daily injections of the β3-adrenergic receptor agonist CL-316,243 
(CL) or saline (vehicle) as control. (B-D modified from (Maurer et al. 2021)). 
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Changes in lipid metabolism associated to the recruitment of brite adipocytes (Figure 5 B) 

investigated in Chapter 6 were conducted on 129S6/SvEvTac as well as on UCP1 wildtype (UCP1-

WT) and knockout (UCP1-KO) animals on a C57BL/6N background. After 4-weeks acclimatization 

at 23°C, 129S6/SvEvTac mice were directly transferred to 5°C as they show a high propensity 

towards browning and thus can cope with this acute temperature drop. The lack of NST capacity 

due to the absence of UCP1 leads to an inability of UCP1-KO mice to survive acute cold. Yet, UCP1-

KO mice can be acclimatized to cold by stepwise reduction of ambient temperature. Consequently, 

the association of cold induced changes in lipid metabolism with the presence of UCP1 (Figure 5 

B), was studied by acclimatizing UCP1-WT and UCP1-KO mice to cold by gradually decreasing 

ambient temperature each week from 23°C, 20°C, 15°C, 10°C and finally to 5°C for one week. 

2.1.3 Studying the effect of dietary fatty acids on recruitment of brown and brite adipocytes  

For all feeding trials (Figure 5 C-F) mice were switched to experimental diets after 4 weeks of CD 

feeding. All diets contained at least 50 g/kg soybean oil (Table 1) and were produced by Ssniff 

Spezialdiäten GmbH.  

Table 1: Nutrient composition of diets. (Adapted from Maurer et al. 2021)  

 
type of diet 

CD IFD HFD 

gross energy [MJ/kg]  17.8 19.7 23.0 

metabolizable energy [MJ/kg] 15.3 17.2 19.6 

protein [MJ%] 23 20 18 

fat [MJ%] 13 31 48 

carbohydrate [MJ%] 64 49 34 

total protein [g/kg] 240 240 240 

casein 240 240 240 

total fat [g/kg] 50 140 250 

soybean oil 50 50 50 

*experimental oil  90 90 

palm oil   110 

total carbohydrate [g/kg] 633.9 543.9 433.9 

corn starch 477.9 387.9 277.9 

sucrose 50 50 50 

maltodextrin 56 56 56 

cellulose 50 50 50 

other [g/kg] 76.1 76.1 76.1 

butylated hydroxytoluene 0.1 0.1 0.1 

l-cystine 2 2 2 

choline chloride 2 2 2 

vitamins 12 12 12 

minerals 60 60 60 

*Borage oil, fish oil, a proportionate mixture of both oils, or palm oil were used as experimental fat sources 

at a total concentration of 90 g/kg. Control diet (CD), intermediate-fat diet (IFD), high-fat diet (HFD). 
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The effect of dietary fatty acid supplementation on lipid metabolism (Figure 5 C) was studied by 

feeding mice intermediate-fat diet (IFD) providing ~31% energy from fat, supplemented with 

90 g/kg of experimental oils containing different amount of n6- and n3-PUFA (Table 1). Palm oil 

(Cat# S5745-E141) was used as saturated fatty acid control, while borage (Cat# S5745-E142) and 

fish oil (Cat# S5745- E143) were supplemented to see the effect of high n6- or n3-PUFA, 

respectively. Commercial fatty acid analysis was conducted (Research Center Weihenstephan for 

Brewing and Food Quality) to obtain fatty acid profiles of the diets (Figure 6).  

The impact of different n6/n3 ratios in the recruitment of brown and brite adipocytes (Figure 5 D) 

was investigated with IFDs containing 80 g/kg borage oil + 10 g/kg fish oil (Cat# S5745-E152) or 

60 g/kg borage oil + 30 g/kg fish oil (Cat# S5745-E153) in addition to the pure fish oil (Cat# 

S5745- E143) and borage (Cat# S5745-E142) oil IFDs. Commercial fatty acid analysis was 

conducted (Bavarian Center for Biomolecular Mass Spectrometry) to obtain fatty acid profiles of 

the diets (Figure 7). During the last week of the nutritional intervention, mice received daily 

intraperitoneal injections of either CL-316243 or saline (vehicle) at the same time of day. CL-

316,243 is a selective β3-adreneric receptor agonist, thus stimulates the recruitment of brown and 

brite adipocytes (Cannon and Nedergaard 2004). Stock solutions were prepared diluting CL-

316,243 (Cat# ab144605, abcam/UK) in saline (B. Braun Melsungen AG, Melsungen/Germany) at 

a concentration of 0.04 µg/µl. Aliquots of CL-316,243 and saline stored at -20°C and fresh aliquots 

were thawed every day. Body mass was measured every day prior to the administration of CL-

316,243 to calculate the injection volume for a dose of 0.2 mg/kg body mass. Volumes of vehicle 

treated mice were calculated identically, assuming a CL-316,243 concentration of 0.04 µg/µl. 

The effect of fish oil on DIO (Figure 5 E) was studied by feeding high-fat diet (HFD) providing ~ 48 

% from fat, supplemented with 110 g/kg palm oil in addition to 90 g/kg of either borage oil (Cat# 

S5745-E146), fish oil (Cat# S5745-E147) or palm oil (Cat# S5745-E722). 

2.1.4 Studying the contribution of UCP1 to the development of DIO 

The contribution of UCP1 to protect against DIO (Figure 5 F) was performed on a novel UPC1-KO 

mouse model. Mice were housed at 30°C to avoid the recruitment of alternative thermogenic 

mechanisms. Obesity was induced by feeding a HFD (Cat# S5745-E722) for 8 weeks. Indirect 

calorimetry was performed at two time points to assess energy expenditure over several days 

during CD and HFD feeding. 
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Figure 6: Fat composition and fatty acid profiles of diets based on different fat sources. 

(A) Total fat content and (B) fatty acid composition of diets related to experiments Figure 5 B&D. 
(Modified from (Maurer et al. 2021)). 
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Figure 7: Fat composition and fatty acid profiles of diets with different n6/n3 PUFA ratios. 

(A) Total fat content and (B) fatty acid composition of diets related to experiment Figure 5 C. 
(Modified from (Maurer et al. 2021)). 
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2.2 INDIRECT CALORIMETRY 

Indirect calorimetry is a commonly utilized tool to assess energy metabolism and determine 

thermogenic activity in rodents (Cannon and Nedergaard 2004; Virtue and Vidal-Puig 2013). The 

maximal capacity of mice for NST can be measured by NA-tests. The injection of a high dose of NA 

stimulates UCP1-dependent mitochondrial respiration, by activation of β3-adrenergic receptors 

located in BAT. The resulting heat production can be derived by measuring oxygen consumption 

and carbon dioxide production by the indirect calorimetry. 

To assess energy expenditure over several days, mice were transferred in metabolic cages (3-liter 

volume) in the afternoon, with ad libitum access to food and water. Cages were placed in a climate 

cabinet set to 30°C (TPK 600, Feutron, Greiz/Germany) and connected to the indirect calorimetry 

system (Lab Master, TSE Systems, Bad Homburg/Germany). Air was continuously extracted from 

the cages with a flow rate of 33 l/h. A subsample of each cage was analyzed over a period of 1 min 

every 4-6 minutes, depending on the number of mice in the experiment, dried in a cooling trap 

and analyzed for oxygen and carbon dioxide content.  

Basal metabolic rate (BMR) was measured following the energy expenditure measurement. 

Therefore, animals were deprived of food in the morning for at least 4 hours. The mean of the four 

lowest consecutive heat production measurements during the last 90 minutes of fasting was 

determined as BMR.  

NA-tests were performed following determination of BMR. Ambient temperature was reduced to 

26°C to avoid hyperthermic reactions in response to NA-injection by facilitating heat loss to the 

environment. Individual mice were taken out of the climate cabinet, injected intraperitoneally 

(i.p.) with 1 mg/kg NA (1 mg/kg, Arterenol®, Sanofi, Paris/France) and immediately reconnected to 

the indirect calorimetry system. Oxygen consumption and carbon dioxide production were 

continuously measured in 1 min intervals for ~60 min. 

Data acquired by indirect calorimetry was processed and analyzed with R (R Core Team 2020). 

This allows a reproducible, standardized, and transparent analysis without altering the original 

data as well as the combination of multiple data sets, derived from different cohorts and 

measurements. Oxygen consumption and carbon dioxide production were calculated based on the 

comparison between air from cages and an empty reference cage. Heat production was calculated 

according to the equation (Heldmaier 1975): ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑚𝑊]  =  (4.44 +  1.43 ∗

 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑖𝑜)  ∗  𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑚𝑙/ℎ] 

For graphical representation, oxygen consumption, carbon dioxide production, respiratory 

exchange ratio and heat production were averaged over a period of 30 minutes. This reduces 

variability of the data, thus makes it easier to identify trends in the data such as the diurnal pattern 
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of oxygen consumption (Figure 8 A). The calculations were verified by comparison with the web-

based analysis tool CalR (Mina et al. 2018) (Figure 8 B).  

 

Figure 8: Comparison of different analysis approaches to analyze indirect calorimetry data.  

(A) Oxygen consumption trajectories of a single mouse. Comparison between raw data (original) and 
data averaged over a period of 30 min (mean half-hour) or 60 min (mean hour). (B) Comparison of 
oxygen consumption values averaged over 60 min, obtained from a published analysis tool for 
indirect calorimetry data (CalR) and the self-calculated (Self). Pearson’s correlation coefficient (R2). 

Graphical representation of NA-tests is based on the original data, as averaging leads to a masking 

of the acute response to NA. The CalR platform by default averages data over a period of 1h. This 

is an issue for the graphical representation of acute-response measurements such as NA-test with 

a duration of < 1h. Due to the improved flexibility of the self-written analysis script the web-based 

tool was dismissed for all indirect calorimetry data analysis. 

Maximal NA-induced heat production was calculated as the highest measured value during the 60 

min measuring period. Area under the curves (AUC) of heat production served as measure for 

energy expenditure and were calculated on the original data by the trapezoidal method on the 

original data. 

2.3 TISSUE DISSECTION 

At the end of all experiments, mice were killed by carbon dioxide intoxication. Tissues were 

dissected, weighed and immediately snap-frozen in liquid nitrogen, embedded in 

carboxymethylcellulose (CMC) on dry ice, or fixed in 10% formalin (Cat# 97.131.000, VWR, 

Darmstadt/Germany) for histological analysis. Snap-frozen and CMC embedded samples were 

stored at -80°C until further processing.  

2.4 MATRIX-ASSISTED LASER DESORPTION IONIZATION MASS SPECTROMETRY IMAGING 

Matrix-assisted laser desorption ionization mass spectrometry imaging (MALDI-MSI) enables the 

analysis of molecules in their biological environment like sections of tissues. It is frequently used 

to analyze thermally labile and non-volatile compounds and is therefore suitable for the analysis 
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of lipids. The basic principle of MALDI-IMS is based on the production of ions, which are desorbed 

from a matrix-coated sample through bombardment with high-energy laser. The resulting 

volatile, mostly single charged ions are subsequently separated and detected based on their mass 

over charge ratio (m/z) in an adjacent time of flight (TOF) mass detector. The movable target plate 

of the MALDI-MSI device and the focus of the laser beam allow the precise scanning of whole tissue 

sections in a 100 µm resolution. This results in the acquisition of a two-dimensional map showing 

the distribution of molecules and their relative intensities. 

In this project MALDI-MSI was chosen to study cold-induced changes in tissue lipid metabolism 

associated to brown and brite adipocytes. Therefore, deep-frozen inguinal WAT (iWAT) samples 

embedded in CMC were sectioned in a cryostat at -35°C. Sections of 16 µm thickness were thaw 

mounted on conductive ITO-slides (Bruker Daltonik, Bremen/Germany) pre-chilled in the 

cryostat. Slides were annotated with teaching points using a correction pen (Tipp-Ex, Cat# 

8022921, BIC, France) and imaged with a digital single-lens reflex camera (Nikon D5600) 

mounted on a tripod. Slides were dried at room temperature (RT) in a vacuum desiccator, 

evacuating for 10 min followed by additional 20 min of drying. Subsequently, matrix application 

(7 g/l alpha-Cyano-4-hydroxycinnamic acid, 0.2 % trifluoroacetic acid in 60 % acetonitrile) was 

performed by spraying (ImagePrep, Bruker Daltonik, Bremen) applying the following program:  

(1) Initialization, (2) 0.07 V, 1 cycle, 0.05 V, (3) 0.07 V, 2 cycle, 0.1 V, (4) 0.2 V, 3 cycle, 0.2 

V, (5) 0.6/-0.5 V, 4 cycle, 0.3 V. 

Coated slides were mounted on a target plate and placed in the MALDI device. The prepared digital 

image was loaded to the imaging software and aligned with the stage based on the teaching points. 

Acquisition regions were marked encompassing the visible tissue section based on the digital 

image. Of note, sections of iWAT are basically transparent and hardly visible on the slide. Editing 

the digital image by increasing the contrast and pre-marking the circumference of the section in 

an image manipulation program facilitates the marking of acquisition regions. MALDI-MSI was 

performed on the MALDI ultrafleXtreme (Bruker Daltonik, Bremen/Germany) with a 

Smartbeam2-Laser set to “4 large” and a raster size of 100 µm in positive ionization mode. 

Data analysis of the MALDI-MSI datasets was performed with the SCiLS software (Version 2016b, 

Bruker Daltonik Bremen/Germany). Sections of one measurement were loaded as individual 

regions and combined in one dataset. Baseline correction was performed by convolution with a 

width of 20.  

2.5 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry (IHC) was performed on sections of CMC embedded iWAT on polysine-

coated slides. Slides were taken from the -20°C and submerged for 5 min in ice-cold tris-buffered 
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saline (TBS) and subsequently fixed in ice-cold methanol/acetone (1:1) for 10 min. In the 

following samples were washed twice by submerging slides in TBS for 5 min at RT. Slides were 

quickly dried to apply liquid barrier marker (Cat# AN92.1, Carl Roth, Karlsruhe/Germany) around 

the sections. All following steps were performed in a covered staining tray filled with water to 

limit evaporation of the solutions. Blocking was performed for 2 h at RT in a with TBST (TBS, 0.1% 

Tween-20) containing 10% normal donkey serum (Cat# S2170-100, VWR, Darmstadt/Germany) 

and 1% bovine serum albumin (Cat# 8076.3, Carl Roth, Karlsruhe/Germany). Primary antibody 

against UCP1 (Cat# ab23841, Abcam/UK) was diluted 1:800 in dilution buffer (TBST, 0.25% 

normal donkey serum, 1% bovine serum albumin) and applied to the samples for 2 h at RT or 

overnight at 4°C. After primary antibody incubation, samples were washed three times in TBST 

for 5 min by pipetting. Fluorescence labeling was performed with secondary antibody (Cat# 

A10040, Thermo Fisher) diluted 1:500 in dilution buffer, in the dark for 2 h at RT or overnight at 

4°C. The secondary antibody solution was removed, and samples were stained for 10 min at RT 

with Hoechst33342 (Cat# 14533, Sigma, Darmstadt/Germany) diluted 1:500 in dilution buffer. 

Finally, samples were washed three times in TBST for 5 min by pipetting, supplied with mounting 

medium (Cat# VEC-H-1000-10, Biozol, Eching/Germany), covered by a cover slide and sealed with 

nail polish.  

The validation of the specificity of the signals was performed on control section of BAT of UCP1-

WT and UCP1-KO mice. Specificity of the primary antibody was tested by performing the staining 

on UCP1-KO mice. These mice do not express UCP1 and consequently demonstrate no UCP1 signal 

(Figure 9). Additionally, specificity of the secondary antibody to UCP1 was confirmed following 

the staining procedure as described without the addition of the primary antibody against UCP1.  

Whole slide scans were generated by acquiring images in x-y-z dimensions, immediately after 

staining with a fluorescence microscope (Leica DMI6000 B, Filters: Y3 ET, Cat# 11504169 and 

DAPI ET, Cat# 11504203, Leica Microsystems, Wetzlar/Germany). Movement of the sample in x-

y-z images was controlled by the microscopy software (LAS X, Leica Microsystems, 

Wetzlar/Germany). Images were merged in x-y-dimension to create whole slide images and 

exported from the microscope software. Subsequently images were identically edited in Fiji 

(Version 1.53c, (Schindelin et al. 2012)). First images in different z-dimension focus panes were 

projected on one pane using the extended depth of field (EDOF) algorithm supplied by the EDOF-

Easy plugin (Forster et al. 2004). Additionally, brightness and contrast of the resulting image were 

adjusted identically for all samples. 
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Figure 9: Validation of the UCP1 antibody for immunohistochemistry. 

Images of BAT sections from UCP1 knockout (UCP1-KO, lower panel) and UCP1 wildtype (UCP1-WT, 
upper panel) mice stained with a nuclear stain (Hoechst, left) and an antibody against UCP1 (UCP1, 
center). The right images represent a composite image of Hoechst (cyan) and UCP1 (magenta). Scale 
bars indicate 100 µm. 

2.6 STATISTICAL ANALYSIS 

Unless otherwise stated statistical analyses were performed with R (R Core Team 2020) and 

visualized with ggplot2 (Wickham 2016). Principal component analysis (PCA) was performed 

with the R packages “factoextra” and “FactoMineR”. Significant differences for single comparisons 

were calculated with the R package “ggpubr”. Two-tailed Student’s t test was applied on data 

following the assumption of normal distribution. Wilcoxon test was performed for non-normally 

distributed data. Analysis of variance (ANOVA) and linear model analysis were performed with 

the R package “stats” and AUC calculation was performed with the R package “DescTools”. 
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3 FATTY ACID METABOLITE PROFILING REVEALS OXYLIPINS AS 

MARKERS OF BROWN BUT NOT BRITE ADIPOSE TISSUE 

A similar version of this chapter was published: Dieckmann S., Maurer S., Fromme T., Colson C., 

Virtanen KA., Amri E-Z. and Klingenspor M. (2020) Fatty Acid Metabolite Profiling Reveals 

Oxylipins as Markers of Brown but Not Brite Adipose Tissue. Front. Endocrinol. 11:73. doi: 

10.3389/fendo.2020.00073 

3.1 ABSTRACT 

Metabolites of n6- and n3-PUFA are important signaling molecules implicated in the control of 

adipogenesis and energy balance regulation. Some of these metabolites belonging to the group of 

oxylipins have been associated with NST in mice mediated by brown or brite adipose tissue. We 

aimed to identify novel molecules with thermogenic potential and to clarify the relevance of these 

findings in a translational context. Therefore, we characterized and compared the oxylipin profiles 

of murine and human adipose tissues with different abundance of brown or brite adipocytes. A 

broad panel of 36 fatty acid metabolites was quantified in brown and white adipose tissues of 

C57BL/6J mice acclimatized to different ambient temperatures and in biopsies of human 

supraclavicular brown and white adipose tissue. The oxylipin profile of murine brite adipose 

tissue was not distinguishable from WAT, suggesting that adipose tissue browning in vivo is not 

associated with major changes in the oxylipin metabolism. Human brown and white adipose 

tissue also exhibited similar metabolite profiles. This is in line with previous studies proposing 

human BAT to resemble the nature of murine brite adipose tissue representing a heterogeneous 

mixture of brite and white adipocytes. Although the global oxylipin profile served as a marker for 

the abundance of thermogenic adipocytes in bona fide brown but not white adipose tissue, we 

identified 5-Hydroxyeicosatetraenoic acid (5-HETE) and 5,6-Epoxyeicosatrienoic acid (5,6-EET) 

as individual compounds consistently associated with the abundance of brown or brite adipocytes 

in human BAT and murine brite fat. Further studies need to establish whether these candidates 

are mere markers or functional effectors of thermogenic capacity. 
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3.3 INTRODUCTION 

Obesity is one of today’s major health burdens with a steadily increasing prevalence. It is 

characterized by excessive fat accumulation and unhealthy expansion of WAT associated with 

severe comorbidities such as type 2 diabetes and cardiovascular diseases. Obesity is the 

consequence of a chronic positive energy balance, a state where energy intake exceeds energy 

expenditure. A major obstacle of obesity management is the maintenance of a given body weight 

loss, since weight loss is accompanied by a notable and persistent decrease in energy expenditure 

(Hall and Kahan 2018; Rosenbaum et al. 2008). This decrease in energy expenditure is hardly 

compensated by physical activity, the only available strategy to increase energy expenditure so 

far. Consequently, other means to increase energy expenditure are in demand. Thermogenic 

tissues such as BAT and brite adipose tissue are promising targets. Brite adipose tissue, in contrast 

to BAT, is an inducible type of fat originating from the recruitment of brown-like, so called brite 

(or beige) cells with thermogenic properties in WAT. Both tissues dissipate chemical energy from 

fatty acids and glucose to generate heat, thus increasing energy expenditure. This NST is mediated 

by UCP1. It is naturally activated upon cold exposure to defend body temperature and during 

eating to promote meal termination (Y. Li et al. 2018). Although the presence of functional BAT 

has been confirmed in adult humans (Cypess et al. 2009; Virtanen et al. 2009; Nedergaard, 

Bengtsson, and Cannon 2007), humans mostly live under thermoneutral conditions (de Jong et al. 

2019). Therefore, BAT activation in humans is mostly associated with food intake, whereas cold-

induced activation is less prevalent. BAT volume and activity negatively correlate with BMI (van 

Marken Lichtenbelt et al. 2009), suggesting a lower abundance of active BAT in overweight and 

obese compared to lean subjects. Consequently, the therapy of obesity by means of BAT and brite 

fat not only requires strategies to activate it but also to increase its abundance. Several natural 

compounds and drugs are associated with the activation and recruitment of BAT in mice and 

humans (Mukherjee, Baranwal, and N. Schade 2016; Yoneshiro, Matsushita, and Saito 2019). 

Among these are metabolites of n6- and n3-PUFA. Oxygenated PUFA metabolites, belonging to the 

group of oxylipins, are important signaling molecules implicated in the control of adipogenesis 

and energy balance regulation (Maurer et al. 2019). These potent and short-lived metabolites are 

generated by a series of enzymatic steps involving one of three enzyme classes - COX, LOX or CYP 

(Gabbs et al. 2015). Some oxylipins have been associated with the browning of adipose tissues. 

The COX derived ARA metabolites prostaglandin E2 (PGE2) and PGI2 facilitate the formation of 

brite adipocytes in vitro (García-Alonso et al. 2016; Vegiopoulos et al. 2010; Bayindir et al. 2015; 

Ghandour et al. 2016). The oxylipin 12-hydroxyeicosapentaenoic acid (12-HEPE), identified in a 

PUFA metabolite screen in murine serum samples, facilitates glucose uptake into brown 

adipocytes (Leiria et al. 2019). In a similar approach, increased levels of 12,13-DiHOME were 

identified in oxylipin profiles of human serum after cold acclimatization (Lynes et al. 2017). This 
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oxylipin increases fatty acid uptake into brown adipocytes and presumably UCP1 expression 

(Lynes et al. 2017). Furthermore, a second class of PUFA derived metabolites, the 

endocannabinoids, are suggested to be involved in the negative regulation of BAT activity in mice 

(Krott et al. 2016). Thus, several lines of evidence suggest PUFA-derived metabolites to be 

involved in the recruitment and activity of thermogenic cells in mice and humans. The aim of the 

current study was to characterize the oxylipin profiles of murine and human adipose tissues with 

different abundance of brown and brite adipocytes to identify novel molecules with thermogenic 

potential in a translational context. 

We quantified a panel of 36 fatty acid metabolites in brown and white adipose tissues of C57BL/6J 

mice acclimatized to different ambient temperatures and in biopsies of human supraclavicular 

brown and white adipose tissue. Our results reveal the global oxylipin profile of bona fide brown 

but not brite adipose tissue as a marker for the abundance of brown adipocytes. Moreover, we 

identified 5-HETE and 5,6-EET as individual compounds associated with the abundance of brown 

or brite adipocytes in both human BAT and murine brite fat. 

3.4 MATERIAL AND METHODS 

3.4.1 Animal Experiments 

Eight-week-old male C57BL/6J mice were housed in climate cabinets (HPP750 life, Memmert) at 

23 °C and 55 % humidity with a 12/12 hour light/dark cycle. Mice were provided ad libitum access 

to water and a CD (Cat# S5745-E720, Ssniff Spezialdiäten GmbH, Soest/Germany). After an 

adaptation phase of 3 weeks, mice were assigned to one of two groups and transferred to 

preconditioned cabinets at 5 °C or 30 °C. After one week, mice were killed by CO2 exposure and 

tissues were immediately dissected, snap frozen in liquid nitrogen, and stored at -80 °C until 

further processing. The experiment was performed according to the German animal welfare law 

with permission from the district government of Upper Bavaria (Regierung von Oberbayern, 

reference number ROB-55.2-2532.Vet_02-16-166).  

3.4.2 Human subjects 

Paired biopsies of BAT and WAT were obtained from the supraclavicular region of 14 healthy male 

and female subjects. A detailed description of the biopsy procedure and of anthropometric 

characteristics of this study cohort has been published previously (U Din et al. 2018). Depending 

on the size of the specimens obtained, BAT and WAT were either entirely subjected to RNA 

isolation or grinded in liquid nitrogen to obtain aliquots used for both metabolite analysis and 

RNA isolation. 
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3.4.3 Oxylipin and endocannabinoid profiling 

Murine interscapular BAT (iBAT), iWAT and human supraclavicular fat biopsies were grinded in 

liquid nitrogen. Aliquots of 23-140 mg were subjected to oxylipin and endocannabinoid analysis, 

which was conducted at the Metatoul lipidomic platform (INSERM UMR1048, Toulouse/France), 

certified to ISO 9001:2015 standards. Metabolite abundance was normalized to tissue mass. 

3.4.4 RNA isolation and quantitative real-time PCR (qRT-PCR) 

RNA isolation from murine iWAT and supraclavicular BAT as well as human adipose tissues was 

performed with TRIsure™ (Cat# BIO-38032, Bioline, London/UK) according to the manufacturer’s 

instructions. Precipitated RNA was transferred to spin columns (SV Total RNA Isolation System, 

Cat# Z3105, Promega, Walldorf/Germany), centrifuged for 1 min with 12,000 x g and further 

processed according to the supplier’s instructions. RNA concentration was determined 

spectrophotometrically (Infinite 200 PRO NanoQuant, Tecan, Männedorf, CH). Generation of 

cDNA was performed with 1 µg RNA (SensiFAST™ cDNA Synthesis Kit, Cat# BIO-65053, Bioline, 

London/UK). qRT-PCR was performed in a 384 well plate format with the LightCylcer 480 system 

(Roche Diagnostics) in a total reaction volume of 12.5 µl containing 6.25 µl 2x SensiMix SYBR no-

ROX (Cat# QT650-05, Bioline, London/UK), 250 nM forward and reverse primers and 1 µl 

template cDNA. Murine primers (UCP1 5’-TCTCTGCCAGGACAGTACCC-3’ and 5’-

AGAAGCCCAATGATGTTCAG-3’, Tf2b 5’-TGGAGATTTGTCCACCATGA-3’ and 5′-

GAATTGCCAAACTCATCAAAACT-3′) and human primers (UCP1 5’-GGAGGCCTTTGTGAAAAACA-3’ 

and 5’-CTTGAAGAAAGCCGTTGGTC-3’, TF2B 5’-GCTGTGGAACTGGACTTGGT-3’ and 5’-

AGTTTGTCCACTGGGGTGTC-3’) were produced by Eurofins MWG Operon. Expression of UCP1 

was normalized to transcription factor 2b (Tf2b) expression. 

3.4.5 Statistical analysis 

All statistical analyses were performed using R-Studio (version 1.2.5019) with R version 3.6.1. 

PCA was performed with the R packages factoextra (version 1.0.5) and FactoMineR (version 1.42). 

Other statistical tests were calculated with the R package ggpubr (version 0.2.3). Wilcoxon test 

was performed for all group comparisons, after checking the assumption of normal distribution 

with Shapiro–Wilk test. P-values < 0.05 were deemed statistically significant. The appropriate 

statistical test, paired or unpaired is mentioned for each figure. 

3.5 RESULTS 

Adaptive, NST is the key functional difference that discriminates mammalian BAT and WAT. Since 

almost a decade, the rediscovery of functional BAT in adult humans has intensified efforts to 

characterize the molecular properties of human adipose tissues and to identify novel thermogenic 

effectors intended for therapeutic use. Within this scope, oxylipins appear to be a promising class 
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of endogenous compounds affecting the function and recruitment of thermogenic adipocytes in 

cultured cells of human and murine origin(Maurer et al. 2019). In the course of this study, we 

further elucidated the association of these metabolites with the recruitment of thermogenic 

brown and brite adipocytes in a translational context. To this end, we subjected BAT and WAT of 

murine and human origin to metabolite profiling and analyzed the data in consideration of the 

tissues’ thermogenic properties. Human BAT and WAT biopsies were obtained from the 

supraclavicular region subsequent to PET imaging under cold-exposed conditions (U Din et al. 

2018). Humans live within thermoneutral conditions most of their life (de Jong et al. 2019). Thus, 

for a more appropriate comparison between mice and humans we acclimatized C57BL/6J mice to 

30 °C for one week to mimic the thermal environment of humans. In order to confirm the 

thermogenic potential of BAT versus WAT in both humans and mice, UCP1 mRNA expression was 

quantified as a surrogate marker for the abundance of thermogenic competent adipocytes. As 

expected, all BAT specimens were characterized by considerably higher UCP1 mRNA levels 

compared to WAT with a wide range of inter-individual variation (Figure 10 A & B). However, 

mean UCP1 mRNA expression in human and murine BAT was 544-fold and 255-fold higher 

compared to WAT, respectively. Consequently, human and murine BAT harbor more brown 

adipocytes than WAT. 

 

Figure 10: UCP1 gene expression in BAT and WAT of the murine and human study cohorts. 

(A) Uncoupling protein 1 (UCP1) mRNA expression in supraclavicular brown adipose tissue (BAT) 
and white adipose tissue (WAT) of human subjects (n = 14). (B) UCP1 mRNA expression in inguinal 
WAT and supraclavicular BAT of mice housed at 30°C for 1 week (n = 7). P-values are derived from 
paired Wilcoxon test. 

3.5.1 The abundance of adipose tissue oxylipins differs between mice and humans 

To elucidate the regulation of oxylipin production in BAT and WAT, we quantified a broad panel 

of 33 metabolites representing major oxylipin classes produced by mammalian tissues. 

Additionally, we quantified the levels of 3 AA-derived endocannabinoids. The oxylipin panel 

encompasses COX, LOX and CYP-derived metabolites generated by the conversion of AA, its n-6 
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precursor LA, and the n-3 fatty acids EPA and DHA. Within this setting, LA-derived metabolites 

were most abundant, while n-3 derived metabolites had a relatively low abundance in iWAT and 

iBAT of mice (Figure 11 A). This high abundance of LA-derived metabolites was reflected in a high 

percentage of LOX-derived metabolites (Figure 11 A). In human adipose tissues, the relative 

abundance followed a slightly different pattern. In both human BAT and WAT, AA-derived 

metabolites produced via the COX-pathway accounted for a higher percentage of total oxylipin 

abundance compared to murine fat, which proportionally reduced the relative levels of LA and 

DHA-derived metabolites (Figure 11 A and B). The contribution of EPA-derived oxylipins to the 

oxylipins pool was negligible in adipose tissues of both species. Of note, the contribution of CYP 

derived oxylipins in mice was higher in iBAT compared to iWAT while in humans no notable 

difference was observed. Despite this similar composition of the oxylipin pools in WAT and BAT, 

the total abundance of all oxylipins in BAT versus WAT in mice was significantly lower while it 

was significantly higher in human BAT versus WAT (Figure 11 C & D). These differences are 

primarily attributed to changes in the abundance of the LA-derived oxylipins 9- and 13-HODE. 

These two oxylipins are the predominant species in WAT and BAT, accounting for at least 60% of 

the total oxylipin pool in adipose tissues of both species (Figure 11 A & B). Endocannabinoids 

represent another class of fatty acid metabolites with potential effects on UCP1-dependent 

thermogenesis (Krott et al. 2016). Interestingly, the total abundance of the three 

endocannabinoids was lower in murine WAT versus BAT but higher in human WAT versus BAT, 

while we observed the exact opposite for total oxylipin abundance (Figure 11 C & D). Ultimately, 

considering the combined pool of oxylipins and endocannabinoids there was no difference in total 

metabolite abundance between murine and human WAT or BAT (Figure 11 E). Conclusively, mice 

and humans are similar in terms of the total production of PUFA metabolites. However, these 

tissues seem to differ in the partitioning of PUFA metabolism. 
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Figure 11: Adipose tissues of mice and men are comparable in terms of oxylipins 
composition but not abundance. 

Relative distribution of oxylipins categorized by their common fatty acid progenitor (left) or 
enzymatic synthesis pathway (right) for (A) mice at 30°C and (B) humans. Total sum of oxylipins 
(left) or endocannabinoids (right) for each individual (C) mouse (n = 7) or (D) human subject (n = 
10 for WAT and n = 11 for BAT). (E) Total sum of combined oxylipins and endocannabinoids in 
murine and human WAT and BAT. Statistical analysis paired Wilcoxon test (C) and unpaired 
Wilcoxon test (D,E). 

3.5.2 The global oxylipin profile is a surrogate marker for the abundance of brown but not brite 

adipocytes 

As oxylipin abundance differs between WAT and BAT in both mice and humans, we investigated, 

whether oxylipins may serve as discriminative markers for the two tissues. Therefore, we applied 

PCA on the metabolite data of BAT and WAT. In mice, principal components 1 and 2 together 

explained 82.8 % of the variability between WAT and BAT. In a continuum of these principal 
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components, murine WAT and BAT formed distinct and separate clusters (Figure 12 A). Thus, 

murine BAT and WAT can be distinguished by their characteristic oxylipin patterns. In humans, 

principal components 1 and 2 explained considerably less of the variation between BAT and WAT 

(54.5%). A distinction of human BAT and WAT according to their specific oxylipin patterns was 

not possible (Figure 12 B). This was reflected in the analysis of the combined human and murine 

data set. In this analysis the two species formed distinct clusters separating the murine tissues 

while human BAT and WAT could not be distinguished (Supplementary Figure 1 A). In contrast to 

murine BAT, human BAT constitutes a complex, interwoven mixture of both brown and white 

adipocytes. Consequently, oxylipin patterns established from human tissues may not represent 

differences on the cellular level of individual brown and white adipocytes and lack discriminative 

power (Figure 12 B). To overcome this limitation, we transferred oxylipin patterns established 

from murine BAT and WAT and plotted human oxylipin levels according to these murine principal 

components. However, human BAT and WAT remained indistinguishable (Supplementary Figure 

1B). Surprisingly, the reverse strategy, i.e. plotting murine oxylipin levels according to principal 

components of human oxylipin variation, murine BAT and WAT could be well separated 

(Supplementary Figure 1 C). This indicates that oxylipins in humans do not per se lack the 

variability observed in murine tissues but fail to sharply distribute into the categories BAT and 

WAT. The lack of discrimination of human supraclavicular BAT and WAT oxylipin patterns are in 

line with the observation that human supraclavicular BAT does not resemble the characteristics 

of classical BAT in conventional laboratory mice but rather displays a brite phenotype (de Jong et 

al. 2019; Chechi, Van Marken Lichtenbelt, and Richard 2018). Indeed, brite adipose tissue 

obtained from mice housed at 5 °C for 1 week and human supraclavicular BAT were both 

characterized by increased UCP1 gene expression compared to WAT (Supplementary Figure 2 and 

Figure 10 A). Murine brite adipose tissue contained a mixed population of unilocular white and 

multilocular brown/brite cells (Supplementary Figure 3), similarly to the phenotype reported 

from human supraclavicular BAT (de Jong et al. 2019). We investigated this by comparing oxylipin 

profiles of iWAT of mice acclimatized to either 30 °C (white adipose tissue) or 5 °C (brite adipose 

tissue). In this comparison, the principal components 1 and 2 explained a large proportion 

(81.3 %) of the variation between brite and white adipose tissue (Figure 12 C). However, murine 

brite and white adipose tissue could not be separated from one another by oxylipin patterns 

(Figure 12 C), although both formed distinct populations separate from BAT (Supplementary 

Figure 1 D). Interestingly, BAT of mice acclimatized to 5 °C or 30 °C also formed distinguishable 

populations (Supplementary Figure 1 D). This suggests the global BAT oxylipin profile as 

surrogate marker of the abundance of brown adipocytes, since BAT of 5 °C acclimatized mice 

contained more multilocular brown adipocytes than BAT of mice housed at 30 °C. Conclusively, 

the oxylipin profiles of adipose tissues allow the discrimination of bona fide BAT and WAT 

composed of homogenous populations of brown and white adipocytes, respectively. However, it 
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is either unsuitable to distinguish tissues harboring both types of cells or unable to distinguish 

brite from white adipocytes. Thus, the oxylipin profile can serve as a surrogate marker for brown 

adipocyte abundance in murine BAT but not murine brite fat or human BAT. 

 

Figure 12: Oxylipin profiles distinguish BAT but not brite adipose tissue from WAT. 

Principal component analysis of the oxylipins in BAT and WAT showing the two first principal 
components (Dim1 and Dim2) in (A) mice at 30°C (n = 7) and (B) human (n = 8). (C) Principal 
component analysis of oxylipins in murine WAT acclimatized to 5 or 30°C (n = 7). Contribution of the 
single variables to Dim1 and Dim2 for (D) mice at mice at 30°C, (E) human, and (F) murine WAT 
acclimatized to 5 or 30°C for 1 week. Red dashed line indicates the average contribution of all 
variables. 

3.5.3 The oxylipins 5-HETE and 5,6-EET are potential markers of brown adipocyte abundance in 

BAT in mice and humans 

The oxylipin profile serves as a potential surrogate measure for the abundance of brown but not 

brite adipocytes. We asked which metabolites contributed the most to this phenomenon and 

whether we could identify novel oxylipins associated with the recruitment of brown and brite 

adipocytes. Therefore, we investigated the contribution of individual oxylipins to the principal 

components 1 and 2. In the murine adipose tissues, more than two-thirds of the measured fatty 

acid metabolites contribute higher-than-average to the first two principal components (Figure 12 

D & F). In contrast, less than half of the compounds did so in the human tissues (Figure 12 E). 

Interestingly, several compounds previously associated with the recruitment of brown and brite 

adipocytes, namely 9- and 13-HODE (Y. H. Lee et al. 2016), the PGI2 degradation product 6k-



29 

PGF1α (Vegiopoulos et al. 2010; Bayindir et al. 2015), 12-HETE (Leiria et al. 2019) as well as PGE2 

(García-Alonso et al. 2016; Vegiopoulos et al. 2010) contributed higher-than-average in the 

murine BAT/WAT comparison (Figure 12 D). Among those, only 9- and 13-HODE consistently 

contributed to the discrimination of BAT and brite adipose tissue from WAT (Figure 12 D-F), 

suggesting an association of individual metabolites with the abundance of thermogenic competent 

adipocytes in a translational context. In line with this notion, the AA-derivatives 11,12-EET and 

5,6-EET generated by the CYP pathway, and the LOX pathway products 15-HETE, 5-HETE and its 

active form 5-oxoETE contributed above-average in all three conditions (Figure 12 D-F). However, 

the abundance of most of these metabolites was exclusively different in murine BAT versus WAT 

but not in the other comparisons (Figure 13 A-C), confirming the limited discriminative potential 

of the oxylipin profile in these settings. Only the abundance of 13-HODE in humans and 5-oxoETE 

in the murine brite versus white comparison were significantly different in brown and brite 

adipose tissue compared to WAT, respectively (Figure 13 B & C). Interestingly, 11,12-EET, 5,6-

EET and 5-HETE were significantly higher in murine BAT than in WAT (Figure 13 A), contradicting 

the overall trend towards higher total oxylipin abundance in WAT (Figure 11 C). This suggests an 

involvement of these three metabolites in regulation of BAT function. We identified 5,6-EET and 

5-HETE as the only two metabolites significantly more abundant in murine BAT compared to WAT 

that showed at least a similar trend towards a higher abundance in murine brite and human BAT 

versus WAT (Figure 13 B & C). In line with this regulation, 5-oxoETE, the oxidation product of 5-

HETE, also tended to be more abundant in these tissues. Consequently, 5-HETE and 5,6-EET 

constitute novel oxylipins associated with the abundance of brown and brite adipocytes in a 

translational context. 
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Figure 13: 5-HETE and 5,6-EET are regulated similar between adipose tissues. 

The concentration of the seven higher than average contributing oxylipins in (A) murine BAT and 
WAT (n = 7), (B) human BAT and WAT (n = 8), and (C) murine white and brite adipose tissue (n = 7). 
Bars represent mean values and p-values are derived from paired (A,B) or unpaired (C) Wilcoxon 
test. 

3.6 DISCUSSION 

Activation of NST in BAT and brite adipose tissue increases energy expenditure and therefore is a 

potential therapeutic strategy to treat obesity. Within this scope, metabolites of PUFA (especially 

oxylipins) are discussed as potential effectors. Several studies have associated selected oxylipins 

with improved BAT functionality (Leiria et al. 2019; Lynes et al. 2017) or the recruitment of brite 

adipocytes (García-Alonso et al. 2016) in mice. However, evidence in the human context is scarce. 
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Only the prostaglandin PGI2 has been shown to increase UCP1 gene expression in cultured murine 

and human adipocytes (Vegiopoulos et al. 2010; Ghandour et al. 2016). Therefore, we screened 

the abundance of 36 n6- or n3-PUFA-derived metabolites in human and murine adipose tissues to 

identify novel compounds associated with abundance of brown and brite adipocytes in a 

translational context. Based on their respective PUFA metabolite pattern, murine but not human 

BAT could be distinguished from WAT. Indeed, it has been argued that human supraclavicular BAT 

resembles murine brite adipose tissue rather than murine BAT, thus comprising a mixture of 

white and brite adipocytes (de Jong et al. 2019; Sharp et al. 2012). This is in line with our finding 

that in mice the oxylipin profiles of brite adipose tissue induced by cold exposure and WAT at 

thermoneutrality could also not be distinguished. We think of two possible explanations for this 

observation. First, the oxylipin profile could be a surrogate marker for the thermogenic activity of 

the respective adipose tissues, since only BAT but not WAT shows increased metabolic activity in 

cold acclimatized mice (Labbé et al. 2016). However, we did not measure thermogenic activity in 

our study, and thus lack direct experimental evidence. Second, the oxylipin profile could be a 

surrogate marker for the abundance of brown or brite adipocytes that markedly increase in 

abundance upon cold exposure in both BAT and WAT of mice, respectively. However, we speculate 

that the relative abundance of interspersed brown or brite adipocytes in human BAT and murine 

brite adipose tissue, respectively, is not sufficient to notably alter the oxylipin metabolite profiles 

of the whole tissue. 

We therefore checked individual oxylipins with discriminative potential between murine BAT and 

WAT. A set of seven oxylipins with high potential to explain variability between BAT or brite 

adipose tissue and WAT in mice and humans was identified. Within this set, we could confirm 

previously reported oxylipins associated with the recruitment of BAT and browning of WAT. As 

such, LA-derived 9- and 13- HODE were the most abundant oxylipins in both human and murine 

adipose tissues and had a high discriminative potential. When used at very high concentrations, 

both compounds sensitize murine white adipocyte progenitors to β3-receptor agonist treatment, 

consequently increasing UCP1 gene expression in the presence of isoproterenol (Y. H. Lee et al. 

2016). In our study, the abundance of 9- and 13-HODE in murine adipose tissues gradually 

decreased with the abundance of brown and brite adipocytes from white to brite to brown. This 

phenotype may indicate a coordinated regulation of 9- and 13-HODE production to contain 

thermogenic capacity on reasonable levels upon prolonged β-adrenergic stimulation (1 week at 

5 °C). However, the sensitizing effect of 9- and 13-HODE was achieved with supraphysiological 

concentrations of 68 µM (Y. H. Lee et al. 2016). Furthermore, the decreasing abundance of 9- and 

13-HODE in increasingly thermogenic competent tissues might simply reflect an increased 

consumption of precursor fatty acids caused by the higher lipolytic and oxidative activity. 

Consequently, the relevance of 9- and 13-HODE in a physiological context needs further 
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experimental validation. Interestingly, 12-HETE and 14-Hydroxydocosahexaenoic acid (14-

HDoHE), two LOX products reported to be upregulated in murine iBAT and iWAT upon cold 

simulation (Leiria et al. 2019), were also high contributors explaining variability between murine 

BAT and WAT in our study. In contrast to previously published observations, 14-HDoHE was not 

only lower at 5 °C compared to 30 °C in BAT but also lacked regulation in WAT (Figure 14). 

Additionally, 12-HETE concentrations were not different between 5 °C and 30 °C in BAT or WAT 

(Figure 14). We cannot exclude an effect of diets differing in the fatty acid composition altering 

the supply of oxylipin precursor fatty acids. However, we speculate that the lack of regulation of 

12-HETE and 14-HDoHE especially in WAT upon cold stimulation indicates that both oxylipins 

are not implicated in the process of WAT browning in vivo.  

 

Figure 14: Changes of 12-HET and 14-HDoHE abundance in murine BAT and WAT by 
ambient temperature. 

Abundance of (A) 12-HETE and (B) 14-HDoHE in BAT and WAT of mice (n = 7) acclimatized to 5 °C 
or 30 °C for 1 week. P-values are derived from unpaired Student’s t-test. 

In line with the scope of our study, we could identify two novel metabolites, which have not been 

associated with the recruitment of brown and brite adipocytes. Following a translational pattern, 

the oxylipins 5-HETE and 5,6-EET were more abundant in BAT and brite adipose tissue compared 

to WAT in mice and humans. 5,6-EET is directly synthesized from AA via the CYP pathway and can 

activate transient receptor potential vanilloid 4 (TRPV4) channels (Watanabe et al. 2003). In 

contrast, 5-HETE synthesis from AA is a multi-step process involving 5-LOX and glutathione 

peroxidases (Rådmark et al. 2015). Expression of CYP isoforms responsible for 5,6-EET 

production has been reported for murine adipocytes (Graves et al. 2015). Further 5-LOX is 

expressed in human and murine adipose tissue (Mehrabian et al. 2008; Heemskerk et al. 2015; 

Horrillo et al. 2010). Thus, it is possible that both 5-HETE and 5,6-EET are generated 

endogenously in adipose tissues, although their tissue-specific abundance may be influenced by 

plasma levels. Considering the different number of brown adipocytes and levels of UCP1 
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expression in BAT and WAT, both compounds might be associated with thermogenic capacity. 

Indeed, both 5-HETE and 5,6-EET are linked to signaling pathways with the potential to regulate 

the recruitment of thermogenic capacity in adipose tissue. Although 5-HETE is a rather inactive 

metabolite and needs further conversion by 5-hydroxyeicosanoid dehydrogenase (5-HEDH) to 

the active metabolite 5-oxo-ETE, the latter one activates the OXE receptor and PPARγ (Shiraki et 

al. 2005). Activation of PPARγ is one of the strongest inducers of UCP1 expression (Petrovic et al. 

2008). Consequently, 5-HETE could by conversion to 5-oxo-ETE activate PPARγ and regulate 

adipogenesis and UCP1 expression. Nevertheless, not all PPARγ agonists are able to increase UCP1 

expression in brown or white adipose tissue. As such, the oxylipin and PPARγ agonist 15-Deoxy-

Delta-12,14-prostaglandin J2 (15d-PGJ2) has no effect on the recruitment of UCP1 mRNA in 

human adipocytes (Bartesaghi et al. 2015). This in line with our finding that 15d-PGJ2 was 

virtually undetectable in BAT as well as WAT and did not contribute to the variation in human 

adipose tissue samples. In contrast to 5-HETE, 5,6-EET could have a negative regulatory effect on 

the browning of adipose tissues by binding to the TRPV4 channel. This receptor constitutes a 

negative regulator of thermogenic capacity as mice with a knockout of TRPV4 show increased 

expression of UCP1 in WAT in addition to increased total energy expenditure (Ye et al. 2012). 

Although 5-HETE and 5,6-EET have the potential to affect browning of adipose tissues, these 

effects remain to be demonstrated in in vitro and in vivo studies aiming to clarify the role both 

oxylipins for the recruitment and function of brown and brite adipocytes.  

In summary, we show that bona fide BAT versus WAT are distinguishable by their global oxylipin 

profile. Furthermore, we identify 5-HETE and 5,6-EET as novel compounds associated with the 

recruitment of brown and brite adipocytes in mice and humans. Further studies need to establish 

whether these oxylipins are mere markers or functional effectors of thermogenic capacity.  
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4 NO EFFECT OF DIETARY FISH OIL SUPPLEMENTATION ON THE 

RECRUITMENT OF BROWN AND BRITE ADIPOCYTES IN MICE OR 

HUMANS UNDER THERMONEUTRAL CONDITIONS 

A similar version of this chapter was published: Maurer S. F., Dieckmann S., Lund J., Fromme T., 

Hess A. L., Colson C., Kjølbæk L., Astrup A., Gillum M. P., Larsen L. H., Liebisch G., Amri E.‐Z., 

Klingenspor M. (2021) No Effect of Dietary Fish Oil Supplementation on the Recruitment of Brown 

and Brite Adipocytes in Mice or Humans under Thermoneutral Conditions. Mol. Nutr. Food Res. 

65, 2000681. doi: 10.1002/mnfr.202000681  

4.1 ABSTRACT 

Brown and brite adipocytes within the mammalian adipose organ provide NST and thus, have an 

exceptional capacity to dissipate chemical energy as heat. PUFA of the n3-series, abundant in fish 

oil, have been repeatedly demonstrated to enhance the recruitment of thermogenic capacity in 

these cells, consequently affecting body adiposity and glucose tolerance. We scrutinized these 

effects in mice housed in a thermoneutral environment and in a human dietary intervention trial. 

Mice were housed in a thermoneutral environment eliminating the superimposing effect of mild 

cold-exposure on thermogenic adipocyte recruitment. Dietary fish oil supplementation in two 

different inbred mouse strains neither affected body mass trajectory nor enhanced the 

recruitment of brown and brite adipocytes, both in the presence and absence of a β3-

adrenoreceptor agonist imitating the effect of cold-exposure on adipocytes. In line with these 

findings, dietary fish oil supplementation of persons with overweight or obesity failed to recruit 

thermogenic adipocytes in subcutaneous adipose tissue. Thus, our data question the hypothesized 

potential of n3-PUFA as modulators of adipocyte-based thermogenesis and energy balance 

regulation. 

4.2 AUTHOR CONTRIBUTIONS  

Sebastian Dieckmann planned and performed the mouse experiments corresponding to (Figure 

17, Figure 18, Figure 19 and Figure 20) and conducted molecular analyses on mouse tissues of 

those experiments. SD analyzed data and contributed to interpretation of all murine data. SD 

edited the manuscript and handled the review process.  
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4.3 INTRODUCTION 

Brown adipocytes abundantly express UCP1, a protein of the mitochondrial inner membrane that 

uncouples O2 consumption from ATP production. Activation of UCP1 enhances macronutrient 

catabolism, mitochondrial substrate oxidation and consequently, energy expenditure in BAT. The 

same mechanism is provided by brite adipocytes (Y. Li et al. 2014; Shabalina et al. 2013), an 

inducible cell type of WAT that morphologically and functionally resembles bona fide brown 

adipocytes. The recruitment and activation of thermogenic brown and brite adipocytes is 

considered a therapeutic strategy to tackle overweight, obesity and associated disorders. In this 

context, the potential of nutritional components has been comprehensively explored in recent 

years (El Hadi et al. 2019; Yoneshiro, Matsushita, and Saito 2019; Okla et al. 2017).  

PUFA influence the effect of a HFD on UCP1 expression in rodent BAT (Fromme and Klingenspor 

2011). Dietary fish oil is a rich source of n3-PUFAs abundantly providing EPA and DHA. 

Supplementation of mice with fish oil or EPA/DHA-enriched diets has been performed repeatedly 

(Table 2). Multiple studies reported increased UCP1 expression in BAT and/or WAT upon n3-

PUFA supplementation, which can affect body adiposity (Oliveira et al. 2019; Bargut, Silva-e-Silva, 

et al. 2016; Bargut, Souza-Mello, et al. 2016; Bhaskaran et al. 2017; M. Kim et al. 2015; Kalupahana 

et al. 2010; Pahlavani et al. 2017; J. Kim et al. 2016; Ludwig et al. 2013; Worsch et al. 2018; J. 

Villarroya et al. 2014; Zhuang et al. 2019; You et al. 2020; Ghandour et al. 2018; Bargut et al. 2019; 

Sato et al. 2020), while some reports found no effect on UCP1 expression (Iizuka et al. 2020; Maeda 

et al. 2007; Pahlavani et al. 2019; P. Flachs et al. 2011; Tsuboyama-Kasaoka et al. 1999). Increased 

UCP1 expression has been reproduced in cell culture studies employing human and murine 

models of brown and brite adipogenesis treated with EPA and DHA (J. Kim et al. 2016; Zhuang et 

al. 2019; Quesada-López et al. 2016; Fleckenstein-Elsen et al. 2016; Laiglesia et al. 2016; Zhao and 

Chen 2014). Conversely, UCP1 gene induction is attenuated or absent upon n6-PUFA 

supplementation of cultured human adipocytes (Fleckenstein-Elsen et al. 2016; Pisani et al. 2014; 

Ghandour et al. 2018). Various direct and indirect mechanisms have been proposed to underlie 

these observations including interactions of n3-PUFAs with the sympathetic nervous system, an 

activation of free fatty acid receptor 4, or the metabolization of dietary PUFAs into oxygenated 

metabolites (oxylipins, i.e. octadecanoids, eicosanoids and docosanoids) of the n6 or n3-series (M. 

Kim et al. 2015; J. Kim et al. 2016; Ghandour et al. 2018; Quesada-López et al. 2016; Maurer et al. 

2019; Fan et al. 2018).
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Table 2: Intervention studies investigating effects of dietary n3-PUFA supplementation on brown/brite adipocyte recruitment and body 
adiposity in adult wildtype mice. 

Study Mice 
Housing 

temperature 
Total fat 

[energy%] 
n3-PUFA source 

 
isocaloric 

control 

Feeding 
duration 
[weeks] 

n3-PUFA induced effects compared to isocaloric control diet 
at endpoint 

body mass 
dissected fat 

mass 
UCP1 in BAT UCP1 in WAT 

(Oliveira et 
al. 2019) 

C57BL/6J 25°C 60 fish oil lard 8 ↓ 
BAT      

iWAT 
eWAT   

↔ 
↓ 
↓ 

protein 
mRNA 

↔ 
↔ 

protein 
mRNA 

n.a. 
↑ (iWAT) 

(Bargut, 
Silva-e-Silva, 
et al. 2016; 

Bargut, 
Souza-Mello, 
et al. 2016) 

male 
C57BL/6 
3 months 

20°C 50 

menhaden fish oil 
(low dose) 

lard 8 ↓ 
BAT 

iWAT      
eWAT 

n.a. 
↓ 
↓ 

protein  
mRNA 

↑ 
↑ 

protein 
mRNA  

↑ (iWAT)   ↑ 
(iWAT) menhaden fish oil 

(high dose) 

(Bhaskaran 
et al. 2017) 

male 
C57BL/6J 
8 weeks 

20°C 45 fish oil lard 14 ↓ 
BAT         

scWAT 
abdWAT     

↔ 
↓ 
↓ 

n.a. 
protein 
mRNA  

↑ (eWAT)   ↑ 
(eWAT) 

(M. Kim et al. 
2015) 

male 
C57BL/6 

23°C 45 

DHA-enriched fish oil 
(low dose) 

lard 10 ↓ 

BAT          
iWAT  

abdWAT      

↓ 
↔ 
↓ 

protein  
mRNA 

↑ 
↔ 

protein 
mRNA 

↑ (iWAT) 
↔ (iWAT) 

EPA-enriched fish oil 
(low dose) 

BAT 
iWAT 

abdWAT          

↓ 
↓ 
↓ 

protein  
mRNA 

↔ 
↑ 

protein 
mRNA  

↑ (iWAT)   ↑ 
(iWAT) 

DHA-enriched fish oil 
(high dose) 

protein 
mRNA  

↔↑   
↑ 

EPA-enriched fish oil 
(high dose) 

protein  
mRNA 

↑ 
↑ 

(Kalupahana 
et al. 2010; 

Pahlavani et 
al. 2017) 

male 
C57BL/6J 
5-6 weeks 

22°C 45 EPA ethyl ester lard 

11 ↓ 
BAT       

iWAT 
gWAT 

↓ 
↓ 
↔ 

protein 
mRNA 

↑ 
↔ 

protein 
mRNA 

↔ 
↔ 

(iWAT, eWAT) 

5* ↔ 
BAT       

iWAT 
gWAT 

↔ 
↔ 
↔ 

protein 
mRNA 

↔ 
↔ 

n.a. 

(Pahlavani 
et al. 2019) 

male 
C57BL/6J 
5-6 weeks 

28-30°C 45 
AlaskOmega EPA-
enriched fish oil 

lard 14 ↔ 
BAT 

eWAT      
↔ 
↔ 

protein 
mRNA 

↔ 
↔ 

n.a. 
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Study Mice 
Housing 

temperature 
Total fat 

[energy%] 
n3-PUFA source 

 
isocaloric 

control 

Feeding 
duration 
[weeks] 

n3-PUFA induced effects compared to isocaloric control diet 
at endpoint 

body mass 
dissected fat 

mass 
UCP1 in BAT UCP1 in WAT 

(J. Kim et al. 
2016) 

male 
C57BL/6 
8 weeks 

n.a. 

50 

fish oil 
palm oil 

12 n.a. total***  ↓ 
protein  
mRNA 

↑ 
↑ 

n.a. 
olive oil 

8°C fish oil n.a. 2** n.a. n.a. 
 protein  

mRNA 
n.a. 
↑ 

n.a. 

(Worsch et 
al. 2018; 

Ludwig et al. 
2013) 

male 
C57BL/6J 
8 weeks 

22°C 48 EPAX 1050 TG palm oil 12 ↓ 

BAT         
iWAT  
eWAT 

mWAT 
prWAT 

↓ 
↓ 
↓ 
↓ 
↔ 

protein 
mRNA 

↑ 
↑ 

n.a. 

(J. Villarroya 
et al. 2014) 

male 
C57BL/6J 
2 months 

22°C n.a. 

EPAX 1050 TG 
(high dose) 

corn oil 

3* 
n.a. 

(gain ↓) 
BAT 

eWAT       
↓ 
↓ 

 protein 
mRNA   

n.a.   ↔ 
 

protein 
mRNA 

n.a. 
↑ (eWAT) 

EPAX 1050 TG 
(low dose) 

8 
n.a. 

(gain ↔) 
BAT 

eWAT       
↔ 
↓ 

 protein 
mRNA   

n.a.   ↔ 
protein 
mRNA 

n.a. 
↔ (eWAT) 

(P. Flachs et 
al. 2011) 

male 
C57BL/6J 
2 months 

n.a. n.a. 

EPAX 1050 TG, 
ad libitum 

corn oil 
ad libitum 

5* 

↔ 
(gain ↔) 

BAT 
scWAT 

abdWAT 

↓ 
↔ 
↔ 

protein 
mRNA 

n.a. 
↔ 

protein 
mRNA 

n.a. 
↔ (eWAT) 

EPAX 1050 TG, 
caloric restriction 

corn oil 
caloric restriction 

↔ 
(gain ↓) 

BAT 
scWAT 

abdWAT 

↓ 
↔ 
↔ 

protein 
mRNA 

n.a. 
↔ 

protein 
mRNA 

n.a. 
↔ (eWAT) 

(Tsuboyama-
Kasaoka et 

al. 1999) 

female 
C57BL/6J 
8 weeks 

22°C 60 tuna fish oil safflower oil 5 months 
n.a. 

(gain ↓) 
BAT 

pWAT      
↔ 
↓ 

 protein    
mRNA    

n.a. 
↔ 

 
protein  
mRNA 

n.a. 
↔ (pWAT) 

(Miller et al. 
2019) 

male 
C57BL6J 
10 weeks 

room 
temperature 

45 
ProOmega Menhaden 

Oil 

safflower oil 

16 ↓ 
BAT     

scWAT 
pgWAT   

n.a. 
↓ 
↓ 

n.a. 
 

protein 
mRNA 

n.a. 
↓ (pgWAT) 

safflower oil + 
hydrogenated 

coconut oil 

(Zhuang et 
al. 2019) 

C57BL/6J 
4 weeks 

25°C 45 

unesterified EPA 

milk fat 15* 

↔ 
BAT        

iWAT 
gWAT   

↑ 
↔ 
↔ 

 protein 
mRNA   

↑ 
n.a. 

protein  
mRNA 

↑ (iWAT) 
↑ (iWAT) 

unesterified DHA ↔ 
BAT        

iWAT 
gWAT   

↑ 
↓ 
↔ 

 protein 
mRNA   

↑ 
n.a. 

protein  
mRNA 

↑ (iWAT) 
↑ (iWAT) 
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Study Mice 
Housing 

temperature 
Total fat 

[energy%] 
n3-PUFA source 

 
isocaloric 

control 

Feeding 
duration 
[weeks] 

n3-PUFA induced effects compared to isocaloric control diet 
at endpoint 

body mass 
dissected fat 

mass 
UCP1 in BAT UCP1 in WAT 

(You et al. 
2020) 

C57BL/6 
6 weeks 

n.a. 45 
α-linolenic acid-
enriched butter 

butter 

10 n.a. 

BAT 
WAT        

↓ 
n.a. 

protein 
mRNA  

↔ 
↔ 

n.a. 

margarine 
BAT 

WAT        
↓ 
n.a. 

protein 
mRNA 

↑ 
↑ 

(Maeda et al. 
2007) 

female 
KK-Ay 

4 weeks 
23°C n.a. fish oil soybean oil 4 

n.a. 
(gain ↔) 

BAT 
abdWAT        

↔ 
↔ 

n.a. 
protein 
mRNA 

↔ 
n.a. 

(Iizuka et al. 
2020)i 

male 
KK/Ta 

7 weeks 

22°C 
(pioglitazone) 

19.7 fish oil safflower oil 12 ↓ 
BAT 

eWAT        
↓ 
↔ 

protein 
mRNA 

n.a. 
↔ 

protein 
mRNA 

n.a. 
↔ 

(Sato et al. 
2020) 

female 
C57BL/6 
8 weeks 

23°C 

45 menhaden oil 
lard + 

soybean oil 
10 

↓ n.a. n.a.  n.a.  

23°C 
(CL-316,243) 

n.a. n.a. n.a.  
protein 
mRNA 

n.a. 
↑ (scWAT) 

(Ghandour 
et al. 2018) 

male 
C57BL/6J 
10 weeks 

28°C 
(vehicle) 

12 
fatty acid ethyl esters 

(α-linolenate, EPA, and 
DHA) 

oleate ethyl ester 12  

↔ n.a. 
protein 
mRNA   

n.a. 
↑ 

protein 
mRNA  

↔ (scWAT) 
↔ (scWAT) 

28°C 
(CL-316,243) 

↔ 
(loss ↑) 

n.a. 
(BAT and eWAT 

loss ↑) 

protein 
mRNA   

n.a. 
↑ 

protein 
mRNA  

↑ (scWAT) 
↑ (scWAT) 

(Bargut et al. 
2019) 

male 
C57BL/6 
3 months 

20°C 10 

purified EPA 

soy 5* n.a. 
BAT           

scWAT 
abdWAT      

↓ 
↔ 
↔ 

protein 
mRNA  

↑ 
↑ 

protein 
mRNA  

↑ (scWAT)  ↑ 
(scWAT) 

purified DHA 
protein 
mRNA  

↑ 
↑ 

protein 
mRNA  

↑ (scWAT)  ↑ 
(scWAT) 

purified EPA+DHA 
protein 
mRNA  

↑ 
↔ 

protein 
mRNA  

↑ (scWAT)  
↔ (scWAT) 

Studies with missing information on housing temperature are assumed to have been conducted at room temperature (~22˚C). N3-PUFA sources indicated as 
‘low dose’ and ‘high dose’ refers to different concentrations used within the same study. Effects induced by n3-PUFA supplementation were primarily retrieved 
from data that were provided with statistical analyses, and effects are depicted based on the results of statistical analyses as provided by the original studies. 
Data without statistics (e.g. immunohistochemical analyses without quantification) were considered in individual cases. n.a. = not available. ↑ = increased. 
↔ = unchanged. ↓ = reduced. * = n3-PUFA supplementation was preceded by feeding of isocaloric control diet. ** = preceded by n3-PUFA supplementation at 
25°C. *** = total fat mass determined by dual-energy X-ray absorptiometry. eWAT = epididymal WAT. scWAT = subcutaneous WAT. iWAT = inguinal WAT. 
pgWAT = peri-gonadal WAT. gWAT = gonadal WAT. mWAT = mesenteric WAT. prWAT = peri-renal WAT. pWAT = parametrial WAT. abdWAT = intra-
abdominal WAT including combinations of different depots (eWAT, mWAT, prWAT, renal WAT, uterine WAT, retroperitoneal WAT).  
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Collectively, the current state of the art suggests a reciprocal effect of n3 and n6-PUFAs on 

thermogenic adipocyte recruitment and energy balance regulation. However, there are major 

limitations to this conclusion. Firstly, in vivo studies with mice demonstrating beneficial effects of 

n3 PUFA supplementation on thermogenic adipocyte recruitment have been mostly conducted 

under subthermoneutral conditions (Oliveira et al. 2019; Bargut, Silva-e-Silva, et al. 2016; Bargut, 

Souza-Mello, et al. 2016; Bhaskaran et al. 2017; M. Kim et al. 2015; Kalupahana et al. 2010; J. Kim 

et al. 2016; Ludwig et al. 2013; Worsch et al. 2018; J. Villarroya et al. 2014; Zhuang et al. 2019; You 

et al. 2020; Bargut et al. 2019; Sato et al. 2020; Iizuka et al. 2020; Maeda et al. 2007; P. Flachs et 

al. 2011; Tsuboyama-Kasaoka et al. 1999; Miller et al. 2019). The thermoneutral zone of common 

laboratory mice is ~30 32°C environmental temperature (Gordon 2012). Housing of mice below 

this temperature enforces UCP1-dependent thermoregulation to maintain body temperature. This 

process is under control of the sympathetic nervous system which influences the assessment of 

PUFA effects on thermogenic adipocytes and limits the translational potential to humans, living 

under thermoneutral conditions most of their lives (Ganeshan and Chawla 2017). Secondly, n3-

PUFA supplementation effects are divergent. Studies with mice mostly reported thermogenic 

adipocyte recruitment in response to HFD comprising fish oil, EPA or DHA instead of lard, palm 

oil or dairy fat (Oliveira et al. 2019; Bargut, Silva-e-Silva, et al. 2016; Bargut, Souza-Mello, et al. 

2016; M. Kim et al. 2015; Kalupahana et al. 2010; Pahlavani et al. 2017; Ludwig et al. 2013; Worsch 

et al. 2018; Zhuang et al. 2019), all of which are poor sources for n3-PUFAs. In rats, fish oil 

supplementation reduces WAT expansion and increases UCP1 gene expression in BAT in 

comparison to safflower oil, which is high in the n6-PUFA LA (Y. Takahashi and Ide 2000). 

Interestingly, the same effect occurs with borage oil versus safflower oil due to its relatively high 

content of the linoleic acid-derivative γ linolenic acid (Yoko Takahashi, Ide, and Fujita 2000). Thus, 

the effect of borage oil on the recruitment of thermogenic adipocytes may differ from that of other 

fat sources that are low in n3 PUFAs and/or high in n6 PUFAs. To our knowledge, brown and brite 

adipocyte recruitment in mice upon fish oil supplementation has not yet been compared to borage 

oil or any other γ linolenic acid-rich oil. Thirdly, the effect of dietary n3-PUFA supplementation on 

thermogenic adipocyte recruitment has not yet been investigated in a human dietary intervention 

trial, leaving the translational relevance of findings from cell culture and rodent in vivo studies 

unclear. 

In this study, we employed two different inbred mouse strains fed with fish oil, borage oil or palm 

oil under thermoneutral housing conditions to explore the efficacy of dietary n3-PUFA 

supplementation on body mass accumulation and thermogenic adipocyte recruitment. To 

elucidate the translational potential of this physiology, brite adipogenesis was investigated in 

subcutaneous adipose tissue of human subjects supplemented with n3-PUFAs during an 
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intervention study. Collectively, our data demonstrate that dietary n3-PUFAs do not affect 

thermogenic adipocyte recruitment and body adiposity, neither in mice nor in humans. 

4.4 MATERIAL AND METHODS 

4.4.1 Animals and housing 

All animal experimentation was performed in accordance with the German animal welfare law 

with permission from the district government of Upper Bavaria (Regierung von Oberbayern, 

reference numbers 55.2-1-54-2532-198-13 and ROB-55.2-2532.Vet_02-16-166). An overview of 

all animal experiments is provided in Figure 5 C-E. Male mice of the inbred strains C57BL/6J and 

129S6/SvEvTac were bred and housed at RT (23°C ± 1°C) and fed standard rodent chow-diet 

(Cat# V1124-300, Ssniff Spezialdiäten GmbH, Soest/Germany) prior to the beginning of 

experiments. At the age of 7-11 weeks, mice were transferred to climate cabinets (HPP750life, 

Memmert, Schwabach/Germany or UniProtect, Zoonlab, Castrop-Rauxel/Germany) conditioned 

to 30°C and 55% relative humidity. At the same time, mice were switched to a purified CD (Cat# 

S5745-E720, Ssniff Spezialdiäten GmbH, Soest/Germany) with a fat content of 50 g/kg providing 

~13% energy from soybean oil (Table 1). In all experiments, ad libitum CD feeding was conducted 

prior to other experimental interventions described below. Tissues for molecular analyses were 

collected from mice killed by CO2 asphyxiation. 

4.4.2 Dietary PUFA supplementation of mice 

Following 3-4 weeks of CD-feeding, mice were assigned to experimental groups with similar mean 

body mass. Mice were switched to IFD with a total fat content of 140 g/kg providing ~31% energy 

from soybean oil (50 g/kg) and an experimental fat source (90 g/kg borage oil, fish oil, a 

proportionate mixture of both, or palm oil; Table 1). Following IFD-feeding, mice were either 

killed for tissue dissection (Figure 5 C and D) or administered HFD with a total fat content of 250 

g/kg (50 g/kg soybean oil, 110 g/kg palm oil and 90 g/kg experimental oil) providing ~48% 

energy from fat (Table 1, Figure 5 E). Fish-oil comprising diets were produced using a 

pharmaceutical marine oil preparation (Henry Lamotte Oils, Bremen/Germany) with a total n3-

PUFA content of ~34% including ~18% EPA and ~12% DHA. All IFDs (S5745-E141 (90 g/kg palm 

oil), -E142 (90 g/kg borage oil), -E143 (90 g/kg fish oil), -E152 (80 g/kg borage oil, 10 g/kg fish 

oil), -E153 (60 g/kg borage oil, 30 g/kg fish oil)) and HFDs (S5745-E722 (palm oil), -E146 (borage 

oil) and -E147 (fish oil)) were produced by Ssniff Spezialdiäten GmbH, and supplemented with 

butylated hydroxytoluene and exchanged twice per week to minimize fatty acid peroxidation in a 

thermoneutral environment. Mice were provided ad libitum access to IFDs and HFDs for 4 weeks 

in all experiments. Food intake was assessed regularly based on the difference in feeder weights 
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between two time points. Body composition was determined by nuclear magnetic resonance 

spectroscopy (mq7.5, Bruker BioSpin GmbH, Rheinstetten/Germany). 

4.4.3 CL-316,243 treatment 

Intraperitoneal injection of CL-316,243 (0.2 mg/kg) was conducted once daily on 7 consecutive 

days at the same time of the day. Vehicle-treated mice received saline. Body composition was 

assessed on the day of the first injection and on the day after the last injection. Mice were killed 

and dissected one day after the last injection. 

4.4.4 Oral glucose tolerance tests 

After 6 hours of fasting, mice received an oral glucose load of 2.8 g/kg lean mass. Blood glucose 

levels were measured at incised tail tips before (0 min) and during 2 hours after glucose gavage 

(FreeStyle Lite, Abbott, Wiesbaden/Germany). Fasting and glucose tolerance tests were 

performed at RT (23°C ± 1°C) to enhance glucose uptake by BAT and brite adipose tissue via mild 

cold-activation. Using this experimental design we previously demonstrated UCP1-dependent 

differences in oral glucose tolerance (Maurer et al. 2020). The total AUC of blood glucose levels 

was calculated by the trapezoidal method (Purves 1992). Glucose tolerance was determined at 

the end of IFD and HFD feeding. 

4.4.5 Oxylipin analysis 

Whole blood was collected in lithium heparin-coated tubes (Sarstedt, Nümbrecht/Germany) and 

centrifuged for 5 min with 2,000 g at RT. The plasma supernatant was transferred to fresh tubes, 

snap-frozen in liquid nitrogen and stored at -80°C until use. An entire lobe of deep-frozen iWAT 

was grinded in liquid nitrogen. Aliquots of WAT and plasma were shipped on dry ice to 

commercial oxylipin analysis (Metatoul platform of metabolomics and fluxomics, 

Toulouse/France). Oxylipin abundance was normalized to plasma volume or tissue mass, 

respectively. 

4.4.6 Histology 

IWAT and iBAT were fixed in 4% formaldehyde and stored in 70% ethanol. Following automated 

dehydration and paraffin-embedding, 5 µm sections were drawn to object slides, dried at 37°C 

and stained with hematoxylin and eosin using an automated multistainer (ST5020, Leica, 

Wetzlar/Germany). Sections were mounted, dried and analyzed by bright field microscopy (M8, 

PreciPoint, Freising/Germany). 

4.4.7 SDS-PAGE and Western Blot 

Interscapular BAT was homogenized with a disperser (Miccra D-1, Miccra GmbH, 

Heitersheim/Germany) in a total volume of 10 µl/mg lysis buffer (50 mM Tris, 1% NP-40, 0.25% 

sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing protease and phosphatase inhibitor 
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cocktail (0.1% each, Sigma-Aldrich, St. Louis MO/USA). Homogenates were centrifuged with 

14,000-16,000 g at 4°C. The supernatant was centrifuged again and cleared from residual fat. Total 

protein was resolved in a 12.5% gel and transferred to a nitrocellulose membrane. Primary 

antibodies were applied to detect UCP1 (~32 kDa, custom-made rabbit-anti-hamster IgG known 

to reliably detect murine UCP1 (C. W. E. Meyer et al. 2004)) or pan actin (~43 kDa, anti-actin clone 

c4, Merck Millipore, Burlington MA/USA). A molecular weight marker (PageRuler Prestained 

Protein Ladder, Thermo Fisher Scientific) was used to confirm the detection of target proteins. IR-

dye conjugated secondary antibodies (LI-COR, Lincoln NE/USA) were applied and detected at 700 

nm or 800 nm with the Odyssey imager (LI-COR, Lincoln NE/USA). Image analysis was conducted 

with the Odyssey software 3.0 (LI-COR) or Image Studio Lite software 5.2 (LI-COR, Lincoln 

NE/USA). UCP1 was normalized to pan-actin or total protein staining (REVERT Total Protein 

Stain, LI-COR, Lincoln NE/USA) as indicated in figure legends. 

4.4.8 RNA isolation and quantitative real-time PCR of murine samples 

IWAT was homogenized in TRIsure™ (Bioline, London/UK) with a dispersing instrument (Miccra 

D-1, Miccra, Heitersheim/Germany). Volumes containing precipitated RNA were transferred to 

spin columns (SV Total RNA Isolation System, Promega, Madison WI/USA), centrifuged for 1 min 

with 12,000 g and further processed according to the manufacturers protocol. RNA 

concentrations were determined spectrophotometrically (Infinite 200 PRO NanoQuant, Tecan, 

Männedorf/Switzerland). Generation of cDNA was performed with the SensiFAST cDNA Synthesis 

Kit (Bioline, London/UK) or QuantiTect Reverse Transcription Kit (Qiagen, Hilden/Germany). 

Quantitative real-time PCR was performed in a 384 well plate format with the LightCylcer 480 

system (Roche Diagnostics, Rotkreuz/Switzerland) and SensiMix SYBR no-ROX (Bioline, 

London/UK). Primers (Eurofins Genomics Germany GmbH, Ebersberg/Germany): UCP1 

(TCTCTGCCAGGACAGTACCC and AGAAGCCCAATGATGTTCAG), cell death-inducing DNA 

fragmentation factor, alpha subunit-like effector A (Cidea) (TGCTCTTCTGTATCGCCCAGT and 

GCCGTGTTAAGGAATCTGCTG), cytochrome c oxidase subunit 7a isoform 1 (Cox7a1) 

(CCGACAATGACCTCCCAGTA and TGTTTGTCCAAGTCCTCCAA), general transcription factor IIB 

(Gtf2b) (TGGAGATTTGTCCACCATGA and GAATTGCCAAACTCATCAAAACT), ribosomal protein 

lateral stalk subunit P0 (Rplp0, also known as 36b4) (CTTTATCAGCTGCACATCACTCAGA and 

TCCAGGCTTTGGGCATCA), tumor necrosis factor alpha (TNFα) (TGCCTATGTCTCAGCCTCTTC and 

GAGGCCATTTGGGAACTTCT), F4/80 (CCTGGACGAATCCTGTGAAG and 

GGTGGGACCACAGAGAGTTG). Target gene expression was normalized as indicated in figure 

legends.  

4.4.9 Human dietary intervention study 

The MyNewGut study was a 12-week randomized crossover trial that investigated diet-induced 

effects on gut microbiota composition and markers of MetS in individuals with overweight 
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(Kjølbæk et al. 2020). The study is registered at Clinical Trial (NCT02215343), was conducted 

according to the guidelines laid down in the Declaration of Helsinki, and carried out at the 

University of Copenhagen (Department of Nutrition, Exercise and Sports) in accordance with the 

ethical standards of the responsible regional committee on human experimentation in Denmark. 

In brief, the study was composed of two 4-week dietary interventions separated by a 4-week wash 

out period. In one of the dietary interventions, participants supplemented their diet with 10.4 g/d 

wheat bran extract rich in arabinoxylan oligosaccharides (AXOS). In the other dietary 

intervention, participants supplemented their diet with fish oil containing 3.6 g/d n3 PUFA, 

including 1.32 g DHA and 1.86 g EPA. Apart from increasing the intake of fish oil, the PUFA 

intervention also aimed at increasing PUFA intake to 10% of total energy intake by reducing the 

intake of saturated fatty acids. The participants had not supplemented their diet with fish oil for 

six weeks preceding study start. Inclusion criteria can be found elsewhere (Kjølbæk et al. 2020). 

Briefly, the participants baseline characteristics were: a median age of 46 years (IQR: 34 – 53 

years), a median BMI of 30.0 kg/m2 (IQR: 27.4 – 31.7 kg/m2), a median waist circumference of 

94.3 cm (IQR: 90.3 – 102.0 cm). Besides having increased waist circumference 32.1 %, 17.9 %, 7.1 

% and 3.6 % of the participants had a MetS score (International Diabetes Federation 2005) of 1,2,3 

and 4, respectively. 

4.4.10 Gene expression analyses in human abdominal subcutaneous adipose tissue 

Subcutaneous adipose tissue was obtained from the abdominal region after an overnight fast 

before and after each dietary intervention. Following skin sterilization and local anaesthetization 

(lidocaine 1% or 2%), a small incision was made in the abdominal skin. Trained medical staff 

sampled ~1 g of subcutaneous fat by biopsy needles (5 mm, Pelomi, Albertslund/Denmark). 

Adipose samples were immediately rinsed in sterile saline and submerged in Allprotect Tissue 

Reagent (Qiagen, Hilden/Germany) before being frozen in liquid nitrogen and cryopreserved at -

80°C until extraction of RNA. Frozen adipose tissue biopsies (~100 mg) were homogenized using 

a GentleMACS Dissociater (Miltenyi Biotec, Bergisch Gladbach/Germany). Total RNA was 

extracted using QIAzol lysis buffer and the miRNeasy Mini Kit (Qiagen, Hilden/Germany). RNA 

concentration and purity were determined using a NanoDrop Spectrophotometer (Thermo Fisher 

Scientific, Waltham MA/USA). Synthesis of cDNA was based upon 136 ng of RNA and carried out 

using TaqMan Reverse Transcription Reagents (Thermo Fisher Scientific) and a 7900 HT Fast 

Real-Time PCR Thermocycler (Applied Biosystems, Waltham MA/USA). cDNA related to the same 

participant was synthesized on the same plate. qPCR was performed using a 7900 HT Fast Real-

Time PCR Thermocycler (Applied Biosystem, Waltham MA/USA s), TaqMan Fast Advanced Master 

Mix (Thermo Fisher Scientific), and TaqMan Gene Expression Assay containing primers and 

probes for UCP1 (Hs00222453_m1, Thermo Fisher Scientific) and adiponectin (Hs00605917_m1, 

Thermo Fisher Scientific). All samples from each participant were analyzed in triplicate and on 
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the same plate in order to avoid bias from inter-run variation. Conditions for thermal cycling were: 

50°C for 2 minutes, 95°C for 20 minutes, and 50 cycles of 1 second at 95°C and 20 seconds at 60°C. 

Peptidylprolyl isomerase A (PPIA) (Hs04194521_s1, ThermoFisher Scientific) was chosen as the 

reference gene for normalization. 

4.4.11 Lipidomic Analysis of human plasma  

Venous blood samples were drawn after an overnight fasting period at the start and end of each 

dietary intervention period. Samples were collected in EDTA tubes, placed directly on ice and 

immediately centrifuged at 2500 g for 10 min at 4°C. Samples were stored at -80°C until shipped 

to University Hospital Regensburg/Germany for lipidomic analysis. Lipids were quantified by 

direct flow injection electrospray ionization tandem mass spectrometry (ESI-MS/MS) in positive 

ion mode using the analytical setup and strategy described previously (Liebisch et al. 2004). A 

fragment ion of m/z 184 was used for lysophosphatidylcholine (Liebisch et al. 2002). The 

following neutral losses were applied: PE-based plasmalogens were analyzed according to the 

principles described by Zemski-Berry (Zemski Berry and Murphy 2004). Cholesteryl ester were 

quantified using a fragment ion of m/z 369 after selective derivatization of free cholesterol 

(Liebisch et al. 2006). Lipid species were annotated according to the recently published proposal 

for shorthand notation of lipid structures that are derived from mass spectrometry (Liebisch et 

al. 2013). 

4.4.12 Dosage Information 

Doses of borage and fish oil supplemented in the mouse diets (Table 1) were chosen in order to 

match either the n6/n3-ratio found in modern western diets (16:1) or the recommendation for a 

healthy fatty acid ratio (1:1)(Simopoulos 2016). For the diets containing the highest doses of fish 

oil (90 g/kg) the dose was 225 mg/d based on an average food consumption of 2.5 g/d at 30 g 

body weight. Based on body surface area (Nair and Jacob 2016), this corresponds to a human 

equivalent fish oil dose of 33.7 g/d for a 60 kg person. This dose of fish oil cannot be achieved by 

available nutritional supplements.  

The MyNewGut study aimed at providing a high amount of n3-PUFA using an intake of six daily 

capsules (1.32g/d EPA and 1.86 g/d DHA). This amount is at least twice the amount oftentimes 

applied but is in accordance with EFSAs safety guidelines stating that the combined daily intake 

of EPA and DHA should not exceed 5 g/d (EFSA Panel on Dietetic Products Nutrition and Allergies 

(NDA) 2012). 

4.4.13 Statistics 

Data are displayed as individual values with the group mean indicated as horizontal line, or as 

mean values ± standard deviation. Statistical analyses were conducted using Prism 6 and 8 for 

mouse and human data, respectively (GraphPad Software Inc., La Jolla CA/USA). Murine data were 
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analyzed by 2-Way ANOVA (Figure 15, Figure 16, Figure 17, Figure 19, Figure 20 E-H, Figure 21 

B, Figure 22 B) or 2-Way repeated measures ANOVA (Figure 20 A-D, Figure 21 A & C-H, Figure 22 

A & C-H) and Holm-Sidak post-test if applicable. Significant effects are indicated by asterisks (* 

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). Energy intake (Figure 20 H, Figure 21 B, Figure 

22 B) is depicted as mean energy intake per cage for each mouse. PCA was calculated in R (version 

3.6.3) and R-Studio (version 1.2.5033) with the packages factoextra (version 1.0.7) and 

FactoMineR (version 2.3) on scaled and centered data. Human data were analyzed using two-

tailed Wilcoxon matched-pairs signed rank test. 

4.5 RESULTS 

4.5.1 Fish oil and borage oil supplementations cause divergent changes in PUFA metabolism 

Dietary fish oil supplementation has been reported to recruit thermogenic adipocytes in murine 

BAT and WAT (Oliveira et al. 2019; Bargut, Silva-e-Silva, et al. 2016; Bargut, Souza-Mello, et al. 

2016; Bhaskaran et al. 2017; M. Kim et al. 2015; Kalupahana et al. 2010; Pahlavani et al. 2017; J. 

Kim et al. 2016; Ludwig et al. 2013; Worsch et al. 2018; J. Villarroya et al. 2014; Zhuang et al. 2019; 

You et al. 2020; Ghandour et al. 2018; Bargut et al. 2019; Sato et al. 2020). To investigate this effect 

under thermoneutral housing conditions, two common inbred mouse strains, C57BL/6J and 

129S6/SvEvTac, were subjected to dietary PUFA supplementation at 30°C (Figure 5 C). Mice of 

both strains received a fish oil-comprising diet rich in EPA and DHA to increase n3 PUFA uptake 

(dietary n6/n3 ratio = 1.0). Alternatively, mice were administered a borage oil-comprising diet 

rich in n6-PUFAs including γ-linolenic acid (dietary n6/n3 ratio = 23.2). A third group of mice was 

used as control and fed an isocaloric, palm oil-comprising diet devoid of these fatty acids (dietary 

n6/n3 ratio = 12.7; Figure 6). Plasma oxylipin profiling was conducted after 4 weeks of feeding to 

validate PUFA supplementation by the chosen fat sources. In line with respective elevated PUFA 

concentrations, fish oil and borage oil increased the total plasma oxylipin concentration compared 

to palm oil-fed mice of both mouse strains (Figure 15 A). The ratio of n6-derived to n3-derived 

plasma oxylipins was approximatively doubled by borage oil versus palm oil supplementation, 

while it was strongly reduced by fish oil supplementation (Figure 15 B). Thus, borage oil promoted 

the systemic production of n6 derived oxylipins, while fish oil strongly enhanced n3-derived 

oxylipin production. This diet-induced difference in oxylipin abundance was less pronounced in 

iWAT, a subcutaneous fat depot with a high propensity to undergo browning. The relative increase 

in the total oxylipin concentration upon fish and borage oil supplementation was lower in iWAT 

compared to plasma in both mouse strains and even less pronounced in the 129S6/SvEvTac strain 

(Figure 15 A & C). Similarly, borage oil supplementation doubled the ratio of n6 derived to n3 

derived iWAT oxylipins over that of palm oil fed mice in the C57BL/6J but not 129S6/SvEvTac 

strain, suggesting a strain specific response to n6-PUFA supplementation (Figure 15 D). Fish oil 
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supplementation reduced the ratio of n6 derived to n3 derived oxylipins in iWAT of both mouse 

strains (Figure 15 B), but within a lower order of magnitude compared to plasma (Figure 15 D).  

We performed PCA analyses, which clearly separated the plasma oxylipin profiles of the diet 

groups (Figure 15 E). In line with a strong decrease of the n6/n3 oxylipin ratio in plasma (Figure 

15 B), fish oil supplementation resulted in a positive shift along PC2 in both mouse strains (Figure 

15 E). This shift was caused primarily by increased concentrations of n3-oxylipins (Table 3). 

Additionally, fish oil and borage oil supplementation resulted in a negative shift along PC1, 

separating both diets from palm oil. This shift was caused primarily by the highly abundant n3-

derived hydroxy-DHA (14-HDoHE and 17-HDoHE) and n6-derived 13-HODE and 9-HODE as well 

as the n6-oxylipin 6k-PGF1α (Table 3). Similarly, the PC analysis of iWAT separated the oxylipin 

profile of fish oil-fed mice via a negative shift along PC2 (Figure 15 F), based on the contribution 

of n3-derived oxylipins (Table 4). Oxylipin profile in iWAT of fish oil and borage oil supplemented 

animals separated from palm oil via a positive shift along PC1 (Figure 15 F). This shift was 

primarily caused by increasing concentrations of n6-derived CYP450 products (5,6-EET, 8,9-EET 

and 14,15-EET) as well as n6-derived (5-HETE, 5oxoETE and Leukotriene B4) and n3-derived (9-

HODE and 13-HODE) LOX products (Table 4). Interestingly, this shift was more pronounced in 

iWAT of fish oil-fed C57BL/6J than in 129S6/SvEvTac mice (Figure 15 F). Thus, n3-PUFA 

supplementation via fish oil enhanced the abundance of all detectable n3 derived oxylipins (Table 

4) but also increased n6 derived oxylipins. Taken together, borage and fish oil comprising diets 

abundantly provided n6 and n3-PUFAs, respectively, and efficiently modulated fatty acid 

metabolism. 
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Figure 15: Effect of dietary PUFA supplementation on the oxylipin profile of plasma and 
iWAT in C57BL/6J and 129S6/SvEvTac mice.  

(A) Total concentration of all measured oxylipins in plasma. (B) Ratio of n6‐derived to n3‐derived 
oxylipins in plasma. (C) Total concentration of all measured oxylipins in iWAT. (D) Ratio of n6‐
derived to n3‐derived oxylipins in iWAT. (E) Principal component analysis of the plasma oxylipin 
profile. (F) Principal component analysis of the iWAT oxylipin profile. Asterisks indicate a significant 
effect of the fat source in C57BL/6J or 129S6/SvEvTac mice (n = 5).
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Table 3: Plasma oxylipin concentrations [pg*ml-1] of C57BL/6J and 129S6/SvEvTac mice (related to Figure 15). 

Oxylipin 
C57BL/6J 129S6/SvEvTac 

palm oil borage oil fish oil palm oil borage oil fish oil 

8iso-PGA2 (n6) 82.16 ± 183.72 88.72 ± 91.85 0.00 ± 0.00 113.57 ± 67.30 211.94 ± 106.58 68.31 ± 152.74 
15d-PGJ2 (n6) 0.00 ± 0.00a 0.00 ± 0.00a 90.11 ± 8.73b 54.77 ± 53.37A,B 0.00 ± 0.00A 106.27 ± 29.90B 
PGF2α (n6) 0.00 ± 0.00 49.87 ± 111.51 23.46 ± 52.45 0.00 ± 0.00 49.64 ± 111.01 104.05 ± 62.19 
6k-PGF1α (n6) 15.79 ± 35.32 97.31 ± 160.00 189.55 ± 191.20 18.99 ± 42.46A 124.45 ± 156.99A,B 222.90 ± 158.15B 
PGE3 (n3) 179.47 ± 53.76 122.16 ± 111.69 173.51 ± 111.05 64.98 ± 90.46 0.00 ± 0.00 36.05 ± 80.62 
TxB2 (n6) 33.47 ± 74.84a 1349.35 ± 1924.12b 593.71 ± 693.03a,b 60.26 ± 83.17 330.27 ± 451.05 392.27 ± 428.48 
LTB4 (n6) 0.00 ± 0.00a 111.04 ± 32.07b 57.97 ± 62.33a,b 0.00 ± 0.00A 111.48 ± 71.56B 96.46 ± 61.44B 
LTB5 (n3) 0.00 ± 0.00a 0.00 ± 0.00a 143.85 ± 88.37b 0.00 ± 0.00A 0.00 ± 0.00A 153.14 ± 126.18B 
5-HETE (n6) 2692.44 ± 319.02a,b 3969.62 ± 785.53a 1142.07 ± 264.52b 2585.75 ± 810.94A,B 3455.12 ± 1285.49A 1469.02 ± 381.65B 
8-HETE (n6) 1354.94 ± 347.82a 4096.70 ± 1220.21b 1416.25 ± 540.28a 806.52 ± 492.03 2147.19 ± 1734.35 1390.69 ± 743.84 
12-HETE (n6) 55685.28 ± 34024.08a 472046.02 ± 277710.47b 240345.64 ± 123875.22a,b 28163.35 ± 21617.20A 251251.55 ± 321561.13A,B 238149.83 ± 154677.59B 
15-HETE (n6) 825.70 ± 127.81a,b 2053.87 ± 405.44a 684.30 ± 157.76b 809.16 ± 321.43A 1822.91 ± 1114.45B 911.17 ± 383.00A,B 
18-HEPE (n3) 0.00 ± 0.00a 28.28 ± 63.23a 2015.86 ± 619.85b 0.00 ± 0.00A 0.00 ± 0.00A 2560.26 ± 1254.14B 
5,6-EET (n6) 671.81 ± 136.00a 1706.16 ± 417.33b 561.10 ± 356.14a 774.06 ± 168.90A,B 1234.85 ± 738.93A 403.29 ± 249.86B 
8,9-EET (n6) 126.97 ± 176.59 482.10 ± 115.84 291.38 ± 314.22 252.22 ± 238.63 533.19 ± 482.31 161.14 ± 220.97 
14,15-EET (n6) 228.42 ± 129.18a,b 333.39 ± 213.96a 0.00 ± 0.00b 334.28 ± 203.88A,B 550.63 ± 251.13A 70.88 ± 158.50B 
13-HODE (n6) 5415.05 ± 830.90a 12912.00 ± 3722.97b 13912.56 ± 6443.66b 5751.47 ± 1924.59 13229.98 ± 14700.12 12012.78 ± 5123.65 
9-HODE (n6) 2972.29 ± 830.39 3984.20 ± 995.47 4086.06 ± 683.99 2787.91 ± 749.77 3717.10 ± 1898.09 4484.97 ± 1559.84 
7MaR1 (n3) 0.00 ± 0.00a 0.00 ± 0.00a 487.17 ± 331.91b 0.00 ± 0.00A 0.00 ± 0.00A 1115.29 ± 518.28B 
PDx (n3) 0.00 ± 0.00a 36.43 ± 49.90a 583.60 ± 136.46b 24.47 ± 54.71A 59.82 ± 55.06A 858.86 ± 369.05B 
17-HDoHE (n3) 1188.92 ± 355.53a 1966.51 ± 580.00a,b 33792.47 ± 14670.70b 1072.21 ± 440.60A 2053.69 ± 2279.31A 34292.36 ± 22275.27B 
14-HDoHE (n3) 14418.61 ± 9963.58a 55262.53 ± 26865.02a,b 675726.69 ± 320079.88b 7637.53 ± 5415.55A 30862.89 ± 45337.63A,B 729413.31 ± 505585.98B 

Mice of both strains were kept at 30°C and fed with diets (140 g/kg total fat content) comprising fish, borage or palm oil as fat source (90 g/kg). The plasma 
oxylipin profile was analyzed after 4 weeks of feeding. All listed oxylipins were identified in at least 1 sample. The compounds PGA1, PGD2, 11β-PGF2α, PGE2, 
LxA4, LxB4, 5oxoETE, 5,6-DiHETE, 11,12-EET, RvD1 and RvD2 were undetectable in plasma of all mice. Oxylipin concentrations are expressed as mean ± 
standard deviation (n=5). Oxylipin concentrations were analyzed by Kruskal-Wallis test and Dunn’s multiple comparison test in each mouse strain. Different 
superscripted, printed characters indicate a significant effect (p<0.05) of the fat source on plasma oxylipin concentration in C57BL/6J (lowercase a, b, c) or 
129S6/SvEvTac (uppercase A, B, C) mice. Uppercase are not to be compared to lowercase letters.  
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Table 4: iWAT oxylipin concentrations [pg*mg tissue-1] of C57BL/6J and 129S6/SvEvTac mice (related to Figure 15). 

Oxylipin 
C57BL/6J 129S6/SvEvTac 

palm oil borage oil fish oil palm oil borage oil fish oil 

PGA1 (n6) 2.31 ± 1.22a,b 7.12 ± 1.32a 0.00 ± 0.00b 0.72 ± 0.30A,B 2.94 ± 1.73A 0.51 ± 0.42B 
8iso-PGA2 (n6) 24.06 ± 22.53 33.37 ± 9.47 18.04 ± 5.94 5.92 ± 3.18 16.20 ± 9.54 6.24 ± 5.37 
PGD2 (n6) 0.90 ± 2.02 1.00 ± 1.20 1.23 ± 2.76 0.18 ± 0.40A,B 1.00 ± 1.10A 0.00 ± 0.00B 
15d-PGJ2 (n6) 1.58 ± 1.94a,b 1.55 ± 0.78a 0.00 ± 0.00b 0.57 ± 0.71A,B 0.61 ± 0.08A 0.00 ± 0.00B 
11β-PGF2α (n6) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.22 ± 0.22 
PGE2 (n6) 7.74 ± 10.51 9.09 ± 4.40 5.99 ± 3.55 2.32 ± 1.19A,B 10.39 ± 5.91A 2.61 ± 3.73B 
PGF2α (n6) 11.53 ± 5.25 15.20 ± 3.34 10.02 ± 6.89 4.94 ± 1.95A,B 8.80 ± 1.72A 1.39 ± 0.81B 
6k-PGF1α (n6) 49.97 ± 23.69a,b 79.03 ± 27.23a 23.39 ± 14.01b 30.05 ± 22.79 39.00 ± 21.04 13.64 ± 15.06 
PGE3 (n3) 0.00 ± 0.00a 0.00 ± 0.00a 8.31 ± 2.13b 0.00 ± 0.00A 0.00 ± 0.00A 1.63 ± 1.14B 
TxB2 (n6) 32.12 ± 17.99a,b 51.70 ± 18.51a 18.99 ± 13.69b 11.58 ± 8.17 14.03 ± 8.71 4.32 ± 2.90 
LxA4 (n6) 0.00 ± 0.00 1.50 ± 1.41 0.00 ± 0.00 0.00 ± 0.00 0.19 ± 0.43 0.00 ± 0.00 
LTB4 (n6) 2.32 ± 1.42a 3.46 ± 0.73a,b 7.24 ± 1.81b 0.34 ± 0.32 1.16 ± 1.16 1.32 ± 0.74 
LTB5 (n3) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.25 ± 0.24 0.16 ± 0.23 1.34 ± 1.63 
5oxoETE (n6) 40.48 ± 32.73a 101.55 ± 23.01a,b 140.82 ± 75.87b 6.25 ± 3.73 23.19 ± 22.82 22.24 ± 10.74 
5,6-DiHETE (n6) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.23 ± 0.24 0.00 ± 0.00 
5-HETE (n6) 100.48 ± 76.49 200.48 ± 36.21 164.39 ± 54.73 17.79 ± 8.98 36.65 ± 41.37 57.55 ± 26.58 
8-HETE (n6) 35.13 ± 20.38 50.94 ± 13.49 42.56 ± 13.37 8.12 ± 3.37 19.54 ± 16.64 11.52 ± 5.94 
12-HETE (n6) 557.28 ± 370.10 574.11 ± 143.55 303.52 ± 145.98 170.66 ± 110.03A,B 518.80 ± 361.51A 82.62 ± 24.89B 
15-HETE (n6) 150.18 ± 110.54 252.70 ± 76.75 202.73 ± 72.17 36.08 ± 19.54 118.19 ± 104.48 52.82 ± 24.81 
18-HEPE (n3) 1.37 ± 0.79a 1.96 ± 0.54a,b 362.53 ± 113.44b 0.00 ± 0.00A 0.44 ± 0.33A,B 120.79 ± 82.25B 
5,6-EET (n6) 55.66 ± 45.41 105.32 ± 46.70 120.19 ± 109.29 8.49 ± 2.34 17.76 ± 16.04 19.06 ± 10.07 
8,9-EET (n6) 40.41 ± 36.99 58.18 ± 30.84 106.74 ± 71.32 3.45 ± 1.13 7.94 ± 7.86 9.18 ± 5.29 
11,12-EET (n6) 34.12 ± 30.39 79.76 ± 44.41 69.69 ± 50.82 3.08 ± 2.86 10.96 ± 11.19 9.11 ± 6.12 
14,15-EET (n6) 15.22 ± 13.68 32.25 ± 18.15 46.94 ± 33.47 1.89 ± 1.01 4.32 ± 4.00 4.54 ± 2.64 
13-HODE (n6) 3756.21 ± 3261.75 4714.66 ± 2270.13 10772.99 ± 6259.98 737.94 ± 217.81A,B 754.53 ± 662.67A 1668.83 ± 700.90B 
9-HODE (n6) 2039.98 ± 1782.36a 3392.40 ± 1687.85a,b 7727.27 ± 4935.09b 436.12 ± 115.40A,B 502.99 ± 474.22A 1187.89 ± 533.92B 
7MaR1 (n3) 0.00 ± 0.00a 0.00 ± 0.00a 54.46 ± 15.29b 0.00 ± 0.00A 0.00 ± 0.00A 14.05 ± 9.92B 
PDx (n3) 1.74 ± 0.91a 1.30 ± 0.84a 20.39 ± 6.54b 0.44 ± 0.33A 0.59 ± 0.51A 5.54 ± 3.69B 
17-HDoHE (n3) 84.02 ± 51.07a 75.18 ± 26.36a 593.28 ± 189.70b 30.50 ± 18.37A 71.51 ± 67.77A,B 232.64 ± 148.55B 
14-HDoHE (n3) 134.15 ± 94.85a 84.08 ± 22.18a 675.57 ± 244.40b 54.27 ± 37.92A 99.09 ± 97.28A,B 277.38 ± 168.82B 

Mice of both strains were kept at 30°C and fed with diets (140 g/kg total fat content) comprising fish, borage or palm oil as fat source (90 g/kg). The iWAT 
oxylipin profile was analyzed after 4 weeks of feeding. All listed oxylipins were identified in at least 1 sample. The compounds LxB4, RvD1 and RvD2 were 
undetectable in iWAT of all mice. Oxylipin concentrations are expressed as mean ± standard deviation (n=5). Oxylipin concentrations were analyzed by 
Kruskal-Wallis test and Dunn’s multiple comparison test in each mouse strain. Different superscripted, printed characters indicate a significant effect (p<0.05) 
of the fat source on iWAT oxylipin concentration in C57BL/6J (lowercase a, b, c) or 129S6/SvEvTac (uppercase A, B, C) mice. Uppercase are not to be compared 
to lowercase letters. 
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4.5.2 Dietary n3-PUFA supplementation does not influence the recruitment of thermogenic 

adipocytes in murine adipose tissues 

To investigate whether dietary n3-PUFA supplementation affected the recruitment of 

thermogenic adipocytes, we determined UCP1 expression in BAT and WAT. Administration of n3-

rich fish oil did not enhance UCP1 expression in iBAT or iWAT of either mouse strain (Figure 16 

A & B). On the contrary, supplementation of n6-rich borage oil increased transcript abundance of 

brite adipocyte markers UCP1 and Cidea compared to palm and fish oil-fed mice of the C57BL/6J 

strain (Figure 16 B & C), while the expression of thermogenic marker genes was unaffected by the 

dietary fat source in WAT of 129S6/SvEvTac mice (Figure 16 B-D). 

 

Figure 16: Effect of dietary PUFA supplementation on thermogenic adipocyte recruitment. 

(A) Relative UCP1 levels in iBAT. UCP1 was normalized to pan‐actin. A representative Western Blot 
image is displayed in Supplementary Figure 4. Relative gene expression of (B) UCP1, (C) Cidea, and 
(D) Cox7a1 in iWAT. Gene expression was normalized to Gtf2b. Asterisks indicate a significant effect 
of the fat source on C57BL/6J or 129S6/SvEvTac mice (n = 5). 

In a second experiment we investigated whether the recruitment of brown and brite adipocytes 

is facilitated by the availability of n3-PUFAs upon adrenergic stimulation (Figure 5 D). C57BL/6J 

mice were fed diets with gradual increasing dietary n6/n3 ratios from ~1 (IFD1, previously “fish 

oil”), ~5 (IFD5), ~11 (IFD11) and ~18 (IFD18, previously “borage oil”) for 4 weeks (Figure 7). 

Additionally, the β3-adrenoreceptor agonist CL-316,243 was administered on 7 consecutive days 
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during the last week (days 21-28) of the dietary intervention to stimulate the recruitment of 

brown and brite adipocytes. 

In line with the ability to recruit and activate thermogenesis (Park et al. 2015; Hankir et al. 2017), 

CL-316,243 treatment resulted in UCP1 protein induction and a strong reduction in iBAT mass 

(Figure 17A and B), the latter of which was likely the consequence of concomitant UCP1 activation 

and lipid oxidation to fuel thermogenesis. Similarly, CL-316,243 administration resulted in a slight 

reduction of iWAT mass (Figure 17C) and the induction of brite adipocyte marker gene expression 

(Figure 17D-F). In line with these effects, CL-316,243 reversed diet-induced lipid droplet 

hypertrophy in brown adipocytes and promoted iWAT remodeling by brite adipogenesis (Figure 

17 G). However, the dietary n6/n3 ratio neither affected thermogenic adipocyte abundance in 

vehicle nor in CL-316,243 treated mice. Interestingly, elevated UCP1 mRNA expression in iWAT 

of borage oil (IDF18) versus fish oil (IDF1)-fed mice (as observed in our previous experiment, 

Figure 16 B) was absent in mice of this experiment (Figure 17 D), suggesting that this effect is not 

robust. Based on the low gene expression levels of TNFα and F4/80 in iWAT (Figure 18) we did 

not see any indications of inflammation. Inhibition of UCP1 gene expression by adipose tissue 

inflammation and macrophage infiltration as published before (Sakamoto et al. 2016) is therefore 

unlikely. Collectively, the recruitment of brown and brite adipocytes was affected by CL-316,243 

but not by the dietary fat source. 
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Figure 17: Effect of dietary PUFA‐supplementation on the recruitment of thermogenic 
adipocytes in the presence and absence of β3‐agonism.  

(A) Relative UCP1 protein levels. UCP1 was normalized to total protein stain (see Supplementary 
Figure 5). (B) Dissected iBAT mass. (C) Dissected iWAT mass. Relative gene expression of (D) UCP1, 
(E) Cidea, and (F) Cox7a1 in iWAT. Gene expression was normalized to Rplp0. (G) 
Hematoxylin/Eosin‐stained iBAT and iWAT sections. Log10 transformed data was used for statistical 
analysis in (B) and (C) in order to meet the assumption of normal distribution. There were no 
significant effects of the diet among vehicle or CL‐316243 treated mice. Asterisks indicate a 
significant effect of CL‐316243 versus vehicle treatment (n = 8–10). 
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Figure 18: Effect of dietary PUFA supplementation on inflammatory marker expression in 
iWAT. 

Gene expression of (A-B) TNFα and (C-D) F4/80, represented as CT values (A,C) or relative gene 
expression normalized to Rplp0 (B,D).  

Mice of all diet groups had comparable body mass and body composition at the beginning of CL-

316,243 treatment following 3 weeks of PUFA supplementation (Figure 19). While body mass 

remained constant or tended to increase in vehicle treated mice, body mass was reduced by CL-

316,243 administration initially but remained constant thereafter (Figure 20A-D). This small, -

induced body mass reduction was similar for all dietary n6/n3 ratios (Figure 20E) and caused by 

a reduction in fat, not lean mass (Figure 20F and G). Mice fed with n3-rich IFD1 tended to show 

attenuated total body mass reduction in response to CL-316,243 despite significant fat mass loss 

(Figure 20E and F) caused by a minor gain in lean mass (Figure 20G). In line with these 

physiological effects, energy intake was not influenced by dietary n6/n3 ratios and comparable 

between vehicle and CL-316,243 treated mice (Figure 20H). Thus, thermogenic adipocyte 

recruitment and energy balance regulation were influenced by β3-adrenoreceptor agonism but 

not by dietary fat source. 
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Taken together, dietary fatty acid composition of isocaloric diets fed under thermoneutral housing 

conditions did not influence recruitment of murine thermogenic adipocytes, neither alone nor in 

synergy with the β3-adrenergic route of thermogenesis.  

 

Figure 19: Effect of dietary PUFA supplementation on body mass and body composition 
prior to CL-316,243 administration. 

(A) Body mass, (B) fat mass and (C) lean mass at the beginning of the experiment (day 0) and prior 
to CL-316,243 administration after three weeks of feeding (day 21; n=16-20 per diet). All datasets 
were analyzed by 2-Way repeated measures ANOVA and Holm-Sidak post-test. Asterisks indicate 
significant changes in body mass and body composition over time (*** p<0.001). There were no 
significant effects of the dietary n6/n3 ratio at either timepoint. 
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Figure 20: Effect of dietary PUFA supplementation and β3‐agonism on body mass and body 
composition changes. 

Body mass trajectories depicting absolute changes in body mass during vehicle and CL‐316243 
treatment of mice fed with (A) IFD18, (B) IFD11, (C) IFD5, and (D) IFD1. Total changes in (E) body 
mass, (F) fat mass, and (G) lean mass during 7 days of vehicle and CL‐316243 treatment. (H) Total 
energy intake during vehicle and CL‐316243 treatment. Asterisks indicate a significant effect of CL‐
316243 versus vehicle treatment (n = 8–10). There were no significant effects of the diet among 
vehicle or CL‐316,243 treated mice. 
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4.5.3 Dietary n3-PUFA supplementation does not influence the development of diet-induced 

obesity 

The induction of thermogenic adipocytes by dietary n3-PUFAs has been associated with 

attenuated development of DIO and glucose intolerance (Oliveira et al. 2019; Bargut, Silva-e-Silva, 

et al. 2016; Bhaskaran et al. 2017; Kalupahana et al. 2010; Ludwig et al. 2013; Miller et al. 2019; 

Janovská et al. 2013). We assessed dietary fat source effects on these parameters in a third 

experiment (Figure 5 E). Mice of the C57BL/6J strain received palm oil, fish oil or borage oil 

comprising IFDs (140 g/kg total fat content) as conducted in the previous experiments. In line 

with our previous findings (Figure 20 E), body mass gain was unaffected by the dietary fat source 

during 4 weeks of IFD-feeding (Figure 21 A). To promote the development of DIO and glucose 

intolerance, IFDs were subsequently exchanged for HFD with a total fat content of 250 g/kg. The 

original proportion of borage and fish oil (90 g/kg) was maintained in these HFDs (Table 1). As 

expected, the enhanced caloric value of the HFD promoted body mass gain due to increased energy 

intake (Figure 21 A & B). This enhanced body mass gain during HFD feeding was caused by fat 

mass, not lean mass gain (Figure 21C-E). However, none of these parameters was affected by 

dietary fatty acid composition. We observed a similar pattern in a parallel experiment conducted 

with mice of the 129S6/SvEvTac strain (Figure 22 A-E). 

To elucidate the effect of dietary PUFA supplementation on glucose homeostasis, mice were 

subjected to oral glucose tolerance tests at the end of IFD and HFD-feeding, respectively. In both 

mouse strains, blood glucose response after oral glucose gavage was not influenced by the dietary 

fat source at the end of IFD feeding (Figure 21 F & H and Figure 22F & H). In line with enhanced 

body mass gain, the switch from IFD to HFD impaired glucose tolerance in C57BL/6J mice. 

Interestingly, this diet-induced alteration was prevented by supplementation of fish oil-

comprising HFD (Figure 21 G & H). Impairment of glucose tolerance by HFD was, however, absent 

in 129S6/SvEvTac mice (Figure 22 G & H) and thus, demonstrating a strain specific protective 

effect of fish oil.  

In summary, dietary n3-PUFA supplementation under thermoneutral conditions did not influence 

body mass accretion or adiposity in mice, but attenuated diet-induced impairment of oral glucose 

tolerance in a strain-specific manner. 
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Figure 21: Effect of dietary PUFA supplementation on the development of diet‐induced 
obesity and glucose intolerance in C57BL/6J mice. 

(A) Body mass trajectories. (B) Total energy intake at the end of IFD and HFD‐feeding. Changes in 
(C) body mass, (D) fat mass, and (E) lean mass over the course of IFD and HFD‐feeding. Blood glucose 
trajectories of oral glucose tolerance tests conducted at the end of (F) IFD‐feeding and (G) HFD‐
feeding. Asterisks indicate a significant effect of fish oil versus palm oil supplementation (n = 12). 
Rhombs indicate a significant effect of fish oil versus borage oil supplementation. There were no 
significant differences between borage oil and palm oil supplementation. (H) Total area under the 
curve (AUC) of blood glucose levels. Asterisks indicate a significant effect of the dietary fat source 
during HFD‐feeding (n = 12). 
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Figure 22: Effect of dietary PUFA supplementation on the development of diet-induced 
obesity and glucose intolerance in 129S6/SvEvTac mice. 

(A) Body mass trajectories. (B) Total energy intake at the end of IFD and HFD-feeding. Energy intake 
is depicted as mean energy intake per cage for each mouse. (C-E) Changes in (C) body mass, (D) fat 
mass and (E) lean mass over the course of IFD and HFD-feeding. (F, G) Blood glucose trajectories of 
oral glucose tolerance tests conducted at the end of (F) IFD-feeding and (G) HFD-feeding. (H) Total 
area under the curve (AUC) of blood glucose levels. There were no significant effects of the dietary 
fat source on either parameter during IFD or HFD-feeding (n = 12). 

4.5.4 Dietary n3-PUFA supplementation does not promote browning of WAT in human subjects 

Supplementation of n3-PUFAs affects brite adipogenesis of cultured human adipocytes (Ghandour 

et al. 2018; Fleckenstein-Elsen et al. 2016; Laiglesia et al. 2016). To investigate whether such in 

vitro effects translate into WAT browning in vivo, we took advantage of the MyNewGut study, a 

12-week randomized crossover trial investigating the effects of a dietary intervention on subjects 

with overweight and obesity (Kjølbæk et al. 2020). Twenty-nine participants supplemented their 
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diet either with a wheat bran extract rich in arabinoxylan oligosaccharides (AXOS intervention) 

or fish oil to consume EPA and DHA at a dose of 3.6 g per day (PUFA intervention). Lipidomic 

analysis of plasma samples revealed increased levels of cholesteryl esters and other lipids derived 

from DHA and EPA in response to PUFA but not AXOS supplementation, thus substantiating the 

efficacy of the dietary intervention (Figure 23A-D, Figure 24). The effect of PUFA supplementation 

on browning of WAT was investigated based on subcutaneous fat biopsies. As expected, mRNA 

encoding the adipose-derived hormone adiponectin was abundantly expressed (average Ct-

values of 23) confirming the biopsies as adipose tissue (Figure 23E & F). In contrast, UCP1 mRNA 

was barely expressed (average Ct-values of 38) and only detectable in a subset of biopsies 

obtained prior to the start of dietary interventions (Figure 23G & H). Both the PUFA and the AXOS 

intervention failed to enhance this very low UCP1 gene expression (Figure 23G & H). Again, the 

inhibitory effect of inflammation on UCP1 gene expression could be excluded based on the lack of 

effect of fish oil supplementation on systemic inflammation markers (high sensitive C-reactive 

protein and white blood cell count, as previously published (Kjølbæk et al. 2020), and the stable 

expression of adiponectin as an anti-inflammatory marker before and after PUFA 

supplementation (Figure 23F). Thus, dietary n3-PUFA supplementation did not affect WAT 

browning in humans in vivo. 
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Figure 23: Effect of dietary PUFA supplementation on (A,B) plasma levels of cholesteryl 
ester 20:5, (C,D) cholesteryl ester 22:6 and gene expression in human WAT of (E,F) 
adiponectin (ADIPOQ) and (G,H) UCP1. 

Overweight and obese subjects supplemented their diet with A,C,E,G) arabinoxylan oligosaccharides 
(AXOS) or B,D,F,H) fish oil (n3‐PUFA) over 4 weeks during a randomized crossover trial. Both dietary 
interventions were separated by a 4‐week washout period. Blood plasma and abdominal 
subcutaneous fat was collected before (pre) and after (post) each dietary intervention. All datasets 
were analyzed by two tailed, nonparametric Wilcoxon matched‐pairs signed rank test with p‐values 
indicated (n = 8–26). 
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Figure 24: Effect of dietary PUFA supplementation on plasma levels of selected plasmogens 
(A-H) and Lysophosphatidylcholine (I-L) (n=8-26). 

Overweight and obese subjects supplemented their diet with (A, C, E, G, I, H) arabinoxylan 
oligosaccharides (AXOS) or (B, D, F, H, J, L) fish oil (n3-PUFA) over 4 weeks during a randomized 
crossover trial. Both dietary interventions were separated by a 4-week washout period. Blood plasma 
was collected before (pre) and after (post) each dietary intervention. 

4.5.5 Discussion 

Global obesity prevalence has dramatically increased over the last decades entailing a pronounced 

risk for associated health burdens (Bentham et al. 2017; Pi-Sunyer 2009). The potential for 

intervention by nutritional compounds has been comprehensively explored and a number of 

candidates with anti-obesogenic potential has been identified (Trigueros et al. 2013; Jayarathne 

et al. 2017; Lu et al. 2018; Sun, Wu, and Chau 2016). Among these are PUFAs of the n3-series 

(Albracht-Schulte et al. 2018), rendering dietary fat quality a potential modulator of body mass 

development. Indeed, the proportionate consumption of n3 PUFAs has decreased in modern 

societies (Simopoulos 2016), suggesting the effect of energy dense food on adiposity to be 

exacerbated by the excessive intake of other types of fatty acids. Conversely, an increase in dietary 

n3 PUFA uptake has been hypothesized to counteract this effect by the ability of n3-PUFAs to affect 

the recruitment of brown and brite adipocytes within the mammalian adipose organ via several 

different mechanisms (Maurer et al. 2019; Fernández-Galilea et al. 2020; Lund, Larsen, and 

Lauritzen 2018; Fan, Koehler, and Chung 2019). In this study, we rigorously tested this hypothesis 

in mice and man. 

Previous studies mostly reported brown and/or brite adipocyte recruitment upon dietary n3-

PUFA supplementation in mice kept under subthermoneutral conditions (Miller et al. 2019; 

Tsuboyama-Kasaoka et al. 1999; P. Flachs et al. 2011; Pahlavani et al. 2019; J. Kim et al. 2016; 
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Ludwig et al. 2013; Worsch et al. 2018; J. Villarroya et al. 2014; Zhuang et al. 2019; You et al. 2020; 

Oliveira et al. 2019; Bargut, Silva-e-Silva, et al. 2016; Bargut, Souza-Mello, et al. 2016; Bhaskaran 

et al. 2017; M. Kim et al. 2015; Kalupahana et al. 2010). Ambient temperatures below 30°C have a 

considerable influence on thermogenic adipocyte recruitment as small rodents rely on UCP1 to 

maintain their body temperature (Enerbäck et al. 1997). This regulation is mediated via the 

sympathetic nervous system. Importantly, the adrenergic influence on human BAT must be 

assumed minimal due to clothing and heating systems minimizing heat loss. In mice, dietary n3 

PUFAs have been reported to directly influence the activity of the sympathetic nervous system via 

activation of gastrointestinal afferent pathways, and to synergize the effect of adrenergic 

stimulation on the recruitment of brown and brite adipocytes (M. Kim et al. 2015; J. Kim et al. 

2016; Ghandour et al. 2018; Sato et al. 2020). To investigate the significance of adrenergic 

stimulation, our mice were housed under thermoneutral conditions (i.e. at 30°C) and subjected to 

β3-agonist treatment during dietary PUFA supplementation. Brown and brite adipocyte 

recruitment were, in the presence and absence of β3-agonism, not affected by dietary n3-PUFA 

supplementation in two different mouse strains. Thus, our findings, together with a previous 

study (Pahlavani et al. 2019), suggest thermoneutral housing temperature to impede the effect of 

n3-PUFAs on thermogenic adipocytes. However, our results do not corroborate previous findings 

demonstrating enhanced recruitment of brown and brite adipocytes upon adrenergic stimulation 

in mice receiving an n3-PUFA supplemented diet (M. Kim et al. 2015; J. Kim et al. 2016; Ghandour 

et al. 2018; Sato et al. 2020).   

Interestingly, borage oil supplementation upregulated UCP1 transcript abundance in C57BL/6J 

mice in one experiment but not in a second, suggesting an influence by changes in the 

experimental framework including different food batches. Obviously, effects of dietary PUFA 

supplementation are, in the presence and absence of adrenergic stimulation, insufficiently robust 

and easily superimposed by confounding factors of experimental setup. 

Oxylipin profiling of WAT and plasma revealed profound changes in systemic fatty acid 

metabolism, corroborating the efficacy of dietary n3 PUFA supplementation in our study. The 

absence of brite adipocytes in WAT of fish oil fed mice has recently been associated with n3-PUFA-

derived oxylipins formed by non-enzymatic reactions that accumulate in WAT due to lipid 

peroxidation of fish oil supplemented foods (Miller et al. 2019). Indeed, levels of 18 hydroxy-EPA 

(18-HEPE, an EPA-derived n3-peroxide) were increased in both plasma and WAT of our fish oil-

fed mice. Moreover, the ability of dietary n3 PUFAs to recruit brown and brite adipocytes has been 

associated with a local downregulation of inhibitory, n6-derived oxylipins (Ghandour et al. 2018). 

In fact, the n6-derived oxylipins 9 HODE and 13-HODE were very abundant in WAT of n3-PUFA 

supplemented, fish oil fed mice. Interestingly, 9 HODE and 13-HODE enhance the recruitment of 

brite cells in vitro (Y. H. Lee et al. 2016). However, our own findings point towards a function for 
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these two metabolites as negative regulators of thermogenic adipocytes in vivo (Dieckmann et al. 

2020), possibly due to their function as ligands for PPARγ, the master regulator of adipogenesis 

(Umeno et al. 2020). Thus, high WAT levels of 9-HODE, 13 HODE and 18-HEPE may at least 

partially explain the inability of n3-PUFA supplemented diets to recruit brown and brite 

adipocytes in mice of our study.  

In rodents, fish oil has been reported to have beneficial metabolic effects and to protect against 

the development of DIO (Buckley and Howe 2009; J. J. Li, Huang, and Xie 2008; Kuda, Rossmeisl, 

and Kopecky 2018). Several studies reported a remarkable impact of n3 PUFA supplementation 

during HFD-feeding leading to significantly lower body mass during the entire feeding period in 

comparison to mice fed isocaloric control diets (Oliveira et al. 2019; Bhaskaran et al. 2017; 

Kalupahana et al. 2010). In an independent study conducted in our facility, small reductions in 

body mass became significant after 12 weeks of feeding a HFD that contained fish oil instead of 

palm oil (Ludwig et al. 2013). This effect was absent in the present study. Interestingly, the overall 

composition of our HFDs was highly similar to the HFDs used by Ludwig and coworkers (Ludwig 

et al. 2013), suggesting differences in study design (consecutive IFD and HFD-feeding versus 

continuous HFD-feeding), feeding duration (n3-PUFA supplementation during 8 weeks versus 12 

weeks) and the source of n3-PUFAs (marine fish oil preparation with EPA>DHA versus EPAX 

concentrate with DHA>EPA) as possible confounders. We question a major influence of the fat 

source since n3-PUFA-comprising HFDs affect body adiposity and thermogenic adipocyte 

recruitment irrespective of EPA and DHA abundance (M. Kim et al. 2015; Zhuang et al. 2019). 

Further, inappropriate dosage of n3-PUFA can be excluded as a factor influencing our results, as 

the amount of n3-PUFA (90 mg/kg fish oil including ~20 mg/kg total n3-PUFA) administered are 

well in line with previously used doses of fish oil (mean dose 108 mg/kg (Oliveira et al. 2019; 

Bargut, Silva-e-Silva, et al. 2016; Bhaskaran et al. 2017; M. Kim et al. 2015; Pahlavani et al. 2019)) 

and isolated n3-PUFA (mean dose 20 mg/kg (Kalupahana et al. 2010; Pahlavani et al. 2017; 

Ludwig et al. 2013; Zhuang et al. 2019; Ghandour et al. 2018; Bargut et al. 2019)). In line with our 

findings, dietary n3-PUFA supplementation of mice at thermoneutral housing temperature and in 

the absence of CL-316,243 reportedly failed to attenuate body mass gain, or required extremely 

long feeding duration (Ghandour et al. 2018; Pahlavani et al. 2019; Janovská et al. 2013). Thus, the 

housing temperature of mice seems to be one crucial confounder influencing the response to 

dietary n3-PUFA supplementation. Moreover, attenuated body mass gain upon n3-PUFA 

supplementation even occurs in UCP1-ablated mice (Oliveira et al. 2019; Pahlavani et al. 2019), 

suggesting a possible, causal contribution by BAT and WAT via means of other mechanisms such 

as lipid cycling rather than UCP1-dependent thermogenesis (Worsch et al. 2018; Pavel Flachs et 

al. 2013). In conclusion, the protective effect of n3-PUFA supplementation on DIO is abrogated by 

thermoneutral housing and not influenced by adipocyte-based, UCP1-dependent thermogenesis. 
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Mice of the C57BL/6J strain display a high propensity to develop glucose intolerance (Kless et al. 

2015). In our study, these mice were protected from HFD-induced glucose intolerance when 

supplemented with fish oil. A similar protection has been observed in UCP1-ablated mice (Oliveira 

et al. 2019; Pahlavani et al. 2019). Although the recruitment of UCP1-independent thermogenic 

mechanisms can account for increased postprandial glucose disposal (Maurer et al. 2020), we 

speculate that glucose tolerance improvements are more likely to have a different origin. In fact, 

n3 PUFAs can affect insulin release and insulin sensitivity via various mechanisms, cumulating in 

an improvement of whole-body glucose tolerance (X. Wang and Chan 2015; P. Flachs, Rossmeisl, 

and Kopecky 2014). Of note, the translational significance of such beneficial fish oil 

supplementation effects on glucose tolerance, as frequently observed in rodents, seems to have 

limited relevance for humans (P. Flachs, Rossmeisl, and Kopecky 2014; Lalia and Lanza 2016).  

While a number of studies have investigated effects in rodents in vivo, the thermogenic 

recruitment of human adipocytes upon n3-PUFA supplementation has to date only been 

demonstrated in cultured cells. To overcome this limitation, we took advantage of abdominal 

subcutaneous adipose tissue specimens collected during a human intervention study assessing 

effects of dietary n3-PUFA supplementation in persons with overweight and obesity (Kjølbæk et 

al. 2020). Importantly, EPA-treatment can increase the expression of thermogenic marker genes 

in cultured adipocytes from subcutaneous adipose tissue of overweight subjects (Laiglesia et al. 

2016). Moreover, human subcutaneous adipocytes have a browning potential in vivo (Xu et al. 

2016; Otero-Díaz et al. 2018; Patsouris et al. 2015; Sidossis et al. 2015; Finlin et al. 2018; Kern et 

al. 2014; Harms et al. 2019). In agreement with several other human interventions (A. L. Carey et 

al. 2006; Cheung et al. 2013; Norheim et al. 2014; Naja Z. Jespersen et al. 2019), our gene 

expression data show that UCP1 transcripts are barely detectable in subcutaneous abdominal fat. 

Fully in line with our experiments in mice, fish oil supplementation of the study participants over 

the course of 4 weeks did not at all affect this very low UCP1 mRNA expression, suggesting that an 

increased intake of n3-PUFAs for one month do not promote WAT browning in humans in vivo, at 

least in overweight subjects. In line with this observation, resting energy expenditure of the same 

subjects was not affected by fish oil supplementation (Kjølbæk et al. 2020). This human 

intervention study has several limitations. First, it is important to emphasize that changes in 

adipose gene expression were part of the exploratory outcomes of the MyNewGut study. Secondly, 

we cannot exclude that four weeks of fish oil supplementation is insufficient for inducing 

browning of human subcutaneous WAT. Yet, previous studies have demonstrated that this fat 

depot in humans has the capacity to undergo browning in vivo and suggests that this might occur 

even in response to acute cold exposure (Finlin et al. 2018; Kern et al. 2014; Finlin et al. 2017). 

Moreover, adrenergic stimuli and phosphodiesterase inhibition can promote UCP1 expression 

and brite adipogenesis in human subcutaneous white fat within 1-4 weeks (Sidossis et al. 2015; 
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Patsouris et al. 2015; S. Li et al. 2018). Taken together with our human lipidomics data and the 

high dose of n3-PUFA applied in the MyNewGut study (3.6 g/d), these observations suggest that 

fish oil, in physiologically relevant doses, does not promote browning of abdominal subcutaneous 

white fat of subjects with overweight. Fish oil supplementation, however, may stimulate adipose 

browning in other anatomical areas. Given that body adiposity is associated with an impaired 

browning capacity (Kern et al. 2014; Andrew L. Carey et al. 2014; Chung et al. 2017), fish oil 

supplementation may also be hypothesized to be more efficient at inducing browning in lean 

individuals.  

In conclusion, dietary n3-PUFA supplementation did not affect thermogenic adipocyte 

recruitment or body mass accretion, neither in mice nor in humans. We thus propose disregarding 

dietary fish oil and n3-PUFAs as translationally relevant agents to modulate energy balance 

regulation via adipocyte-based thermogenesis.  
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5 SUSCEPTIBILITY TO DIET-INDUCED OBESITY AT THERMONEUTRAL 

CONDITIONS IS INDEPENDENT OF UCP1 

A similar version of this chapter is in preparation: Dieckmann S., Strohmeyer A., Willershäuser M., 

Wurst W., Worthmann A., Fuh M. M., Heeren J., Köhler N., Pauling J., Klingenspor M. 

5.1 ABSTRACT 

Activation of UCP1 in BAT upon cold stimulation leads to substantial increase in energy 

expenditure to defend body temperature. Increases in energy expenditure after a high caloric food 

intake, termed diet-induced thermogenesis, are also attributed to BAT. These properties render 

BAT a potential target to combat DIO. However, studies investigating the role of UCP1 to protect 

against DIO are controversial and rely on the phenotyping of a single constitutive UCP1-knockout 

model. To address this issue, we generated a novel UCP1-knockout model by Cre-mediated 

deletion of Exon 2 in the UCP1 gene. We studied the effect of constitutive UCP1-KO on metabolism 

and the development of DIO. UCP1-KO and wildtype mice were housed at 30°C and fed a CD for 4-

weeks followed by 8-weeks of HFD. Body weight and food intake were monitored continuously 

over the course of the study and indirect calorimetry was used to determine energy expenditure 

during both feeding periods. Based on western blot analysis, thermal imaging and NA test, we 

confirmed the lack of functional UCP1 in knockout mice. However, body weight gain, food intake 

and energy expenditure were not affected by deletion of UCP1 gene function during both feeding 

periods. Conclusively, we show that UCP1 does not protect against DIO at thermoneutrality. 

Further we introduce a novel UCP1-KO mouse enabling the generation of conditional UCP1-

knockout mice to scrutinize the contribution of UCP1 to energy metabolism in different cell types 

or life stages. 

5.2 AUTHORS CONTRIBUTION 

Sebastian Dieckmann conceived the study design, planned, and performed the mouse 

experiments, conducted molecular analyses, analyzed data (Figure 25, Figure 26, Figure 27, 

Figure 28, Figure 31, Figure 32), interpreted data, and wrote the manuscript. 
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5.3 INTRODUCTION 

Thermogenic BAT is the main contributor to NST, the process to maintain normothermia in a 

variety of small mammals. NST is mediated by the UCP1, which enables high rates of oxygen 

consumption by the mitochondrial electron transport chain without ATP production. The most 

potent stimulation of UCP1 and NST is mediated by the sympathetic innervation of BAT with the 

neurotransmitter NA triggering beta-3-adrenergic receptor signaling in brown adipocytes. 

Furthermore, meal-associated thermogenesis in BAT is activated upon food intake (Glick, Teague, 

and Bray 1981) by the prandial surge of the gut peptide hormone secretin (Y. Li et al. 2018). Other 

activators of BAT thermogenesis have been reported (Zietak and Kozak 2016; Gnad et al. 2014) 

and recent findings suggest that brown fat conveys effects on systemic metabolism and energy 

balance by means of paracrine intercellular and endocrine interorgan crosstalk. The beneficial 

metabolic effects of BAT clearly go beyond the combustion of calories (Kajimura, Spiegelman, and 

Seale 2015). Activation of meal-associated thermogenesis in BAT initiates meal termination and 

thereby contributes to the control of energy intake (Schnabl, Li, and Klingenspor 2020). Together 

with the potential of BAT to impact energy balance and systemic metabolism by clearing glucose 

from circulation, these characteristics render UCP1 and BAT potential targets to improve 

cardiometabolic health and the treatment of type 2 diabetes (Becher et al. 2021).  

In this context the question whether UCP1 can protect against DIO has been studied repeatedly. 

Standard housing temperature (20-23°C) represents a mild cold challenge for laboratory mice 

resulting in a two-fold increase of daily energy expenditure (Fischer, Cannon, and Nedergaard 

2018). BAT is the source for this thermoregulatory heat production. UCP1-KO mice when kept at 

standard housing temperature do not develop DIO (Bond and Ntambi 2018) and even seem to be 

protected, having lower body weight than WT mice (Liu et al. 2003; T. Wang et al. 2008; Keipert 

et al. 2020). It has been proposed that this is due to alternative thermogenic mechanisms less 

efficient than UCP1-dependent thermogenesis (Liu et al. 2003; T. Wang et al. 2008; Keipert et al. 

2020), that are recruited to cope with the need for thermoregulatory heat production in UCP1-KO 

mice. Housing mice at higher temperatures (27°C – 30°C), corresponding to their thermoneutral 

zone eliminates this heat sink. Since UCP1 in BAT is inactive at thermoneutrality, the lack of 

thermogenic BAT function should be without consequences for energy balance. Indeed, several 

studies using the established UCP1-KO mouse model originally generated by Leslie Kozak and 

coworkers confirmed this expectation (Enerbäck et al. 1997; Liu et al. 2003; Zietak and Kozak 

2016; Winn et al. 2017; Maurer et al. 2020). In contrast, other studies reported that UCP1-KO mice 

are more susceptible to DIO at thermoneutrality (Feldmann et al. 2009; von Essen et al. 2017; 

Rowland et al. 2016; Luijten et al. 2019; Pahlavani et al. 2019). One explanation for the increased 

susceptibility to DIO in UCP1-KO mice may be adaptations in metabolism, leading to a more 

efficient metabolism or the lack of diet-induced thermogenesis in UCP1-KO mice (von Essen et al. 
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2017). However, recent data from a UCP1 knockdown model (H. Wang et al. 2021) demonstrate 

that UCP1 abundance alone does not protect against DIO at thermoneutrality. Despite having 

remarkable reduced but still activatable UCP1 levels, these mice are not more or less prone to DIO 

compared to wildtype littermates with normal functional levels of UCP1. 

This showcases the urgent need for new UCP1-KO models to scrutinize the role of UCP1 on energy 

balance and metabolism. So far two UCP1-KO models are available (Enerbäck et al. 1997; Bond 

and Ntambi 2018). Other transgenic mice with impaired UCP1 expression include knockdown 

models (Chen, Hsu, and Huang 2018; H. Wang et al. 2019) or diphtheria toxin chain A induced 

depletion of UCP1 expressing cells (Lowell et al. 1993; Rosenwald et al. 2013).  

In the present study we therefore introduce and validate a novel Cre-mediated UCP1-KO model and 

demonstrate that deletion of UCP1 has no effect on energy balance regulation at thermoneutrality. 

5.4 MATERIAL AND METHODS 

5.4.1 Animal model 

The UCP1-KO mouse line was generated in frame of the EUCOMM program and is a constitutive 

UCP1-KO model on a C57BL/6N background. It originates from the UCP1tm1a mouse, carrying a 

lacZ & neomycin cassette, two FLP sites and three loxP sites (Figure 1 A). Through crossing with 

a FLP mouse, the lacZ and neomycin cassette as well as one FLP site and one loxP site are removed, 

resulting in a UCP1tm1c (UCP1-WT) mouse. Cross breeding this mouse with a Rosa26-CRE mouse 

results in the UCP1tm1d (UCP1-KO) mouse carrying a germline deletion of the exon 2 of the UCP1 

gene. UCP1-KO and UCP1-WT mice were crossed to generate UCP1-HET mice. The UCP1-KO line 

is maintained by crossing male and female UCP1-HET mice. All studied mice were derived of our 

heterozygous maintenance breeding. Mice were bred and housed at 23°C ambient temperature 

with a 12/12 h light/dark cycle and had ad libitum access to water and chow diet. 

All animal experiments were performed according to the German animal welfare law and 

approved by the district government of Upper Bavaria (Regierung von Oberbayern, reference 

number ROB-55.2-2532.Vet_02-15-128). 

5.4.1.1 HFD feeding at thermoneutrality 

Male wildtype (n = 7) and knockout (n = 7) mice for the HFD feeding experiment were obtained 

from our heterozygous maintenance breeding. At the age of 8 weeks, mice were switched from 

chow to a chemically defined CD with a fat content of 50 g/kg (~13 kJ% from Fat, 15.3 MJ/kg, 

Snifff Cat# S5745-E702). Simultaneously, mice were single caged and transferred to climate 

cabinets with an ambient temperature of 30 °C and 55 % RH. After an acclimatization phase of 4 

weeks, mice were switched from CD to a HFD with a fat content of 250 g/kg (~48 kJ% from fat, 
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19.6 MJ/kg, Snifff Cat# S5745-E712). After 8 weeks of HFD feeding, mice were killed by CO2 

asphyxiation. Whole blood was taken by cardiac puncture, collected in lithium heparin-coated 

tubes (Sarstedt, Nümbrecht/Germany) and centrifuged at 4°C for 10 min with 1500 x g. The 

plasma supernatant was transferred to fresh tubes and snap frozen in liquid nitrogen. 

Subsequently, cecal content and tissues were dissected, weighed, and immediately snap frozen in 

liquid nitrogen. Cecal content, tissues and plasma were stored at -80°C until further processing. 

Body weight and food intake were determined twice a week between 12.00 PM and 4.00 PM. 

Additionally, body composition was determined every other week by nuclear magnetic resonance 

spectroscopy (mq7.5, Bruker BioSpin GmbH, Rheinstetten/Germany). Mice were maintained on a 

12/12 h light/dark cycle and had ad libitum access to water and the respective diets during the 

whole experiment. Food was replaced completely twice a week to avoid rancidity of the HFD at 

30°C. Energy expenditure, energy intake, energy excretion and metabolic efficiency of CD and 

HFD.fed mice were assessed as described below. 

5.4.2 Indirect calorimetry, basal metabolic rate and NA tests 

Indirect calorimetry was performed based on an open respirometer system (LabMaster System; 

TSE Systems, Bad Homburg/Germany) similar to a previously described methods (Maurer et al. 

2015). O2 consumption and CO2 production were determined after 2.5 weeks of feeding CD and 

after 4 weeks of HFD. Mice were transferred in specially equipped cages in a climate cabinet (KPK 

600, Feutron/Germany) set to 30 °C after determining body weight and body composition in the 

afternoon (2.00 – 5.00 PM). The measurement was started on the next day at 6.00 AM (CD) or 

12.00 PM (HFD) and continued two (CD) or three (HFD) dark phases. The air from the cages was 

extracted over a period of 1 min every 4-6 min. Heat production was calculated according to 

(Heldmaier 1975) as: ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑚𝑊]  = (4.44 + 1.43 ∗ 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑖𝑜) ∗

 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑚𝑙/ℎ] 

BMR was determined immediately after the last night phase of the indirect calorimetry 

measurement of the HFD period. Mice were deprived of food between 7.00 – 8.00 AM for at least 

4 hours. BMR was calculated as the mean of the four lowest consecutive heat prodcution 

measurements during the last 90 minutes of fasting, similar to a previous published method 

(Fromme et al. 2019). Subsequently, NA tests were performed between 10.00 AM – 5.00 PM at 

26°C to avoid NA induced hypothermia. Noradrenaline (1 mg/kg, Arterenol®, Sanofi) was injected 

intraperitoneally. Air was extracted continuously from the cages with a measurement period of 1 

min over 60 min. 

5.4.3 Collection of food spillage and faeces 

Embedding material was collected from cages after indirect calorimetry for each mouse 

separately, to correct food intake for spillage and to determine energy loss by faecal excretion. 
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The material was dried at room air under a chemical flow hood for at least 1 week. Subsequently, 

cage material was fractionated based on size by shaking the material on a sieve shaker (EML 200 

Digital Plus T, Haver & Boecker, Oelde/Germany) for 5 min with an interval of 0.5 min at an 

amplitude of 1.4, through sieves with different mesh sizes (4, 3.15, 2.5, 1.25 and 1 mm, VWR 

International GmbH, Darmstadt/Germany). Flowthrough of the 1 mm sieve was collected in a pan. 

Each sieve was scanned for spilled food and feaces (the majority of faeces will be present in the 

1.25 mm sieve). If applicable, food and faeces were picked with tweezers and collected for 

weighing and determination of energy content by bomb calorimetry. Food intake (in grams) 

during the indirect calorimetry sessions was corrected for the amount of collected food spillage 

(in grams).  

5.4.4 Determination of energy content of food and faeces by bomb calorimetry 

The energy content of the diets and the faecal pellets collected during indirect calorimetry was 

determined with an isoperibolic bomb calorimeter (Model Nr. 6400, Parr Instrument Company, 

IL/USA). Energy content of the diets was determined on food samples collected at different time 

points during the experiment (CD n = 9, HFD n = 10). Energy intake was calculated by multiplying 

the mean energy content of the diets (kJ/g) with the amount of food intake (in grams). 

The collected faeces was weighed and grinded with metal balls for 2.5 min at 30 Hz (Tissue Lyser 

II, Retsch GmbH. Haan/Germany). Grinded faeces was pressed into a pellet, weighed, and 

subjected to bomb calorimetry. Benzoeic acid (~0.7 g) was added as combustion aid. The energy 

lost via faeces was calculated for each mouse by multiplying the total amount of faeces collected 

(in grams, see 2.4) by the energy content (kJ/g) determined by bomb calorimetry.   

5.4.5 Thermal imaging 

Thermal imaging was performed as described previously (Maurer et al. 2015) with 1-3 day old 

new-born pups. In brief, at least 3 serial pictures were taken of each litter in 6-well cell culture 

plates (T890 thermal imager, Testo, Lenzkirch/Germany). Image analysis was performed with the 

IRSoft Software (version 4.6, Testo, Lenzkirch/Germany) and the temperature above the iBAT 

depot (interscapular skin surface temperature, iSST) was determined. 

5.4.6 Genotyping 

Genotyping was performed on earpieces obtained during tagging of the animals. Tissues were 

lysed (10 mM TRIS, 50 mM KCl, 0.45 % Nonidet P40, 0.45 % Tween-20, 10 % gelatin in H20 at pH 

8.3% with 0.2 mg/ml Proteinase K) for 4 h at 65°C and vigorous shaking. Proteinase K was 

inactivated by heating for 10 min at 95 °C. PCR (denaturation: 5 min / 95°C followed by 39 

amplification cycles with 30s / 95°C, 45 / 54 °C, 45 / 72°C and a final elongation 10 min / 72°C) 

was performed with three primers (Figure 1A, “a”: AAGGCGCATAACGATACCAC, “b”: 

TACAATGCAGGCTCCAAACAC, “c”: CGAGCACAGGAAGTTCAACA, Eurofins Genomics, 
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Ebersberg/Germany) and the ImmoMix™ kit (Cat# BIO-25020, Bioline, London/UK) according to 

the manufacturer’s instructions. 

5.4.7 RNA isolation and cDNA synthesis and sequencing 

RNA precipitation was performed with TRIsure™ (Bioline, London/UK) following the 

manufacturer’s instructions, from deep-frozen iBAT. Precipitated RNA was loaded to spin 

columns (SV Total RNA Isolation System, Promega, Cat# Z3105), centrifuged for 1 min with 

12,000 x g and further processed according to the supplier’s instructions. RNA concentration was 

determined spectrophotometrically (Infinite 200 PRO NanoQuant, Tecan). cDNA synthesis was 

performed with 1 µg RNA (SensiFAST™ cDNA Synthesis Kit, Cat# BIO-65053, Bioline, 

London/UK), according to the manufacturer’s instructions. PCR (denaturation: 10 min / 95°C 

followed by 30 amplification cycles with 1 min / 95°C, 30s / 54 °C, 40s / 72°C and a final elongation 

5 min / 72°C) was performed with primers (“d”: cggagtttcagcttgcctggca, “e”: 

tcgcacagcttggtacgcttgg, Eurofins Genomics, Ebersberg/Germany, Figure 1A) and products were 

separated by gel electrophoresis on a 1 % agarose gel. Separated PCR products were visualized 

under a UV light, cut, immediately weighed and stored at -20°C. PCR products were purified with 

the Wizard SV Genomic DNA Purification System (Promega, Cat# A2361), and sent in to a 

commercial sequencing platform (Eurofins Genomics, Ebersberg/Germany). Analysis of 

sequencing results was performed with the “Benchling” platform (https://www.benchling.com/). 

5.4.8 Protein expression analysis by SDS-Page and Western Blot 

Protein was isolated from iBAT, homogenized in 10 µl/mg isolation buffer (50 mM Tris, 1% NP-

40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing 0.1 % phosphatase 

(Sigma-Aldrich, St. Louis MO/USA) and 0.1 % protease inhibitor cocktail (Sigma-Aldrich, St. Louis 

MO/USA) with a dispersing device (Miccra D-1, Miccra GmbH, Heitersheim/Germany). The 

homogenized samples were centrifuged 15 min at 4°C with 14.000 rcf. The clear layer of the 

supernatant was isolated by pipetting and centrifuged again. Samples were cleared from residual 

fat by a second extraction of the clear phase with a syringe. Protein concentrations were 

determined with the Pierce™ BCA Protein Assay Kit (ThermoScientific, Rockford IL/USA) 

according to the manufacturer’s instructions. For protein detection, 30 µg protein were separated 

in a 12.5 % SDS-PAGE and transferred to a nitrocellulose membrane. Subsequently, primary 

antibody was applied to detect UCP1 (Cat# ab23841, abcam, London/UK, 1:5000) followed by 

primary antibody detection using an IR-dye conjugated secondary antibody (IRDye 800CW, LI-

COR, Lincoln NE/USA, 1:20000). The IR signal was detected with the Azure Sapphire™ 

biomolecular imager (azure biosystems, Dublin CA/USA). Image analysis was conducted with the 

Image Studio™ Lite software version 5.2. 

https://www.benchling.com/
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5.4.9 DNA Extraction and 16S rRNA Sequencing 

Cecal contents were collected together with other tissues and immediately snap frozen in liquid 

nitrogen and stored at -80°C. DNA isolation, library preparation and sequencing were performed 

at the ZIEL – Core Facility Microbiome of the Technical University of Munich. Briefly, DNA was 

extracted using previously published protocols (Klindworth et al. 2013). For the assessment of 

bacterial communities primers specifically targeting the V3-V4 region of the bacterial 16S rRNA 

(Forward-Primer (341F- CCTACGGGNGGCWGCAG; Reverse-Primer (785r-ovh): 

GACTACHVGGGTATCTAATCC) gene including a forward and reverse illumine specific overhang 

and a barcode were used. Sequencing was performed using an Illumina MISeq DNA platform. 

Obtained multiplexed sequencing files have been analyzed using the IMNGS platform, which is 

based on the UPARSE approach for sequence quality check, chimera filtering and cluster 

formation (Edgar 2013; Lagkouvardos et al. 2016). For the analysis standard values for barcode 

mismatches, trimming, expected errors and abundance cutoff have been used and only sequences 

between 300 and 600 bp were considered for analysis. Downstream analysis of the IMNGS 

platform output files were performed using the RHEA R pipeline (Lagkouvardos et al. 2017). In 

brief, obtained abundances have been normalized and quality of obtained sequences was assessed 

using rarefaction curves (McMurdie and Holmes 2014). Analysis of alpha diversity, beta diversity 

and group comparisons have been performed using default settings. Exceptions have been applied 

for group comparisons for zero-radius operational taxonomic unit (zOTUs) and taxonomic levels 

(abundance cutoff 0.5 and exclusion of alpha diversity measures). Graphical output was modified 

for presentation using inkscape (https://inkscape.org). Assignment of zOTUs to taxons has been 

performed using the SILVA database (Version 138.1 (Quast et al. 2013)). Assignment of species to 

specific zOTUs with EZBioCloud (Yoon et al. 2017). 

5.4.10 Lipid Extraction and Mass Spectrometry Analysis 

Lipid extraction for quantitative analysis using Lipidyzer™ platform (SCIEX, Framingham 

MA/USA.) was done using an adapted Methyl-tert-butyl-ether (MTBE) extraction protocol. 

Lipidyzer™ internal standards mixture was prepared according to the manufacturer’s instruction 

but dissolved in MTBE. To each 50 µL plasma aliquot, 50 µL water; 50 µL Internal Standard, 500 

µL MTBE and 160 µL Methanol was added, shortly vortexed and incubated on a mixer for 30 

minutes. 200 µL of water was added and centrifuged at 16000g. The supernatant was transferred 

in vials and the residual phase re-extracted using MTBE: Methanol: Water in the ratio 3:1:1. The 

collected supernatants were evaporated with a vacuum centrifuge and resuspended in 250 µL of 

10 mM ammonium acetate in Dichloromethane: Methanol (50:50 (v/v)). 

Samples were analysed using a QTRAP 5500 (AB SCIEX) equipped with Differential Mobility 

Spectrometer (DMS) interface (Schneider et al. 2010) operating with SelexION technology, 

coupled to a Shimadzu Nexera X2 liquid chromatography system. The Lipidyzer platform™ is 
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operated via the software Analyst version 1.6.8 and Lipidomics workflow manager (SCIEX, 

Framingham MA/USA). A detailed description of this shotgun approach has been previously 

reported (Lintonen et al. 2014). The Lipidyzer ™ Platform was tuned using the SelexION Tuning 

Kit (SCIEX) according to the manufacturer’s recommendations and a system suitability test was 

performed using the System Suitability Kit (SCIEX) according to the manufacturer’s instructions. 

The Lipidyzer ™ Platform uses 10 mM ammonium acetate in Dichloromethane: Methanol (50:50 

(v/v)) as running buffer, Dichloromethane: Methanol (50:50 (v/v)) as rinse 0&1, 2-propanol as 

rinses 2&3, and 1-propanol as a DMS modifier. 50µl of samples are injected for each of the two 

MRM methods: One with a DMS on and one with DMS off. MRM data acquisition, processing, and 

quantification is performed automatically by the lipdyzer lipidomics workflow manager. Lipid 

concentrations are given in nmol/ml.  

5.4.11 Data analysis and statistics 

General data analysis was performed with R (version 4.0.3) within R-Studio (version 1.3.1093). 

Unless otherwise indicated data are represented as means ± sd or with single values for each 

mouse. Student’s t-tests were performed with the package “ggpubr” (version 0.4.0). ANOVA, and 

linear model analysis with the package “stats” (version 4.0.3). Trapezoid AUC were calculated 

using the AUC function of the package “DescTools” (version 0.99.38). 

Analysis of alpha diversity was performed with Prism 6 (GraphPad Software Inc., La Jolla CA/USA) 

using non-parametric Mann-Whitney U test. Beta diversity is visualized using non-metric multi-

dimensional scaling based on generalized UniFrac and tested for significance using PERMANOVA. 

Differences in zOTUs have been determined using Kruskal-Wallis rank sum test with adjustments 

for multiple testing using the Benjamini & Hochberg method.  

Multi-omics analysis was performed using R (version 4.0.4) and python (version 3.8.5). Multi-

omics factor analysis (MOFA) (Argelaguet et al. 2018; 2020) was used for unsupervised data 

integration of the lipidome and microbiome data. The mofapy2 python package (version 0.5.8) 

and the MOFA2 R package (version 1.0.1) (for downstream analysis) were used together with 

custom visualization tools. Data integration analysis for biomarker discovery using latent variable 

approaches for ‘omics studies (DIABLO) (Singh et al. 2019) was used as a supervised analysis 

framework. DIABLO generalizes (sparse) partial least-squares discriminant analysis (PLS-DA) for 

the integration of multiple datasets measured on the same samples. For DIABLO analyses the 

mixOmics R package (version 6.14.0) (Rohart et al. 2017) was used along with custom code for 

randomized performance estimation.  
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5.5 RESULTS 

5.5.1 Deletion of UCP1 Exon 2 leads to a loss of protein expression 

The original mouse used to generate the knockout of UCP1 in the mice used in this study was 

generated in frame of the EUCOMM program via a “knockout first allele” approach (Skarnes et al. 

2011; Pettitt et al. 2009). In order to generate WT (UCP1tm1c), the lacZ and the neomycin resistance 

cassette were removed from the UCP1tm1a allele, by cross breeding with flippase expressing mice 

(Figure 25 A1), thus generating WT (UCP1tm1c) mice. These mice containing only one flippase 

recognition target (frt) and two lox P sites flanking exon 2 of the UCP1 gene were crossed with 

mice expressing Cre-recombinase under the control of the rosa26 promotor (Rosa26Cre/+) 

(Figure 25 A2). This results in a constitutive germline deletion exon 2 of the UCP1 gene and the 

generation of KO (UCP1tm1d) mice (Figure 25 A3). The deletion of exon 2 of the UCP1 gene was first 

confirmed by PCR on genomic DNA with one forward and two revers primers binding to distinct 

sites of the UCP1 gene (Figure 25 A2 & A3).  

As predicted, this resulted in a short (263 bp) product for WT mice (Figure 25 B, primers a-b) and 

a longer (388 bp) product for KO (Figure 25 B, primers a-c), while HET mice showed both 

products. Of note, the 1255 bp product generated by the primers a and c in WT and HET is not 

seen, as the elongation period of the PCR protocol is too short to produce a product of this size. To 

further investigate the consequences of exon 2 deletion, we performed a RT-PCR on RNA isolated 

from BAT of both WT and KO mice. For the primer pair binding in exon 1 (d) and exon 5 (e) of the 

UCP1 gene (Figure 25 A), KO showed a smaller product size (~500 bp) compared to WT mice 

(~700 bp), as predicted by in-silico PCR (KO: 508 bp, WT: 707 bp, https://genome.ucsc.edu/cgi-

bin/hgPcr) (Figure 25 C). Subsequent sequencing of the WT and KO PCR-products revealed that 

the deletion of exon 2 causes a frame shift, leading to a premature stop codon in exon 3 

(Supplementary Figure 6). Consequently, KO mice do not express UCP1 protein, as confirmed by 

western blot analysis (Figure 25 1D).  
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Figure 25: Overview and validation of the UCP1 knockout strategy. 

(A) Breeding scheme for the generation of the UCP1 knockout. (A1) UCP1tm1a mice containing three 
loxP sites (red), two frt sites (blue) as well as a lacZ and a neo cassette were crossed with mice 
expressing flippase (Flp+). (A2) The resulting UCP1tm1c (WT) mouse is crossed with a Rosa26CRE/+ 

mouse, deleting exon 2 of the ucp1 gene, generating UCP1tm1d (KO) mice. (A3) UCP1tm1c and UCP1tm1d 
mice are crossed to generate HET mice. Lower case letters indicating binding positions of primers 
used for PCR (a-c) and RT-PCR (d&e). (B) PCR of gDNA from tissue samples of WT, HET and KO mice. 
(C) RT-PCR products from iBAT of WT and KO mice. (D) Representative western blot analysis for 
UCP1 (~33 kDA) in KO, HET and WT mice. See Supplementary Figure 7 for the uncropped version of 
the western blot. 

5.5.2 Thermogenic deficiency leads to decreased body weight in young KO mice 

The loss of the major protein responsible for NST resulted in a clear reduction of iSST in newborn 

KO compared to WT mice (Figure 26 A & B). The loss of one functional UCP1 allele in heterozygous 

(HET) mice on the other hand had no implication on iSST in newborn pups compared to WT mice 

(Figure 26 A & B). The genotype distribution of offspring from HET/HET breeding pairs 

(generation F2-F3) did not significantly deviate from the mendelian distribution of 1:2:1 (Figure 

26 C, Table 5). However, KO mice had lower body weight at weaning (at the age of ~3-4 weeks) 

compared to HET and WT mice (Figure 26 D), a phenotype that could be confirmed in the 

conventional UCP1-KO mouse on 129S1/SvImJ- but not on C57Bl/6J-background (Supplementary 

Figure 8 A & C). Irrespectively of the knockout model bodyweight of all three genotypes were 

similar at ~ 8 weeks of age (Figure 26 E, Supplementary Figure 8 B & D). 
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In summary this suggests a stain specific effect of UCP1 depletion on early body weight that 

recovers with age. 

 

Figure 26: Lack of UCP1 leads to phenotypic alterations in young mice. 

(A) Representative thermal image of newborn pups (2-3 days) of a UCP1-HET breeding pair. (B) 
Analysis of interscapular skin surface temperature (iSST, n(wt) = 17, n(het) = 17, n(ko) = 11, N = 45 
of 5 litters). (C) Offspring genotype distribution of UCP1-HET breeding pairs (n = 15) at 23 °C ambient 
temperature (N = 250). (D-E) Body weight of female and male UCP1-WT (n = 23), UCP1-HET (n = 33) 
and UCP1-KO (n = 11) mice (D) at weaning and (E) at the age of 8-weeks (N = 67 of 9 litters). (B,D,E) 
Crosses indicating group means. 1-Way ANOVA and t-test with bonferroni adjusted p-value, * = p-
value < 0.05. 

Table 5: Offspring genotype distribution of heterozygous breeding pairs. 

Genotype N Observed (%) Expected (%) P (Χ2 test) 

UCP1-WT 69 27.6 25 0.1364 

UCP1-HET 132 52.8 50  

UCP1-KO 49 19.6 25  
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5.5.3 UCP1-KO and WT mice have similar susceptibility to DIO at thermoneutrality 

The susceptibility UCP1-KO mice to DIO under thermoneutral conditions is still a matter of debate. 

We addressed this controversial question using our novel UCP1-KO model by feeding mice at 

thermoneutrality a CD for 4 weeks followed by 8 weeks of HFD. At the start of the experiment at 

the age of 8 weeks, mice of both genotypes had similar body weights (data not shown). Cumulative 

body weight gain increased with time but was similar between both genotypes (Figure 27 A) as 

indicated by linear model analysis during CD (Duration P < 0.001, Genotype P = 0.491) and HFD 

(Duration P < 0.001, Genotype P = 0.188) feeding. In line, total energy intake between both 

genotypes was similar during CD and HFD feeding (Figure 27 B & C). 

We determined body composition in terms of lean and fat mass different timepoints of the 

experiment. Both lean mass (Figure 27 D) and fat mass (Figure 27 E) correlated well with body 

weight during both feeding regimes, with fat mass being the main contributor to the increase in 

body weight during HFD feeding (R2 > 0.9), in both WT and KO mice (Figure 27 D & E). 

UCP1-KO mice have been described to be metabolically more efficient (Feldmann et al. 2009; von 

Essen et al. 2017; Luijten et al. 2019), thus incorporating more fat mass per unit of energy intake. 

We addressed this question by linear model analysis of cumulative fat mass gain versus 

cumulative energy intake over the experimental period (Figure 27 F). There was no difference in 

the correlation of fat mass gain and energy intake between genotypes, consequently both UCP1-

WT and UCP1-KO mice showed similar metabolic efficiency. Of note, this result was confirmed by 

determining metabolic efficiency as the percentage of food energy stored as fat mass described 

previously (von Essen et al. 2017) (Figure 27 G & H). The similarity in fat mass of both UCP1-WT 

and UCP1-KO determined by NMR was reinforced by dissected weights of iWAT, eWAT and iBAT 

(Figure 27 I-K). Collectively this data indicates that UCP1 does not affect body adiposity at 

thermoneutral conditions. 
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Figure 27: Similar susceptibility to diet-induced obesity in UCP1-KO and WT mice. 

(A) Body weight of Ucp1-WT (wt, n = 7) and Ucp1-KO (ko, n = 7) mice at 30°C fed a control (CD) or 
high-fat diet (HFD). Total energy intake of mice during (B) CD and (C) HFD feeding. (D&E) Pearson 
correlation coefficient between measurements of (D) lean mass and body weight and (E) fat mass 
and body weight during CD (left) and HFD (right) feeding. (F) Metabolic efficiency in terms of 
correlation (Persons’ correlation coefficient) between cumulative fat mass gain and cumulative 
energy intake for CD (left panel) and HFD (right panel). Metabolic efficiency expressed as percent of 
the total food energy consumed stored as fat mass during (G) CD and (H) HFD feeding. Student’s t-
test between Ucp1-WT (wt n = 7) and Ucp1-KO (ko n = 7), ns = p > 0.5, bars indicate group means. 
Metabolic efficiency expressed as percentage of food energy stored as fat mass was calculated 
according to (von Essen et al. 2017). Briefly total fat mass gain (g) during each period was 
multiplied by 37.4 kJ/g and divided by food intake (kJ). Weights of dissected (I) inguinal white 
adipose tissue (iWAT), (J) epididymal white adipose tissue (eWAT) and (K) interscapular brown 
adipose tissue (iBAT) at the end of HFD feeding. (B,C,G-I) Student’s t-test ns = p-value > 0.05. Group 
means indicated as (B,C) bars and (G-I) crosses. 
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5.5.4 Plasma lipid composition of UCP1-KO and UCP1-WT mice is comparable 

Activated BAT can clear substantial amounts of lipids from circulation (Berbeé et al. 2015; Bartelt 

et al. 2011). Thus, we investigated if ablation of UCP1 affected systemic lipid metabolism, by 

targeted lipidomics on plasma samples. Lipid class composition was similar between both 

genotypes. Only cholesteryl esters (CE) were significantly more abundant in UCP1-WT compared 

to UCP1-KO mice (Figure 28 A). Concentration of CE, ceramides (CER), hexosylceramides (HCER) 

and sphingomyelins (SM) were significantly higher in UCP1-WT mice (Figure 28 B). However, fold 

changes (FC) between to UCP1-KO were rather small (CE, FCwt/ko = 1.13; CER, FCwt/ko = 1.17; HCER 

FCwt/ko = 1.16; SM, FCwt/ko = 1.1). The similarity of plasma lipid composition between both 

genotypes was confirmed by PCA of composition (Figure 28 C) and concentration (Figure 28 D) 

on a lipid species level.  

Collectively, these data indicate that ablation of UCP1 does not affect the systemic lipid 

metabolism at thermoneutrality. 

 

Figure 28: Plasma lipid profiles are comparable between UCP1-KO and UCP1-KO. 

(A) Composition and (B) concentration of lipid classes in plasma of UCP1-KO (ko, n =7) and UCP1-
WT (wt, n = 7) mice housed at 30°C after 8 weeks of high-fat diet feeding. Principal component 
analysis (PCA) of lipid species (C) composition and (D) concentration. Cholesteryl esters (CE), 
ceramides (CER), diacylglycerols (DG), dihydroceramides (DCER), free fatty acids (FFA), 
hexosylceramides (HCER), lactosylceramides (LCER), lysophosphatidylcholines (LPC), 
lysophosphatidylethanolamines (LPE), phosphatidylcholines (PC), phosphatidylethanolamines (PE), 
sphingomyelins (SM). triacylglycerols (TG). (A&B) Student’s t-test ns = p-value > 0.05, * = p-value < 
0.05, *** = p-value < 0.001. Group means indicated as (A&B) bars. 
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5.5.5 Lack of UCP1 is associated with the abundance of specific microbial genera 

The gut microbiome influences host metabolism (Tremaroli and Bäckhed 2012) and studies 

demonstrate an effect of microbiome composition on UCP1 expression (T.-R. Wu et al. 2019) and 

thermogenesis (Ziȩtak et al. 2016). Consequently, we investigated whether UCP1 expression 

alters microbiome composition, by comparing the cecal microbiomes of UCP1-WT and UCP1-KO 

mice. Similar microbial richness (alpha-diversity) was observed between genotypes by 16S rRNA 

analysis (Figure 29 A). However, deletion of UCP1 affected cecal microbial composition 

demonstrated by differences in beta-diversity between genotypes (Figure 29 B). Detailed analysis 

of the microbial composition revealed four zOTU significantly different between UCP1-KO and 

UCP1-WT based on unadjusted Kruskal-Wallis rank sum test (Figure 29 C-F). After adjustment for 

multiple comparisons two of these zOTU demonstrated a trend to higher abundance in UCP1-KO 

while the other were significantly more abundant in UCP1-WT mice. These zOTUs could be 

assigned to Parabacteroides golsteinii (zOTU3 & zOTU4) and Desuflovibrio fairfieldensis (zOTU17 

and zOTU19), respectively. Interestingly, P. golsteinii has previously been reported to decrease 

HFD induced obesity and diabetes and increase UCP1 expression in iBAT and iWAT in C57BL/6J 

mice (T.-R. Wu et al. 2019). These data indicate a connection between UCP1 expression and the 

gut microbiota and confirm P. goldsteinii as a potential species associated to UCP1. 
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Figure 29: Single cecal microbial genera are associated with the presence of UCP1. 

Analysis of cecal microbiome of UCP1-KO (ko, n = 7) and UCP1-WT (wt, n = 7) mice housed at 30°C 
after 8 weeks of high-fat diet feeding. Comparison of (A) alpha-diversity determined by Shannon 
effective index and (B) beta-diversity assessed by principal coordinates analysis. (C-F) Relative 
abundance of zOTU identified by statistically different unadjusted Kruskal-Wallis rank sum test 
between WT and KO mice. Statistical differences tested by (A) non-parametric Mann-Whitnex U test 
ns = p-vaule > 0.05, (B) Permutational multivariate analysis of variance, (C-F) Kruskal-Wallis rank 
sum test with the Benjamini & Hochberg adjustment ns = p-value > 0.05, * = p-value < 0.05, Group 
means indicated as (A) bars, (C-F) lines. 

The microbiome can substantially influence host lipid metabolism (Schoeler and Caesar 2019). As 

we identified small changes in both lipid metabolism and microbiome composition, we 

investigated potential interactions between microbiome and lipidome. Therefore, we analyzed 

the combined lipidome and microbiome data set using supervised (DIABLO PLS-DA) and 

unsupervised (MOFA) approaches. DIABLO sparse PLS-DA revealed two sets of features that 

discriminated between UCP1-KO and UCP1-WT mice (Figure 30 A). However, quality assessment 

by repeated analysis of the dataset with randomly assigned groups (1000 iterations) 

demonstrated similar good discrimination as between UCP1-KO and UCP1-WT mice (Figure 30 
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A). Consequently, it was not possible to discriminate the observed difference between UCP1-KO 

and UCP1-WT from random differences between samples. This assumption was confirmed by 

unsupervised MOFA demonstrating no separation of the two genotypes by the two factor groups 

explaining the highest proportion of variance between UCP1-KO and UCP1-WT mice (Figure 30 

B). 

Consequently, no genotype specific interactions between plasma lipid composition and the 

microbiome could be identified. 

 

Figure 30: Multi-omics reveal no interaction between microbiome and lipidome explaining 
differences between UCP1-KO and UCP1-WT mice. 

Integrated analysis of the combined lipidome and microbiome data sets. (A) Receiver operating 
characteristic area under the curve (AUC) of data integration analysis for biomarker discovery using 
a latent components partial least squares discriminant analysis (DIABLO PLS-DA). Red diamonds 
indicate results of supervised DIABLO PLS-DA of the components 1 and 2 (Comp1, Comp2). Box plots 
indicate results of 1000 randomized DIALBO PLS-DA analyses. P-value = #(AUCsupervised < AUCrandom) 
/ 1000. (B) Visualization of the two factors explaining most of the variance between UCP1-KO and 
UCP1-WT mice based on multi-omics factor analysis (MOFA). 

5.5.6 UCP1-KO mice have similar energy balance at thermoneutrality 

The effect of UCP1 knockout on energy balance regulation was investigated in detail by indirect 

calorimetry measurements 3-4 weeks after the start of CD or HFD feeding. We observed a clear 

diurnal pattern of the respiratory exchange ratio during CD feeding, being higher during the dark 

phase compared to the light phase (Figure 31 A-B) indicating that mice utilized more 

carbohydrates during the dark, feeding phase while relying more on fatty acid metabolism during 

the lighted, fasting phase. During HFD feeding the respiratory exchange ratio was generally 

reduced compared to the CD period, demonstrating a shift in substrate utilization towards fatty 

acid oxidation based in the high-fat content of the diet (Figure 31 C & D). However, no differences 

in respiratory exchange ratio between KO and WT mice were detected during either feeding 

period (Figure 31 B & D).  
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Figure 31: Energy expenditure at thermoneutrality is comparable between UCP1-KO and 
UCP1-WT mice. 

(A) Respiratory exchange ratio of UCP1-KO (ko, n = 7) and UCP1-WT (wt, n = 7) mice during CD 
feeding. (B) mean respiratory exchange ratio (RER) of dark and light phases corresponding to (A). 
(C) Respiratory exchange ratio of mice during HFD feeding. (D) mean respiratory exchange ratio 
(RER) of dark and light phases corresponding to (C). (E) Heat production during CD feeding and (F) 
the respective area under the curve (AUC). (G) Heat production during HFD feeding and (H) the 
respective AUC. (I) Mean basal metabolic rate (mean of the four consecutive lowest values after at 
least 3h of fasting) at 30 °C. (J) Heat production curve of mice injected with NA at 26 °C. (K) Maximal 
heat production during the 80 minutes measurement interval shown in (J). (L) AUC of heat 
production corresponding to (J). Grey bars and triangles indicating contribution of basal metabolic 
rate. (F,H,I,K,L) Students t-test, ns = p > 0.5, * = p < 0.5, bars indicate group means; (A,C,E,G) data 
represented as means and standard deviation, averaged over a period of 30 min; (J) data represented 
as means and standard deviation, averaged over a period of 10 min. 

The activation of BAT thermogenesis by feeding (diet-induced thermogenesis) might contribute 

to total energy expenditure and thus protect WT mice from DIO (von Essen et al. 2017). To 

scrutinize these findings, we investigated whether knockout of UCP1 affected energy expenditure 

in the new mouse model. As expected metabolic rate in terms of O2 consumption, CO2 production 

and heat production were subject to diurnal alterations during CD and HFD feeding, increasing 

during the active dark phase and decreasing during the inactive light phase (Figure 31 E & G and 
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Supplementary Figure 9 A-G). However, energy expenditure (area under the heat production 

curve) during the measurements were similar between WT and KO mice at all times (Figure 31 F 

& H and Supplementary Figure 9 E & F) but decreased upon HFD feeding (Supplementary Figure 

9 G). Consequently, knockout of UCP1 did not affect energy expenditure at thermoneutral 

conditions.  

Subsequent to the energy expenditure measurement during HFD feeding, we investigated basal 

metabolic rate and NA induced heat production in fasted mice. KO and WT mice had similar basal 

metabolic rates (Figure 31 I) and increased metabolic rates after NA injection, similar to previous 

observations (Granneman et al. 2003; C. W. Meyer et al. 2010). However, WT showed a 

remarkably higher response upon NA injection compared to (Figure 31 J-L), indicating the 

contribution of UCP1 mediated thermogenesis. 

In addition to energy expenditure, we measured energy intake and fecal energy excretion during 

the calorimetry sessions. Faecal energy content was higher during HFD compared to CD feeding, 

reflecting the increased energy content of the HFD (not shown). However, there was no difference 

between genotypes in either feeding period (Figure 32 A & B). This was also true for excreted 

(Figure 32 C & D) and ingested (Figure 32 E & F) energy during the calorimetry sessions. 

Consequently, energy balance (ingested energy – excreted energy – AUC of heat production) was 

unaffected by the deletion of UCP1 under thermoneutral conditions (Figure 32 G & H).  
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Figure 32: Knockout of UCP1 does not influence energy balance at thermoneutrality. 

Faecal energy content of UCP1-WT (n = 6) and UCP1-KO (n = 6) fed (A) CD or (B) HFD. Total energy 
lost via faeces of mice fed (C) CD or (D) HFD. Energy consumption of mice fed (E) CD or (F) HFD. 
Energy balance of mice during (G) CD or (H) HFD feeding. One mouse (wt) was removed as it did not 
eat during the calorimetry session. Another one (ko) was removed from the analysis as the faecal 
samples did not combust completely. Students t-test, ns = p > 0.5, bars indicate group means. 

5.6 DISCUSSION 

We characterized for the first time a novel UCP1-KO model, as an alternative to the established 

UCP1-KO mouse, generated by Leslie Kozak and coworkers (Enerbäck et al. 1997). The 

introduction of novel UCP1-KO models is important since, due to a lack of alternatives, studies 

investigating the role of UCP1 in context of DIO rely exclusively on this established UCP1-KO 

model. Only recently a second UCP1-KO mouse model has been described, lacking functional UCP1 

due to a SNP at nucleotide 38 of exon 5 of the UCP1 gene (Bond and Ntambi 2018).  

The aims of the study were to provide a basal characterization of the constitutive UCP1-KO mouse 

and to validate this model by comparison with the results of previous studies on the established 

UCP1-KO mouse, especially in light of the still ongoing debate whether (Feldmann et al. 2009; von 

Essen et al. 2017; Rowland et al. 2016; Luijten et al. 2019; Pahlavani et al. 2019) or not (Enerbäck 
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et al. 1997; Liu et al. 2003; Zietak and Kozak 2016; Winn et al. 2017; Maurer et al. 2020) the 

knockout of UCP1 renders mice more susceptible to DIO at thermoneutral conditions.  

At standard housing conditions (~23°C ambient temperature) mice rely on constantly active 

thermogenesis to maintain normothermia. Mice lacking UCP1 recruit other thermogenic 

mechanisms to defend body temperature at these conditions and thus in contrast to WT mice are 

protected against DIO obesity (Keipert et al. 2020; T. Wang et al. 2008; Liu et al. 2003). Similarly, 

UCP1-KO pups showed decreased body temperature (iSST) in the present study and decreased 

weight after weaning, confirming the significance of UCP1 as an efficient mechanism to defend 

body temperature in early life. Interestingly, differences in body weight after weaning could be 

seen in pups of the conventional UCP1-KO mouse on a 129S1/SvImJ but not on a C57BL/6J 

background. Indeed, the effect of UCP1 knockout depends on the genetic background since 

congenic 129S1/SvImJ or C57BL/6J UCP1-KO mice are cold sensitive, while their F1-hybrids are 

not (Hofmann et al. 2001).  

Once the need for thermoregulatory heat production is eliminated by housing mice in their 

thermoneutral zone (27-30°C) the effect of UCP1 deletion becomes inconclusive. Results from 

several studies suggest that at thermoneutrality UCP1-KO mice are more susceptible to DIO due 

to the lack of diet-induced thermogenesis (von Essen et al. 2017; Feldmann et al. 2009; Rowland 

et al. 2016; Luijten et al. 2019), a mechanism activating BAT thermogenesis enabling rodents to 

increase their energy expenditure to avoid excessive weight gain caused by overfeeding (Bachman 

et al. 2002; Rothwell and Stock 1979).Thus, it seems plausible that mice lacking UCP1 are more 

susceptible to DIO at thermoneutrality (Feldmann et al. 2009; Luijten et al. 2019; von Essen et al. 

2017; Rowland et al. 2016) considering UCP1 as the main contributor to BAT thermogenesis. We 

investigated this phenomenon by comprehensive metabolic analysis of our novel UCP1-KO model. 

Total energy expenditure was similar in both KO and WT mice and did not differ during the nightly 

feeding period, indicating no effect of UCP1 deletion to diet-induced thermogenesis. Further, 

considering the similarities in body weight gain, food intake and metabolic efficiency between KO 

and WT animals, there is no evidence for a more DIO susceptible phenotype of UCP1-KO mice. 

These findings are in line with various studies on the established UCP1-KO mouse (Enerbäck et 

al. 1997; Zietak and Kozak 2016; Winn et al. 2017; Maurer et al. 2020) and a second recently 

described UCP1-KO mouse (Bond and Ntambi 2018). Based on the combined evidence of different 

UCP1-KO models we conclude that energy balance regulation and the development of DIO are not 

affected by the presence of UCP1 at thermoneutrality.  

For future studies, a major advantage and the novelty of our mouse model compared to other 

available UCP1-KO models (Enerbäck et al. 1997; Bond and Ntambi 2018) is the option to induce 

conditional Cre-mediated deletion of Exon 2 of the UCP1 gene, using tamoxifen- or digitonin- 

inducible Cre-systems. Although, we described the constitutive UCP1-KO, this system allows to 
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conditionally knock-out UCP1 in specific tissues or a time dependent manner. This is of 

significance to investigate the role of alternative mechanisms for NST that might be recruited due 

to the lack of UCP1 in early life stages. So far, the only available inducible model was the UCP1-

DTR mouse, expressing the diphtheria toxin receptor (DTR) under control of the UCP1 promotor, 

thus depleting UCP1 expressing cells (Rosenwald et al. 2013; Challa et al. 2020). This provided 

first insights about the contribution of brite adipocytes to energy expenditure (Challa et al. 2020). 

In contrast, our model will allow the activation independent knockout of UCP1 in distinct cell 

types while leaving cells otherwise functional. Further research on inducible UCP1-KO mice based 

on our knockout strategy will help to study the recruitment of alternative thermogenic 

mechanism and to clarify the role of individual thermogenic adipocytes to NST.  

In summary we provide evidence that the abundance of UCP1 does not influence energy 

metabolism at thermoneutrality and provide a new mouse model as foundation for a better 

understanding of the contribution of UCP1 in different cell types or life stages to energy 

metabolism.  
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6 SPATIAL RECRUITMENT OF CARDIOLIPINS IN WHITE ADIPOSE TISSUE 

AFTER COLD STIMULATION IS INDEPENDENT OF UCP1  

A similar version of this chapter has been submitted: Dieckmann S., Maurer S., Kleigrewe K., 

Klingenspor M. 

6.1 ABSTRACT 

Brown and brite adipocytes are the key cells performing UCP1 dependent NST induced by cold 

exposure. Several lipid species are associated to NST in brown and white adipose tissue. Studies 

investigating the association of the lipid profile with NST rely on the analysis of whole organ 

homogenates or on the differentiation of pre-adipocytes in vitro. These approaches have so far 

not addressed the heterogeneity of WAT. Aim of this study was to characterize the lipid 

composition of WAT on a region-specific level in an in vivo context.  

We applied MALDI-MSI in combination with IHC and high-resolution mass spectrometry on 

sections of iWAT of 129S6/SvEvTac and C57BL6/N-UCP1-KO and wildtype mice acclimatized to 

cold to identify lipids specific to areas of UCP1 expression.  

Based on the analysis of cold exposed 129S6/SvEvTac mice we identified cardiolipins (CL) and 

DG species to be specific for areas expressing UCP1 and TG to be the main lipid class characteristic 

for UCP1 negative regions within iWAT. Investigation of C57BL6/N-UCP1-KO and wildtype mice 

housed at either RT or acclimatized to cold, demonstrated that CL content in WAT is increased 

upon cold stimulation, independent of UCP1. 

We introduce a MALDI-MSI based approach to identify lipids associated to thermogenic 

adipocytes in adipose tissues demonstrating a clear regional cold dependent upregulation of CL 

independent of UCP1.  

6.2 AUTHORS CONTRIBUTION 

Sebastian Dieckmann designed the study, performed mouse experiments, sectioning, IHC, data 

analysis, interpreted the results and drafted the manuscript. 
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6.3 INTRODUCTION 

BAT is the main organ responsible for NST. The distinctive cell type of BAT are brown adipocytes 

that are characterized by high expression levels of UCP1, the key mediator of heat production. NST 

capacity and UCP1 expression, however, are not restricted to BAT but are also recruited in brite 

adipocytes that emerge within iWAT upon prolonged β3-adrenergic signaling in a process termed 

“browning”. The thermogenic function of brown and brite adipocytes is not only linked to UCP1 

expression but also architecture of these adipocytes. Both cell types contain multilocular lipid 

droplets, in contrast to the mostly unilocular appearance of lipid droplets in white adipocytes, the 

main cell type for storing excessive energy in form of triglycerides. Brown and brite adipocytes 

are packed with mitochondria that are required to enable high rates of ATP-independent 

uncoupled respiration but also ATP-dependent futile cycles (Kazak et al. 2015). In contrast to 

white adipocytes, brown and brite adipocytes exhibit high capacities for de novo lipogenesis, beta-

oxidation, lipolysis and re-esterification of fatty acids. Consequently, quantitative lipidomics 

revealed differences of brown and brite compared to white adipocytes like higher levels of distinct 

phospholipid classes, DG and cardiolipins (CL) in these thermogenic adipocytes (Schweizer et al. 

2019; Sustarsic et al. 2018; Lynes et al. 2018; He et al. 2019). CL are an essential component of the 

inner mitochondrial membrane. They are composed of two phosphatidylglycerols linked by 

glycerol, forming a dimeric phospholipid with four acyl chains. Bound to several mitochondrial 

membrane proteins, CL are a signature lipid of mitochondria and play a pivotal role in 

mitochondrial functionality (Paradies et al. 2019). Pathological alterations in CL metabolism are 

linked to several diseases such as Barth syndrome, myocardial ischemia, Parkinson’s disease or 

diabetes (Paradies et al. 2019). The importance of CL in mitochondrial bioenergetics results from 

the interaction with enzymes of the electron transport chain or the ATP synthase. Further, CL are 

an integral part of NST, a process induced in brown adipocytes upon ß3-adrenergic signaling and 

essential for small rodents to defend body core temperature. Stimulation of brown and brite 

adipocytes by β3-adrenergic receptor agonists lead to increased CL content in brite and brown 

adipocytes in vitro as well as iWAT and BAT in vivo (Schweizer et al. 2019; Sustarsic et al. 2018; 

Lynes et al. 2018; He et al. 2019). The association between CL and UCP1 is further demonstrated 

by the stabilizing effect of CL on UCP1 (Hoang, Smith, and Jelokhani-Niaraki 2013; Y. Lee et al. 

2015), facilitating its function. In line, adipose tissue specific knockout of cardiolipin synthase 1 

impairs the ß3-adrenergic induced recruitment of UCP1 (Sustarsic et al. 2018).  

Although the significance of CL for UCP1 function is well established, we are unaware of studies 

demonstrating the effect of UCP1 on CL abundance. Further, the studies investigating changes in 

lipid composition and the association between CL and BAT activity or UCP1 rely on the analysis 

of whole organ homogenates (Lynes et al. 2018; Sustarsic et al. 2018; He et al. 2019) or on the 

differentiation of pre-adipocytes in vitro (Schweizer et al. 2019). Considering the heterogeneity 
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of WAT (Barreau et al. 2016) these approaches might neglect region-specific differences in lipid 

metabolism. Consequently, we asked whether changes in the lipid profile in respect to CL occur 

ubiquitously in WAT (WAT) or in a spatial pattern coinciding with the presence of brite 

adipocytes. Therefore, the aim of our study was to characterize the lipid composition of adipose 

tissue and to demonstrate the association between CL and UCP1 on a region-specific level in an in 

vivo context. We present MALDI-MSI in combination with IHC and high-resolution LC-MS/MS as a 

suitable approach to identify lipids associated to specific functions like the cold induced 

recruitment of thermogenic adipocytes.  

6.4 MATERIAL AND METHODS 

6.4.1 Animals 

All animals were bred and housed in a specific-pathogen-free facility at 23°C ambient 

temperature. The experiments were performed according to the German animal welfare law with 

permission from the district government of Upper Bavaria (Regierung von Oberbayern, reference 

number ROB-55.2-2532.Vet_02-16-166). At the age of 8-weeks, male mice were single caged, 

transferred to climate cabinets set to 23°C and 55% relative humidity. Simultaneously, mice were 

switched to a CD (Snifff Cat# S5745-E702) and divided into two groups based on bodyweight. 

129S6/SvEvTac: After 3 weeks at 23°C, one group (5°C) was directly transferred into a second 

climate cabinet set to 5 °C ambient temperature and 55 % relative humidity for one week.  

UCP1-KO: UCP1 knockout (UCP1-KO) and wildtype (UCP1-WT) mice on a C57BL6/N background 

were generated as described previously (Dieckmann et al in submission) and acclimatized to cold 

as followed. After 1-week at 23 °C, one group was maintained at 23 °C (23°C) for 4-weeks. The 

second group (5°C) was gradually acclimatized to cold by decreasing the temperature every week 

to 20 °C, 15 °C, 10 °C and finally 5 °C.  

All mice were killed by CO2 asphyxiation and pinching of the diaphragm after 1-week at 5°C. 

Inguinal WAT was dissected, weighed, and immediately embedded in 1% CMC on dry ice. Tissues 

were stored at -80 °C until further processing.  

6.4.2 Cryosectioning  

Cryosections of iWAT were generated with a Leica CM2505 Cryostat set to -35 °C chamber 

temperature and -30 °C specimen temperature. To obtain sections of similar regions within the 

tissue, approximately 20-25x 16 µm thick sections were discarded until the lymph node was 

visible in the sections. Subsequently 6x consecutive 16 µm sections were obtained. The first was 

thaw mounted on a chilled conductive ITO-slide (Bruker Daltonik, Bremen/Germany). The second 

was thaw mounted on a polysine-coated slide for IHC. The third and fourth section were combined 
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and transferred into a glass vial for LC-MS/MS analysis. A fifth and sixth section were discarded 

before repeating sectioning to the next replicate. Samples on ITO-Slides and in glass vials were 

kept within the cryostat. Samples for IHC and H&E staining were kept at RT. After preparation of 

all samples, teaching points were drawn on the ITO-slide with a correction pen (Tipp-Ex, Cat# 

8022921, BIC, France). An image of the dried ITO-slide was acquired with a digital single-lens 

reflex camera (Nikon D5600) for alignment with the MALDI instrument. Subsequently, all slides 

were placed in a vacuum desiccator, evacuated for 10 min, closed and dried for additional 20 min 

at RT. The ITO-slide was immediately processed further for MALDI-MSI (matrix application), 

while all other slides were stored at -20 °C until staining. Samples in glass vials were stored at -80 

°C until further processing. 

6.4.3 Matrix application 

The HCCA matrix (7 g/l HCCA, 0.2 % TFA in 60 % ACN) was applied on ITO-slides by spraying 

(ImagePrep, Bruker Daltonik, Bremen/Germany) and the following program: (1) Initialization, (2) 

0.07 V, 1 cycle, 0.05 V, (3) 0.07 V, 2 cycle, 0.1 V, (4) 0.2 V, 3 cycle, 0.2 V, (5) 0.6/-0.5 V, 4 cycle, 0.3 

V. 

6.4.4 MALDI-MSI 

MALDI-MSI was performed on the MALDI ultrafleXtreme (Bruker Daltonik, Bremen/Germany) 

with a Smartbeam2-Laser set to “4 large” and a raster size of 100 µm in positive ionization mode. 

6.4.5 Immunohistochemistry 

Samples on polysine-coated slides were washed 5 min in TBS and fixed for 10 min in ice-cold 

methanol/acetone (1:1). Fixed samples were washed twice in TBS for 5 min. Blocking was 

performed for 2 h at RT (TBST with 10% donkey serum, 1% bovine serum albumin) before 

application of the primary antibody against UCP1 (1:800, Cat# ab23841, abcam, London/UK) for 

2 h at RT or overnight at 4 °C. After primary antibody incubation, samples were washed three 

times in TBST for 5 min before applying the secondary antibody (1:500, Cat# A10040, Thermo 

Fisher) overnight at 4 °C or 2 h at RT. Secondary antibody solution was removed and samples 

stained with Hoechst33342 (1:500, Cat# 14533, Sigma-Aldrich, St. Louis MO/USA) for 10 min at 

RT. Finally, samples were washed three times in TBST for 5 min, supplied with mounting medium 

(Cat# VEC-H-1000-10, Biozol, Eching/Germany), covered by a cover slide and sealed with nail 

polish. Whole slide scans were performed immediately after staining with a fluorescence 

microscope (Leica AF000 LX, Filters: Y3 ET, Cat# 11504169 and DAPI ET, Cat# 11504203). 

Merged slide scans were exported from the LAS X software and subsequently opened and edited 

identically in ImageJ (Version 1.53c). 
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6.4.6 LC-MS/MS Analysis 

The tissue section was extracted with 0.5 mL chloroform/methanol (1:1, v:v) in an analytical glas 

vial. First, each tissue section was vortexed for 30 sec with a centrifugation step for 1 min at 1200 

rpm. Afterwards the samples were sonicated for 15 min and shaken for 30 min. After 

centrifugation for 5 min at 3000 rpm, 200 µL of the supernatant was dried in an Concentrator plus 

(Eppendorf) and dissolved in 20 µL chloroform/methanol (1:1, v:v) which was used for analysis.  

The lipid analysis was performed using a Nexera UHPLC system (Shimadzu) coupled to a Q-TOF 

mass spectrometer (TripleTOF 6600, AB Sciex) according to a published analytical method 

(Witting et al. 2014): Separation of the lipid extract was performed using a UPLC BEH C18 

2.1x100, 1.7 µm analytical column (Waters Corp.) with 300 µL/min flow rate. The mobile phase 

was water/acetonitrile (40:60, v:v) with 10 mM ammonium formiate and 0.1% formic acid (eluent 

A) and isopropanol/acetonitrile (90:10, v:v) with 10 mM ammonium formiate and 0.1% formic 

acid (eluent B). The gradient profile was 32% B from 0 to 1.5 min raising to 97% B at 21 min which 

was held for 4 min. Afterward the column was equilibrated at starting conditions. A volume of 5µL 

per sample was injected. The autosampler was cooled to 10°C and the column oven heated to 40°C. 

The samples have been measured in the Information Dependent Acquisition (IDA) mode. MS 

settings in the positive mode were as follows: Gas 1 55, Gas 2 65, Curtain gas 35, Temperature 

500°C, Ion Spray Voltage 5500, declustering potential 80. The mass range of the TOF MS and 

MS/MS scans were 100 - 2000 m/z and the collision energy set to 35 V with a 15 V spread. MS 

settings in the negative mode were as follows: Gas 1 55, Gas 2 65, Cur 35, Temperature 500°C, Ion 

Spray Voltage -4500, declustering potential -80. The mass range of the TOF MS and MS/MS scans 

were 100 - 2000 m/z and the collision energy set to -35 V with a 15 V spread. Mass to charge ratios 

identified by MALDI were added to the inclusion list to obtain a respective MS/MS-spectra for 

lipid annotation by MS-DIAL (Tsugawa et al. 2020). 

6.4.7 Data Analysis 

Analysis of data acquired by MALDI-MSI was performed with the SCiLS software (Bruker Daltonik, 

Bremen/Germany, Version 2016b) and the tools provided with the software. Sections of one 

measurement were loaded as individual regions in a combined dataset, applying convolution 

baseline correction. Data was normalized to the total ion count for data analysis and image 

representation. Segmentation was performed on medium denoised data. Identification of 

discriminative m/z intervals by receiver operating characteristic (ROC) analysis was performed 

on individual spectra and the aligned peaks resulting from the combined segmentation of all 

sections of one experiment. Initial annotation of m/z intervals was based on the bulk search option 

of the LIPID MAPS® Structure Database (LMSD) considering only [M+H]+ ions with a mass 

tolerance of ± 0.5 Da (https://www.lipidmaps.org/resources/tools/bulk_structure_searches.php

https://www.lipidmaps.org/resources/tools/bulk_structure_searches.php?database=LMSD
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?database=LMSD). LC-MS Data was analyzed with the MS-Dial software (Version 4.48, (Tsugawa 

et al. 2020)). 

6.5 RESULTS 

6.5.1 MALDI-MSI yields reproducible results within different sections of iWAT  

The iWAT is a heterogenous tissue, showing region specific degrees of browning (Barreau et al. 

2016). Due to this heterogeneity studies on whole tissue homogenates cannot resolve regional 

changes in the lipidomic profile induced by various treatment conditions. Aim of our study was to 

address this issue by applying MALDI-MSI on sections of iWAT. The heterogeneity within the 

tissue also might limit the interpretation of results, reproducibility and the comparison of sections 

taken in different depths in the tissue. We established the reproducibility and comparability on 

iWAT of 129S6/SvEvTac mice acclimatized to 5°C for one week. Mice of the 129S6/SvEvTac strain 

were used due to their high propensity to browning. As a first step to reduce the heterogeneity 

between measurements, we restricted the area of interest to sections around the lymph node, that 

is clearly visible to the eye in iWAT. In a second step we checked the homogeneity within this area 

by measuring, four sections of a single iWAT, spanning a range of ~280 µm (Figure 33 A) in a 

single run. The similarity of sections was examined by spatial segmentation of the spectra. The 

resulting segmentation map demonstrated a high similarity between the iWAT sections of a single 

mouse (Figure 33 A). This observation was confirmed in two other 129S6/SvEvTac mice (Figure 

33 B & C). These results demonstrate that no general methodological bias was introduced by our 

sectioning protocol substantiating the comparability and reproducibility of sections in a defined 

region of iWAT. Additionally, the segmentation of regional spectra also demonstrates the 

heterogeneity within iWAT (Figure 33 A-C), indicating regional specificity of lipid species. 

https://www.lipidmaps.org/resources/tools/bulk_structure_searches.php?database=LMSD
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Figure 33: High similarity between different sections.  

Segmentation results of inguinal white adipose tissue of three (A-C) 129S6/SvEvTac mice 
acclimatized to 5°C for 1 week. Sections spanning a range of (B&C) ~100 µm up to (A) ~280 µm 
subjected to MALDI-MSI with subsequent spatial segmentation based on bisecting k-means in 
combination with correlation distance. Identical colors indicate similar spectra. Inlets show 
segmentation trees. Scale bars 1.9 cm. 

6.5.2 Identification and annotation of region-specific m/z intervals  

After demonstrating the reliability of our MALDI-MSI approach, we asked the question whether 

the structural differences in the lipid composition correspond to specific functional regions within 

iWAT (Figure 33). Since several lipids are associated to cold induced NST on a whole tissue level 

(Lynes et al. 2018; Sustarsic et al. 2018; Hoene et al. 2014; Lynes et al. 2017), we investigated, if 

these changes of the lipidome observed upon cold stimulation appear ubiquitously in iWAT or are 

associated to clusters of thermogenic adipocytes. Therefore, we combined the MALDI-MSI data 

with IHC staining against UCP1, the major marker of brite adipocytes, and high-resolution LC-

MS/MS (Figure 34 A), to validate the findings of the MALDI-MSI on a global level. Staining of UCP1 

in iWAT of cold acclimatized 129S6/SvEvTac mice demonstrated the expected cluster of UCP1-

expressing cells around the lymph node (Figure 34 B, additional mouse examples Supplementary 

Figure 10 & Supplementary Figure 11 A) (Barreau et al. 2016). As seen before (Figure 33) the 

similar spectra clustered in specific regions and could be expanded until one matched the UCP1 

expression pattern (Figure 34 B & C, additional mouse examples Supplementary Figure 10 & 

Supplementary Figure 11 A & B). To identify which m/z intervals discriminated between the 
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regions overlapping with UCP1 expression (UCP1-positive) and those without overlap (UCP1-

negative), we performed ROC-analysis between these two regions (Figure 34 D, additional mouse 

examples Supplementary Figure 10 & Supplementary Figure 11 C) in a total of n = 8 sections (3 

mice with 2-4 sections). For each mouse, a mean ROC of ≥ 0.75 was considered characteristic for 

UCP1-positive regions, a mean ROC of ≤ 0.25 for the UCP1-negative regions and a mean ROC 

between 0.45 and 0.55 to be not characteristic for any of the two regions. Using this approach, we 

identified 24 m/z intervals associated to UCP1 expression (Table 6), 28 m/z intervals to UCP1-

negative regions (Table 7) and 63 m/z intervals not specific for any of the two regions (Table 8). 

Visual inspection of the m/z intervals confirmed the discrimination potential of our approach 

(Figure 34 E, additional mouse examples Supplementary Figure 10 & Supplementary Figure 11 

D). Within the set of m/z intervals not discriminating between the regions of interest, we 

identified some to be ubiquitously present (e.g. m/z 749.422, Figure 34 F) and some to be 

associated to the lymph node (e.g. m/z 774.388, Supplementary Figure 10 & Supplementary 

Figure 11 F). These m/z intervals were annotated to potential lipid species utilizing the bulk 

search option in the LMSD. In 8 instances no matching [M+H]+ ion could be assigned to the entered 

m/z interval, resulting in 20 and 28 annotated m/z intervals for the UCP1-positive (Table 6) and 

UCP1-negative (Table 7) regions, respectively. Of the non-discriminating m/z intervals, 59 could 

be annotated to potential lipid species. Due to the broad mass tolerance (±0.5 Da) of the MALDI-

measurement, we received 1-14 potential annotations for each m/z interval, corresponding to a 

variety of different lipid classes (Table 6, Table 7, Table 8). 
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Figure 34: Identification and validation of region-specific lipid species.  

(A) Overview of the experimental setup. 129S6/SvEvTac mice were housed at 5°C for 1 week. Inguinal 
white adipose tissue (iWAT) was dissected (grey dashed circle). Four consecutive sections were 
prepared, the first used for MALDI-MSI, the second for immunohistochemistry (IHC) staining of UCP1 
and the last two for LC-MS/MS analysis. (B) IHC of iWAT stained for UCP1 (magenta) and Hoechst 
(cyan). White arrowhead indicating the position of the lymph node. (C) Segmentation map of the 
MALDI-data expanded to several levels to match the UCP1 pattern in B. (D) UCP1-pos (magenta) and 
UCP1-neg (grey) adipose tissue regions assigned based on the segmentation used for ROC-analysis. 
(E) MALDI images of two examples m/z intervals identified to be specific for the UCP1-negative 
(green, ROC ≤ 0.25) and UCP1-positive (red, ROC ≥ 0.75) regions depicted in D. (F) MALDI image of 
one example m/z interval not specific for any of the two regions assigned in D (0.45 ≤ ROC ≤ 0.55). 
(G) MS2 spectra used to validate the region-specific m/z intervals exemplified on m/z 1403.596. Inlet 
shows the theoretical molecular masses of two different ions for CL 68:3 annotated by LIPID MAPS® 
Structure database search. (H) Detailed view of MS2 spectra of the m/z interval indicated by the 
dashed box in (G). (I) Structure of CL 68:3 and fragments based on different acyl chain composition. 
(J) MS2 spectra of a commercial CL standard (CL 56:0). (K) Structure of CL 56:0 and fragments based 
on acyl chain composition. 
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Table 6: Overview of m/z intervals associated to UCP1-positive regions.  

  
MALDI LIPID MAPS® LC-MS/MS 

m/z 
match 
mass delta name formula ion 

RT 
(min) 

measured 
mass 

delta 
(mDa) 

1 1404.608 
1404.8461 .2381 

Hex(5)-Cer 
38:1;O2 C68H125NO28         

2 1403.596 1403.9952 .3992 CL 68:3 C77H144O17P2 NH4+ 19.7 1424.02051 1.22 

3 1401.572 1401.8464 .2744 
Hex(3)-HexNAc-
Fuc-Cer 36:1;O2 C68H124N2O27     

1401.9795 .4075 CL 68:4 C77H142O17P2 NH4+ 19.3 1418.99646 9.64 

4 1400.560 
1400.826 .2660 

Hex(2)-HexNAc-
NeuGc-Cer 36:1;O2 C67H121N3O27         

5 1373.570 
1373.8151 .2451 

Hex(3)-HexNAc-
Fuc-Cer 34:1;O2 C66H120N2O27         

6 619.195 

619.2878 .0928 LPI 20:5 C29H47O12P     
619.3606 .1656 PA 28:3;O2 C31H55O10P     
619.3841 .1891 ST 35:5;O9 C35H54O9     
619.4333 .2383 PA 30:1 C33H63O8P     
619.4446 .2496 EPC 30:2;O3 C32H63N2O7P     
619.4697 .2747 PA O-31:1 C34H67O7P     
619.5296 .3346 DG 36:3 C39H70O5 NH4+ 15.4 636.55463 1.58 
619.5449 .3499 CE 16:3 C43H70O2     
619.6388 .4438 WE 42:1 C42H82O2         

7 618.183 
618.3402 .1572 PE 25:4;O2 C30H52NO10P     
618.4857 .3027 CerP 34:1;O2 C34H68NO6P         

8 617.171 

617.4177 .2467 PA 30:2 C33H61O8P     
617.4541 .2831 PA O-31:2 C34H65O7P     
617.5139 .3429 DG 36:4 C39H68O5 NH4+ 15 634.53876 1.77 
617.5503 .3793 DG O-37:4 C40H72O4         

9 615.146 

615.3316 .1856 TG 35:13;O C38H46O7     
615.3504 .2044 LPI 19:0 C28H55O12P     
615.3868 .2408 LPI O-20:0 C29H59O11P     

615.402 .2560 PA 30:3 C33H59O8P     
615.4983 .3523 DG 36:5 C39H66O5 NH4+ 13.95 632.52106 3.84 

10 571.287 571.2878 .0008 LPI 16:1 C25H47O12P         

11 570.275 

570.2826 .0076 LPS 22:6 C28H44NO9P     
570.3554 .0804 LPC 22:5 C30H52NO7P     
570.3765 .1015 LPS O-21:0;O C27H56NO9P     
570.5092 .2342 Cer 34:1;O4 C34H67NO5     
570.5456 .2706 Cer 35:0;O3 C35H71NO4         

12 569.263 

569.3085 .0455 PG 20:1;O C26H49O11P     
569.332 .0690 ST 24:1;O4;GlcA C30H48O10     

569.3813 .1183 LPG 22:0 C28H57O9P     
569.5139 .2509 DG 32:0 C35H68O5 NH4+ 16.2 589.534 6.53 
569.5292 .2662 CE 12:0 C39H68O2         

13 567.239 

567.2929 .0539 PA 23:2;O3 C26H47O11P     
567.3528 .1138 ST 31:3;O9 C31H50O9     
567.3656 .1266 LPG 22:1 C28H55O9P     
567.4983 .2593 DG 32:1 C35H66O5 NH4+ 15.2 584.52185 3.05 
567.5347 .2957 FAHFA 36:1;O C36H70O4     
567.5711 .3321 FA 37:0;O C37H74O3         

14 559.142 

559.2538 .1118 ST 30:8;O10 C30H38O10     
559.2878 .1458 LPI 15:0 C24H47O12P     
559.3242 .1822 LPI O-16:0 C25H51O11P     
559.3265 .1845 ST 32:6;O8 C32H46O8     
559.4357 .2937 DG 32:5 C35H58O5     
559.4721 .3301 FAHFA 36:5;O C36H62O4     
559.5449 .4029 FA 38:3 C38H70O2     
559.5449 .4029 WE 38:3 C38H70O2         

15 558.130 
558.319 .1890 PC 20:4 C28H48NO8P     

558.3459 .2159 ST 27:1;O5;T C29H51NO7S     
558.3554 .2254 LPC 21:4 C29H52NO7P         

16 557.117 
557.2381 .1211 ST 30:9;O10 C30H36O10     
557.2721 .1551 LPI 15:1 C24H45O12P     
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MALDI LIPID MAPS® LC-MS/MS 

m/z 
match 
mass delta name formula ion 

RT 
(min) 

measured 
mass 

delta 
(mDa) 

557.2874 .1704 LPG 22:6 C28H45O9P     
557.3085 .1915 LPI O-16:1 C25H49O11P     
557.3109 .1939 ST 32:7;O8 C32H44O8     
557.5292 .4122 FA 38:4 C38H68O2         

17 511.234 

511.2667 .0327 PA 20:1;O2 C23H43O10P     
511.2902 .0562 FA 27:6;O7 C27H42O9     
511.2902 .0562 MGMG 18:5 C27H42O9     

511.303 .0690 LPG 18:1 C24H47O9P     
511.3265 .0925 ST 28:2;O8 C28H46O8     
511.4357 .2017 DG 28:1 C31H58O5 NH4+ 8.8 528.46045 1.83 
511.4721 .2381 FAHFA 32:1;O C32H62O4     
511.4721 .2381 FA 32:1;O2 C32H62O4     
511.5085 .2745 FA 33:0;O C33H66O3         

18 511.909 

512.2619 .3529 PS 16:0 C22H42NO10P     
512.2983 .3893 LPS O-17:1;O C23H46NO9P     
512.2983 .3893 LPS 17:0 C23H46NO9P     
511.5085 .4005 FA 33:0;O C33H66O3     
512.3347 .4257 LPS O-18:0 C24H50NO8P     
511.4721 .4369 FAHFA 32:1;O C32H62O4     
511.4721 .4369 FA 32:1;O2 C32H62O4     
512.3711 .4621 LPC O-17:0;O C25H54NO7P     
512.3711 .4621 LPE O-20:0;O C25H54NO7P     
511.4357 .4733 DG 28:1 C31H58O5 NH4+ 12.8 528.46045 1.83 

19 498.076 

498.2826 .2066 LPS 16:0 C22H44NO9P     
498.2826 .2066 LPS O-16:1;O C22H44NO9P     
498.3554 .2794 LPE O-19:0;O C24H52NO7P     
498.4881 .4121 Cer 31:0;O2 C31H63NO3         

20 485.931 
486.2826 .3516 LPS O-15:0;O C21H44NO9P     
485.4928 .4382 FOH 31:0;O2 C31H64O3     
485.4564 .4746 FA 30:0;O2 C30H60O4         

21 1375.594 No HIT               
22 1374.582 No HIT               
23 1402.584 No HIT               
24 616.158 No HIT               

M/z intervals associated to UCP1-positive regions. by MALDI-MSI (m/z), their matches to the LIPID 
MAPS® structure data base bulk search (mass, delta, name and formula). If applicable the ion, 
retention time (RT), exact MS1 mass (measured mass) and delta to the matched reference mass are 
given for lipids that could be identified in the LC-MS/MS data by exact mass measurement and data 
base hits for their respective MS2 fragmentation. 

Table 7: Overview of m/z intervals associated to UCP1-negative regions. 

 MALDI LIPID MAPS®  LC-MS/MS 

  m/z match mass delta name formula ion 
RT 

(min) 
measured 

mass 
delta 

(mDa) 

1 472.436 
472.3996 0.0364 CAR 20:0;O C27H53NO5      
472.3421 0.0939 CAR 22:6 C29H45NO4       

2 519.331 

519.3316 0.0006 ST 30:4;O7 C30H46O7         
519.4044 0.0734 ST 32:2;O5 C32H54O5      
519.4408 0.1098 FAHFA 33:4;O C33H58O4      
519.5136 0.1826 FA 35:2 C35H66O2      

3 637.413 

637.4075 0.0055 PG 26:1 C32H61O10P         
637.3711 0.0419 PA 28:2;O3 C31H57O11P      
637.4826 0.0696 DG 38:8 C41H64O5 Na+ 16.21 659.46533 0.73 
637.3347 0.0783 PG 24:3;O2 C30H53O12P      
637.5554 0.1424 DG dO-40:8 C43H72O3      
637.5765 0.1635 DG 37:1 C40H76O5      
637.5918 0.1788 CE 17:1 C44H76O2      
637.6493 0.2363 FA 42:0;O C42H84O3      

4 672.838 
672.5409 0.2971 HexCer 32:1;O2 C38H73NO8         
672.4599 0.3781 PE 31:3 C36H66NO8P      
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 MALDI LIPID MAPS®  LC-MS/MS 

  m/z match mass delta name formula ion 
RT 

(min) 
measured 

mass 
delta 

(mDa) 

5 679.248 

679.3453 0.0973 PG 26:4;O3 C32H55O13P         
679.3688 0.1208 ST 30:5;O7;Hex C36H54O12      
679.4333 0.1853 PA 35:6 C38H63O8P      
679.4545 0.2065 PG 29:1 C35H67O10P      
679.4697 0.2217 PA O-36:6 C39H67O7P      
679.4908 0.2428 PG O-30:1 C36H71O9P      
679.5871 0.3391 TG 39:1 C42H78O6      
679.6235 0.3755 DG 40:1 C43H82O5      
679.6388 0.3908 CE 20:1 C47H82O2      
679.6963 0.4483 FA 45:0;O C45H90O3      

6 680.26 

680.3406 0.0806 PS 25:3;O3 C31H54NO13P         
680.4133 0.1533 PE 28:2;O3 C33H62NO11P      
680.4497 0.1897 PS 28:0 C34H66NO10P      
680.4861 0.2261 PS O-29:0 C35H70NO9P      
680.4861 0.2261 LPS O-29:1;O C35H70NO9P      
680.6551 0.3951 Cer 43:1;O3 C43H85NO4      
680.6915 0.4315 Cer 44:0;O2 C44H89NO3      

7 734.578 

734.5694 0.0086 PE 35:0 C40H80NO8P         
734.5694 0.0086 PC 32:0 C40H80NO8P H+ 14.56 734.56848 0.92 
734.6058 0.0278 PC O-33:0 C41H84NO7P      
734.6058 0.0278 PE O-36:0 C41H84NO7P      

734.533 0.045 PS O-33:1 C39H76NO9P      
734.4967 0.0813 PS 32:1 C38H72NO10P      
734.4755 0.1025 PE 36:7 C41H68NO8P      
734.4239 0.1541 PS 30:3;O2 C36H64NO12P      
734.7385 0.1605 Cer 48:1;O2 C48H95NO3      

8 851.648 

851.6008 0.0472 PI O-36:1 C45H87O12P         
851.5913 0.0567 SQDG 36:0 C45H86O12S      
851.7123 0.0643 TG 52:6 C55H94O6 NH4+ 18.52 868.73773 1.16 
851.5797 0.0683 PG 42:6 C48H83O10P      
851.5644 0.0836 PI 35:1 C44H83O13P      
851.4705 0.1775 PI 36:8 C45H71O13P      
852.1436 0.4956 CoA 4:1;O C25H40N7O18P3S      

9 852.66 

852.6477 0.0123 PE 44:4 C49H90NO8P         
852.6477 0.0123 PC 41:4 C49H90NO8P      
852.6841 0.0241 PC O-42:4 C50H94NO7P      
852.6113 0.0487 PS O-42:5 C48H86NO9P      
852.5865 0.0735 SHexCer 38:1;O3 C44H85NO12S      
852.5749 0.0851 PS 41:5 C47H82NO10P      
852.5538 0.1062 PC 42:11 C50H78NO8P      
852.8378 0.1778 Cer 54:0;O4 C54H109NO5      

852.18 0.48 CoA 5:0 C26H44N7O17P3S      

10 853.672 

853.6164 0.0556 PI O-36:0 C45H89O12P         
853.728 0.056 TG 52:5 C55H96O6 NH4+ 18.52 870.74457 9.95 

853.5953 0.0767 PG 42:5 C48H85O10P      
853.5801 0.0919 PI 35:0 C44H85O13P      
853.5613 0.1107 TG 51:14;O2 C54H76O8      
853.4862 0.1858 PI 36:7 C45H73O13P      
854.1229 0.4509 CoA 3:1;O2 C24H38N7O19P3S      
854.1593 0.4873 CoA 4:0;O C25H42N7O18P3S      

11 854.684 

854.6997 0.0157 PC O-42:3 C50H96NO7P         
854.6633 0.0207 PC 41:3 C49H92NO8P      
854.6633 0.0207 PE 44:3 C49H92NO8P      
854.6269 0.0571 PS O-42:4 C48H88NO9P      
854.6117 0.0723 IPC 38:0;O3 C44H88NO12P      
854.5906 0.0934 PS 41:4 C47H84NO10P      
854.5694 0.1146 PC 42:10 C50H80NO8P H+ 11.6 854.5672 2.2 
854.4967 0.1873 PS 42:11 C48H72NO10P      

12 855.696 
855.7436 0.0476 TG 52:4 C55H98O6 NH4+ 18.96 872.75848 11.72 

855.611 0.085 PG 42:4 C48H87O10P      
855.5018 0.1942 PI 36:6 C45H75O13P      
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 MALDI LIPID MAPS®  LC-MS/MS 

  m/z match mass delta name formula ion 
RT 

(min) 
measured 

mass 
delta 

(mDa) 

13 875.601 

875.6008 0.0002 PI O-38:3 C47H87O12P         
875.5797 0.0213 PG 44:8 C50H83O10P      
875.5644 0.0366 PI 37:3 C46H83O13P      
875.5456 0.0554 TG 53:17;O2 C56H74O8      
875.6736 0.0726 PG 43:1 C49H95O10P      
875.7123 0.1113 TG 54:8 C57H94O6 NH4+ 18.29 892.72992 8.97 
875.8062 0.2052 TG 53:1 C56H106O6 NH4+ 20.96 892.83044 2.38 

14 876.951 
876.6688 0.2822 PS 42:0 C48H94NO10P         
876.6477 0.3033 PC 43:6 C51H90NO8P      

15 877.626 

877.6164 0.0096 PI O-38:2 C47H89O12P         
877.6528 0.0268 SLBPA 42:0 C48H93O11P      
877.5953 0.0307 PG 44:7 C50H85O10P      
877.5801 0.0459 PI 37:2 C46H85O13P      
877.6892 0.0632 PG 43:0 C49H97O10P      

877.728 0.102 TG 54:7 C57H96O6 NH4+ 18.56 894.75409 0.43 
877.4862 0.1398 PI 38:9 C47H73O13P      
877.8219 0.1959 TG 53:0 C56H108O6 NH4+ 21.27 894.83875 9.64 
877.8582 0.2322 FA 57:1;O3 C57H112O5      
878.1229 0.4969 CoA 5:3;O2 C26H38N7O19P3S      

16 878.638 

878.5906 0.0474 PS 43:6 C49H84NO10P         
878.6997 0.0617 PC O-44:5 C52H96NO7P      
878.5694 0.0686 PC 44:12 C52H80NO8P H+ 11.17 878.55914 10.26 
878.1957 0.4423 CoA 7:1 C28H46N7O17P3S      
878.1593 0.4787 CoA 6:2;O C27H42N7O18P3S      

17 879.65 

879.6321 0.0179 PI O-38:1 C47H91O12P         
879.611 0.039 PG 44:6 C50H87O10P      

879.5957 0.0543 PI 37:1 C46H87O13P      
879.5769 0.0731 TG 53:15;O2 C56H78O8      
879.7436 0.0936 TG 54:6 C57H98O6 NH4+ 20.92 896.76385 6.35 
879.5018 0.1482 PI 38:8 C47H75O13P      
880.1385 0.4885 CoA 5:2;O2 C26H40N7O19P3S      

18 880.662 

880.679 0.017 PC 43:4 C51H94NO8P         
880.6178 0.0442 SHexCer 40:1;O3 C46H89NO12S      
880.7154 0.0534 PC O-44:4 C52H98NO7P      
880.5123 0.1497 PS 44:12 C50H74NO10P      
880.2113 0.4507 CoA 7:0 C28H48N7O17P3S      
880.1749 0.4871 CoA 6:1;O C27H44N7O18P3S      

19 881.674 

881.6477 0.0263 PI O-38:0 C47H93O12P         
881.6266 0.0474 PG 44:5 C50H89O10P      
881.6114 0.0626 PI 37:0 C46H89O13P      
881.5926 0.0814 TG 53:14;O2 C56H80O8      
881.7593 0.0853 TG 54:5 C57H100O6 NH4+ 20.13 898.78156 4.27 
881.5175 0.1565 PI 38:7 C47H77O13P      
882.1542 0.4802 CoA 5:1;O2 C26H42N7O19P3S      

20 882.686 

882.643 0.043 IPC 40:0;O3 C46H92NO12P         
882.731 0.045 PC O-44:3 C52H100NO7P      

882.6219 0.0641 PS 43:4 C49H88NO10P      
882.6007 0.0853 PC 44:10 C52H84NO8P      
882.1906 0.4954 CoA 6:0;O C27H46N7O18P3S      

21 901.579 

901.5801 0.0011 PI 39:4 C48H85O13P         
901.6164 0.0374 PI O-40:4 C49H89O12P      
901.6552 0.0762 TG 54:11;O2 C57H88O8 NH4+ 18.3 918.66998 11.72 

901.728 0.149 TG 56:9 C59H96O6 NH4+ 18.44 918.74487 9.65 
901.8219 0.2429 TG 55:2 C58H108O6 NH4+ 20.88 918.84668 1.71 

901.931 0.352 FA 61:1;O C61H120O3      

22 902.591 
902.6845 0.0935 PS 44:1 C50H96NO10P         
902.7572 0.1662 PC 44:0 C52H104NO8P      
902.8899 0.2989 ACer 59:1;O2 C59H115NO4      

23 903.604 
903.5957 0.0083 PI 39:3 C48H87O13P         
903.6321 0.0281 PI O-40:3 C49H91O12P      
903.5018 0.1022 PI 40:10 C49H75O13P      
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  m/z match mass delta name formula ion 
RT 

(min) 
measured 

mass 
delta 

(mDa) 
903.7436 0.1396 TG 56:8 C59H98O6 NH4+ 19.07 920.76611 4.09 
903.8375 0.2335 TG 55:1 C58H110O6 NH4+ 21.3 920.85712 6.95 

24 904.616 904.7001 0.0841 PS 44:0 C50H98NO10P         

25 905.628 

905.6114 0.0166 PI 39:2 C48H89O13P         
905.6477 0.0197 PI O-40:2 C49H93O12P      
905.5175 0.1105 PI 40:9 C49H77O13P      
905.7593 0.1313 TG 56:7 C59H100O6 NH4+ 19.23 922.78302 2.81 
905.8532 0.2252 TG 55:0 C58H112O6 NH4+ 21.52 922.87195 7.75 
905.8895 0.2615 FA 59:1;O3 C59H116O5      

26 906.64 906.6335 0.0065 SHexCer 42:2;O3 C48H91NO12S         

27 907.652 

907.6634 0.0114 PI O-40:1 C49H95O12P         
907.627 0.025 PI 39:1 C48H91O13P      

907.5331 0.1189 PI 40:8 C49H79O13P      
907.7749 0.1229 TG 56:6 C59H102O6 NH4+ 19.61 924.79584 5.67 

28 908.664 

908.6491 0.0149 SHexCer 42:1;O3 C48H93NO12S         
908.2426 0.4214 CoA 9:0 C30H52N7O17P3S      
908.2062 0.4578 CoA 8:1;O C29H48N7O18P3S      
908.1698 0.4942 CoA 7:2;O2 C28H44N7O19P3S      

M/z intervals associated to UCP1-negative regions by MALDI-MSI (m/z), their matches to the LIPID 
MAPS® structure data base bulk search (mass, delta, name and formula). If applicable the ion, 
retention time (RT), exact MS1 mass (measured mass) and delta to the matched reference mass are 
given for lipids that could be identified in the LC-MS/MS data by exact mass measurement and data 
base hits for their respective MS2 fragmentation. 

Table 8: Overview of m/z intervals not discriminative between UCP1-positive and UCP1-
negative regions. 

  
MALDI LIPID MAPS® LC-MS/MS 

m/z 
match 
mass delta Name Formula ion 

RT 
(min) 

measured 
mass 

delta 
(mDa) 

1 303.747 
303.2682 0.4788 ST 21:1;O C21H34O     

303.253 0.494 MG O-14:1;O C17H34O4     
303.253 0.494 FA 17:0;O2 C17H34O4         

2 407.997 
408.2744 0.2774 NA 23:5;O4 C23H37NO5     
408.3472 0.3502 NA 25:3;O2 C25H45NO3         

3 440.048 

440.2772 0.2292 LPE O-15:1;O C20H42NO7P     
440.2772 0.2292 LPC 12:0 C20H42NO7P     
440.2772 0.2292 LPE 15:0 C20H42NO7P     
440.3135 0.2655 LPE O-16:0 C21H46NO6P     
440.3159 0.2679 NA 28:8;O2 C28H41NO3     

440.337 0.289 CAR 18:2;O C25H45NO5         

4 441.06 

441.2999 0.2399 ST 28:5;O4 C28H40O4     
441.3363 0.2763 ST 29:4;O3 C29H44O3     
441.3727 0.3127 FA 30:6 C30H48O2     
441.3727 0.3127 ST 30:3;O2 C30H48O2     
441.3938 0.3338 FA 27:1;O2 C27H52O4     
441.3938 0.3338 FAHFA 27:1;O C27H52O4     
441.4091 0.3491 ST 31:2;O C31H52O     
441.4302 0.3702 FA 28:0;O C28H56O3     
441.4666 0.4066 FOH 29:0;O C29H60O2         

5 442.072 

442.22 0.148 LPS 12:0 C18H36NO9P     
442.2928 0.2208 LPE O-15:0;O C20H44NO7P     
442.3316 0.2596 NA 28:7;O2 C28H43NO3     
442.3527 0.2807 CAR 18:1;O C25H47NO5     
443.1734 0.0894 ST 21:3;O5;S C21H30O8S         

6 443.084 

443.2041 0.1201 PG 12:0 C18H35O10P     
443.2404 0.1564 LPG 13:0 C19H39O9P     
443.2428 0.1588 ST 26:6;O6 C26H34O6     
443.2792 0.1952 ST 27:5;O5 C27H38O5     
443.3003 0.2163 WE 24:3;O5 C24H42O7     

443.352 0.268 ST 29:3;O3 C29H46O3     



102 

  
MALDI LIPID MAPS® LC-MS/MS 

m/z 
match 
mass delta Name Formula ion 

RT 
(min) 

measured 
mass 

delta 
(mDa) 

443.3884 0.3044 ST 30:2;O2 C30H50O2     
443.3884 0.3044 FA 30:5 C30H50O2     
444.3683 0.2723 CAR 18:0;O C25H49NO5         

7 467.038 

467.2639 0.2259 FA 25:6;O6 C25H38O8     
467.2639 0.2259 ST 19:1;O2;GlcA C25H38O8     
467.2792 0.2412 ST 29:7;O5 C29H38O5     
467.3132 0.2752 LPA 20:0 C23H47O7P     

467.319 0.281 ST 27:1;O;S C27H46O4S     
467.3367 0.2987 ST 27:1;O6 C27H46O6     
467.3731 0.3351 ST 28:0;O5 C28H50O5     
467.4459 0.4079 FA 29:1;O C30H58O3     
467.4823 0.4443 WE 31:0 C31H62O2     
467.4823 0.4443 FA 31:0 C31H62O2     
467.5186 0.4806 FOH 32:0 C32H66O     
483.2506 0.3556 LPA 22:6 C25H39O7P         

8 482.895 

483.2589 0.3639 ST 19:1;O3;GlcA C25H38O9     
483.2717 0.3767 LPG 16:1 C22H43O9P     
483.3139 0.4189 ST 27:1;O2;S C27H46O5S     
482.4568 0.4382 Cer 30:1;O2 C30H59NO3         

9 487.28 

487.2819 0.0019 LPA 22:4 C25H43O7P     
487.2902 0.0102 MGMG 16:3 C25H42O9     

487.269 0.011 ST 28:6;O7 C28H38O7     
487.3054 0.0254 ST 29:5;O6 C29H42O6         

10 495.377 

495.3445 0.0325 LPA 22:0 C25H51O7P     
495.3316 0.0454 ST 28:2;O7 C28H46O7     
495.3105 0.0665 ST 31:7;O5 C31H42O5     
495.2952 0.0818 ST 27:3;O8 C27H42O8     
495.2717 0.1053 PA 20:1;O C23H43O9P     
495.2717 0.1053 LPG 17:2 C23H43O9P     
495.5136 0.1366 FA 33:0 C33H66O2     
495.5136 0.1366 WE 33:0 C33H66O2     
495.5499 0.1729 FOH 34:0 C34H70O         

11 499.426 

499.451 0.025 WE 34:5 C34H58O2     
499.451 0.025 FA 34:5 C34H58O2     

499.3394 0.0866 LPG O-18:0 C24H51O8P     
499.3054 0.1206 ST 30:6;O6 C30H42O6     

499.303 0.123 LPG 17:0 C23H47O9P     
499.2724 0.1536 ST 26:2;O4;S C26H42O7S     
499.2667 0.1593 PG 16:0 C22H43O10P         

12 500.101 
500.2772 0.1762 LPE 20:5 C25H42NO7P     
500.2983 0.1973 LPS O-16:0;O C22H46NO9P     

500.304 0.203 ST 24:1;O4;T C26H45NO6S         

13 502.125 
502.2564 0.1314 PC 16:4 C24H40NO8P     
502.2928 0.1678 LPE 20:4 C25H44NO7P H+ 2.53 502.29153 1.2 

14 504.149 

504.3085 0.1595 LPE 20:3 C25H46NO7P     
504.4081 0.2591 NAT 26:0 C28H57NO4S     
506.3241 0.1501 LPE 20:2 C25H48NO7P     
506.3241 0.1501 LPC 17:2 C25H48NO7P     
506.3605 0.1865 LPC O-18:2 C26H52NO6P     
506.3605 0.1865 CerP 26:1;O2 C26H52NO6P     
506.4568 0.2828 Cer 32:3;O2 C32H59NO3         

15 514.271 514.3139 0.0429 LPS O-17:0;O C23H48NO9P         

16 515.283 
515.3003 0.0173 ST 30:6;O7 C30H42O7     
515.3037 0.0207 ST 27:1;O4;S C27H46O7S         

17 522.368 

522.3554 0.0126 PC O-18:1 C26H52NO7P     
522.3554 0.0126 LPC 18:1 C26H52NO7P H+ 3.4 552.35437 1.04 
522.4517 0.0837 Cer 32:3;O3 C32H59NO4     
522.2826 0.0854 LPS 18:2 C24H44NO9P     
522.4881 0.1201 Cer 33:2;O2 C33H63NO3     
522.5244 0.1564 Cer 34:1;O C34H67NO2         

18 525.404 525.4513 0.0473 DG 29:1 C32H60O5 Na+ 30.69 447.41901 14.28 
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525.3551 0.0489 LPG O-20:1 C26H53O8P     
525.4666 0.0626 WE 36:6 C36H60O2     
525.4666 0.0626 FA 36:6 C36H60O2     
525.4877 0.0837 FAHFA 33:1;O C33H64O4     
525.3187 0.0853 LPG 19:1 C25H49O9P     
525.5241 0.1201 FA 34:0;O C34H68O3     
525.2823 0.1217 PA 21:1;O2 C24H45O10P         

19 526.079 

526.2928 0.2138 LPE 22:6 C27H44NO7P     
526.3139 0.2349 LPS 18:0 C24H48NO9P     
526.3139 0.2349 LPS O-18:1;O C24H48NO9P     
526.3867 0.3077 LPE O-21:0;O C26H56NO7P     

526.483 0.404 Cer 32:1;O3 C32H63NO4     
526.5194 0.4404 Cer 33:0;O2 C33H67NO3         

20 534.176 

534.2826 0.1066 LPE 20:4;O2 C25H44NO9P     
534.3554 0.1794 LPE 22:2 C27H52NO7P     
534.3554 0.1794 LPC 19:2 C27H52NO7P     
534.4881 0.3121 Cer 34:3;O2 C34H63NO3         

21 544.297 
544.267 0.03 LPS 20:5 C26H42NO9P     

544.3398 0.0428 LPC 20:4 C28H50NO7P H+ 2.44 544.3344 5.37 

22 562.178 
562.4231 0.2451 CerP 30:1;O2 C30H60NO6P     
562.5194 0.3414 Cer 36:3;O2 C36H67NO3         

23 564.202 

564.3296 0.1276 PE 22:2;O C27H50NO9P     
564.366 0.164 PC 20:1 C28H54NO8P     

564.4024 0.2004 PC O-21:1 C29H58NO7P     
564.4024 0.2004 LPE 24:1 C29H58NO7P     

564.535 0.333 Cer 36:2;O2 C36H69NO3 H+ 14.66 564.53223 2.74 

24 623.918 

623.5762 0.3419 CE 16:1 C43H74O2 NH4+ 19.89 640.6145 11.78 
623.5609 0.3571 DG 36:1 C39H74O5 NH4+ 16.99 640.586 1.52 
624.3143 0.3963 PS 22:2;O2 C28H50NO12P     
623.5034 0.4146 DG O-38:8 C41H66O4     
623.4881 0.4299 FOH 37:5;O6 C37H66O7     
624.3507 0.4327 PE 24:2;O3 C29H54NO11P     
624.3871 0.4691 PS 24:0 C30H58NO10P     
624.3871 0.4691 PE 25:1;O2 C30H58NO10P         

25 625.942 

625.5918 0.3502 CE 16:0 C43H76O2     
625.5765 0.3655 DG 36:0 C39H76O5 Na+ 19.23 647.54938 9.09 
625.4826 0.4594 DG 37:7 C40H64O5 Na+ 15.63 647.46136 3.24 
626.4391 0.4971 LPS O-25:0;O C31H64NO9P         

26 634.039 

634.3351 0.2961 PE 25:4;O3 C30H52NO11P     
634.3715 0.3325 PE 26:3;O2 C31H56NO10P     
634.3715 0.3325 PC 23:3;O2 C31H56NO10P     
634.4078 0.3688 PE 27:2;O C32H60NO9P     
634.4442 0.4052 PE 28:1 C33H64NO8P     
634.4806 0.4416 CerP 34:1;O3 C34H68NO7P     
634.4806 0.4416 PE O-29:1 C34H68NO7P     
634.4806 0.4416 LPE O-29:2;O C34H68NO7P     
633.5452 0.4938 DG 37:3 C40H72O5         

27 647.197 

647.3919 0.1949 PA 30:3;O2 C33H59O10P     
647.4646 0.2676 PA 32:1 C35H67O8P     
647.4759 0.2789 EPC 32:2;O3 C34H67N2O7P     

647.501 0.304 PA O-33:1 C36H71O7P     
647.5122 0.3152 EPC 33:1;O2 C35H71N2O6P     
647.5122 0.3152 SM 30:1;O2 C35H71N2O6P     
647.5609 0.3639 DG 38:3 C41H74O5 NH4+ 16.23 664.58398 3.54 
647.5762 0.3792 CE 18:3 C45H74O2         

28 651.246 

651.3504 0.1044 PG 25:3;O2 C31H55O12P     
651.4232 0.1772 PG 27:1 C33H63O10P     
651.4595 0.2135 PG O-28:1 C34H67O9P     
651.4983 0.2523 DG 39:8 C42H66O5     
651.5072 0.2612 EPC 32:0;O3 C34H71N2O7P     
651.5347 0.2887 DG O-40:8 C43H70O4     
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651.5922 0.3462 DG 38:1 C41H78O5     
651.6075 0.3615 CE 18:1 C45H78O2 NH4+ 17.78 668.63171 2.26 
651.6286 0.3826 WD 42:1;O2 C42H82O4     

651.665 0.419 FA 43:0;O C43H86O3         

29 654.282 
654.3249 0.0429 PS 23:2;O3 C29H52NO13P     
654.6031 0.3211 Cer 40:1;O4 C40H79NO5     
654.6395 0.3575 Cer 41:0;O3 C41H83NO4         

30 703.876 

703.6388 0.2373 CE 22:3 C49H82O2     
703.6235 0.2525 DG 42:3 C45H82O5     
703.5748 0.3012 EPC 37:1;O2 C39H79N2O6P     
703.5748 0.3012 SM 34:1;O2 C39H79N2O6P H+ 13.53 703.57416 0.73 
703.5636 0.3124 PA O-37:1 C40H79O7P     
703.5385 0.3375 EPC 36:2;O3 C38H75N2O7P     
703.5355 0.3405 MGDG 30:0 C39H74O10     
703.5272 0.3488 PA 36:1 C39H75O8P     
703.4545 0.4215 PG 31:3 C37H67O10P         

31 704.889 

704.6915 0.1975 Cer 46:2;O2 C46H89NO3     
704.5589 0.3301 PE O-34:1 C39H78NO7P     
704.5589 0.3301 PC O-31:1 C39H78NO7P     
704.5225 0.3665 PE 33:1 C38H74NO8P H+ 14.53 704.53235 9.83 
704.5225 0.3665 PC 30:1 C38H74NO8P Na+ 12.09 726.50067 3.72 
704.4861 0.4029 PS O-31:2 C37H70NO9P     
704.4497 0.4393 PS 30:2 C36H66NO10P     
704.4497 0.4393 PC 28:3;O2 C36H66NO10P     
704.4133 0.4757 PE 30:4;O3 C35H62NO11P         

32 729.18 

729.3457 0.1657 PI 23:2;O3 C32H57O16P     
729.4701 0.2901 PG 33:4 C39H69O10P     
729.5065 0.3265 PG O-34:4 C40H73O9P     
729.5429 0.3629 PA 38:2 C41H77O8P     
729.5511 0.3711 MGDG 32:1 C41H76O10     
729.5541 0.3741 EPC 38:3;O3 C40H77N2O7P     
729.5793 0.3993 PA O-39:2 C42H81O7P     
729.5905 0.4105 SM 36:2;O2 C41H81N2O6P H+ 13.78 729.58661 3.91 
729.5905 0.4105 EPC 39:2;O2 C41H81N2O6P     
729.6028 0.4228 TG 43:4 C46H80O6 NH4+ 16.7 746.56885 0.55 
729.6391 0.4591 DG 44:4 C47H84O5         

33 749.422 

749.3719 0.0501 LPIM1 17:0 C32H61O17P     
749.5116 0.0896 PA 40:6 C43H73O8P     
749.5327 0.1107 PG 34:1 C40H77O10P     
749.5327 0.1107 LBPA 34:1 C40H77O10P     
749.5691 0.1471 PG O-35:1 C41H81O9P     
749.6654 0.2434 TG 44:1 C47H88O6 NH4+ 18.96 766.68427 7.62 

34 750.434 

750.4188 0.0152 PS 30:3;O3 C36H64NO13P     
750.5068 0.0728 PC 34:6 C42H72NO8P     
750.5068 0.0728 PE 37:6 C42H72NO8P     

750.528 0.094 PS 33:0 C39H76NO10P     
750.5432 0.1092 PE O-38:6 C43H76NO7P     
750.5643 0.1303 PS O-34:0 C40H80NO9P     
750.7334 0.2994 Cer 48:1;O3 C48H95NO4     
750.7698 0.3358 Cer 49:0;O2 C49H99NO3         

35 751.447 

751.4392 0.0078 PI 28:2 C37H67O13P     
751.5272 0.0802 PA 40:5 C43H75O8P     
751.3664 0.0806 PI 26:4;O2 C35H59O15P     
751.5484 0.1014 PG 34:0 C40H79O10P     
751.5847 0.1377 PG O-35:0 C41H83O9P     

751.681 0.234 TG 44:0 C47H90O6 NH4+ 19.43 768.69922 8.36 

36 752.459 

752.4497 0.0093 PS 34:6 C40H66NO10P     
752.5072 0.0482 IPC 32:1;O2 C38H74NO11P     
752.5225 0.0635 PC 34:5 C42H74NO8P     
752.5225 0.0635 PE 37:5 C42H74NO8P H+ 13.08 752.51648 6.04 
752.5589 0.0999 PE O-38:5 C43H78NO7P     
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752.6035 0.1445 HexCer 38:3;O2 C44H81NO8     
752.7126 0.2536 Cer 47:1;O4 C47H93NO5     

752.749 0.29 Cer 48:0;O3 C48H97NO4         

37 774.388 

774.5068 0.1188 PC 36:8 C44H72NO8P Na+ 15.13 796.505 16.23 
774.5068 0.1188 PE 39:8 C44H72NO8P     

774.528 0.14 PS 35:2 C41H76NO10P     
774.5432 0.1552 PE O-40:8 C45H76NO7P     
774.5643 0.1763 PS O-36:2 C42H80NO9P     
774.5796 0.1916 PC dO-38:8 C46H80NO6P     
774.5878 0.1998 DGCC 36:5 C46H79NO8     
774.6007 0.2127 PE 38:1 C43H84NO8P     
774.6007 0.2127 PC 35:1 C43H84NO8P H+ 15.26 774.60187 1.16 

774.609 0.221 HexCer 37:1;O4 C43H83NO10     
774.6371 0.2491 PE O-39:1 C44H88NO7P     
774.6371 0.2491 PC O-36:1 C44H88NO7P     
774.6454 0.2574 HexCer 38:0;O3 C44H87NO9         

38 775.400 

775.3876 0.0124 LPIM1 19:1 C34H63O17P     
775.4392 0.0392 PI 30:4 C39H67O13P     
775.4627 0.0627 MGDG 34:8;O2 C43H66O12     
775.4908 0.0908 PG O-38:9 C44H71O9P     
775.5272 0.1272 PA 42:7 C45H75O8P     
775.5355 0.1355 MGDG 36:6 C45H74O10     
775.5484 0.1484 PG 36:2 C42H79O10P NH4+ 13.73 792.5838 8.91 
775.5484 0.1484 LBPA 36:2 C42H79O10P     
775.5847 0.1847 PG O-37:2 C43H83O9P     
775.6211 0.2211 PA 41:0 C44H87O8P     
775.6575 0.2575 PA O-42:0 C45H91O7P     
775.6687 0.2687 SM 39:0;O2 C44H91N2O6P     

775.681 0.281 TG 46:2 C49H90O6 NH4+ 18.94 792.70148 6.1 

39 786.534 

786.528 0.006 PS 36:3 C42H76NO10P     
786.5432 0.0092 PC O-38:9 C46H76NO7P     
786.5068 0.0272 PE 40:9 C45H72NO8P     
786.5643 0.0303 PS O-37:3 C43H80NO9P     
786.6007 0.0667 PE 39:2 C44H84NO8P     
786.6007 0.0667 PC 36:2 C44H84NO8P H+ 14.86 786.59955 1.16 
786.6371 0.1031 PC O-37:2 C45H88NO7P     
786.6371 0.1031 PE O-40:2 C45H88NO7P     
786.6454 0.1114 HexCer 39:1;O3 C45H87NO9     
786.6817 0.1477 HexCer 40:0;O2 C46H91NO8         

40 792.269 

792.481 0.212 PS 37:7 C43H70NO10P     
792.5174 0.2484 PS O-38:7 C44H74NO9P     
792.5538 0.2848 PE 40:6 C45H78NO8P H+ 14.43 792.55573 1.96 
792.5538 0.2848 PC 37:6 C45H78NO8P     
792.5538 0.2848 PE O-40:7;O C45H78NO8P     
792.5749 0.3059 PS 36:0 C42H82NO10P     
792.5902 0.3212 PC O-38:6 C46H82NO7P     
792.6113 0.3423 PS O-37:0 C43H86NO9P     
792.6841 0.4151 PE dO-40:0 C45H94NO7P         

41 794.293 

794.4967 0.2037 PS 37:6 C43H72NO10P     
794.533 0.24 PS O-38:6 C44H76NO9P     

794.5694 0.2764 PE 40:5 C45H80NO8P H+ 15.13 794.56653 2.87 
794.5694 0.2764 PC 37:5 C45H80NO8P Na+ 14.14 816.54889 2.5 
794.6058 0.3128 PC O-38:5 C46H84NO7P H+ 14.17 794.60223 3.54 
794.7596 0.4666 Cer 50:1;O4 C50H99NO5         

42 796.318 

796.5123 0.1943 PS 37:5 C43H74NO10P     
796.5239 0.2059 SHexCer 34:1;O3 C40H77NO12S     
796.5487 0.2307 PS O-38:5 C44H78NO9P     
796.5851 0.2671 PE 40:4 C45H82NO8P     
796.5851 0.2671 PC 37:4 C45H82NO8P     
796.6215 0.3035 PC O-38:4 C46H86NO7P     
796.6661 0.3481 HexCer 41:2;O2 C47H89NO8     
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796.7752 0.4572 Cer 50:0;O4 C50H101NO5         

43 797.33 

797.4083 0.0783 PI 28:3;O3 C37H65O16P     
797.5116 0.1816 PA 44:10 C47H73O8P     
797.5175 0.1875 PI 31:0 C40H77O13P     
797.5198 0.1898 MGDG 38:9 C47H72O10     
797.5198 0.1898 FA 47:11;O8 C47H72O10     
797.5327 0.2027 PG 38:5 C44H77O10P     
797.5538 0.2238 PI O-32:0 C41H81O12P     
797.5562 0.2262 FA 48:10;O7 C48H76O9     
797.6654 0.3354 TG 48:5 C51H88O6         

44 798.342 

798.528 0.186 PS 37:4 C43H76NO10P     
798.5491 0.2071 IPC 34:0;O3 C40H80NO12P     
798.5643 0.2223 PS O-38:4 C44H80NO9P     
798.5643 0.2223 PC 36:4;O C44H80NO9P     
798.6007 0.2587 PC 37:3 C45H84NO8P     
798.6007 0.2587 PE 40:3 C45H84NO8P H+ 15.73 796.58105 4.03 
798.6371 0.2951 PC O-38:3 C46H88NO7P     
798.6454 0.3034 HexCer 40:2;O3 C46H87NO9     
798.6817 0.3397 HexCer 41:1;O2 C47H91NO8 H-H2O 17.17 780.6665 4.7 

45 802.391 

802.4654 0.0744 PS 38:9 C44H68NO10P     
802.5381 0.1471 PC 38:8 C46H76NO8P H+ 15.89 802.55225 14.16 
802.5593 0.1683 PS 37:2 C43H80NO10P     
802.5956 0.2046 PS O-38:2 C44H84NO9P     
802.6109 0.2199 PC dO-40:8 C48H84NO6P     

802.632 0.241 PE 40:1 C45H88NO8P     
802.632 0.241 PC 37:1 C45H88NO8P H+ 15.85 802.62744 4.58 

802.6684 0.2774 PC O-38:1 C46H92NO7P H+ 15.83 802.65314 15.26 
802.6684 0.2774 PE O-41:1 C46H92NO7P         

46 803.403 

803.4705 0.0675 PI 32:4 C41H71O13P     
803.494 0.091 MGDG 36:8;O2 C45H70O12     

803.5221 0.1191 PG dO-40:10;1 C46H75O9P     
803.5585 0.1555 PA 44:7 C47H79O8P     
803.5797 0.1767 PG 38:2 C44H83O10P     

803.616 0.213 PG O-39:2 C45H87O9P     
803.6524 0.2494 PA 43:0 C46H91O8P     

803.7 0.297 SM 41:0;O2 C46H95N2O6P     
803.7123 0.3093 TG 48:2 C51H94O6 NH4+ 19.47 830.73541 3.48 

47 818.247 

818.4967 0.2497 PS 39:8 C45H72NO10P     
818.5694 0.3224 PC 39:7 C47H80NO8P Na+ 9.79 840.57007 18.68 
818.5694 0.3224 PE 42:7 C47H80NO8P H+ 14.36 818.56311 6.29 
818.5906 0.3436 PS 38:1 C44H84NO10P H+ 11.19 840.57062 1.89 
818.6058 0.3588 PC O-40:7 C48H84NO7P H+ 13.71 818.5929 12.87 
818.6269 0.3799 PS O-39:1 C45H88NO9P     
817.8371 0.4099 FA 55:1;O C55H108O3     
818.6633 0.4163 PE 41:0 C46H92NO8P     
818.6633 0.4163 PC 38:0 C46H92NO8P     
818.6633 0.4163 PE-NMe 40:0 C46H92NO8P     
818.6716 0.4246 HexCer 40:0;O4 C46H91NO10     
818.6997 0.4527 PE O-42:0 C47H96NO7P     
818.6997 0.4527 PC O-39:0 C47H96NO7P H+ 15.83 818.69971 3.3 
818.7361 0.4891 PC dO-40:0 C48H100NO6P         

48 820.271 

820.5123 0.2413 PS 39:7 C45H74NO10P     
820.5487 0.2777 PS O-40:7 C46H78NO9P     
820.5851 0.3141 PC 39:6 C47H82NO8P     
820.5851 0.3141 PE 42:6 C47H82NO8P H+ 15.34 820.57391 11.17 
820.6062 0.3352 PS 38:0 C44H86NO10P     
820.6215 0.3505 PC O-40:6 C48H86NO7P H+ 14.08 820.61121 10.31 
820.6426 0.3716 PS O-39:0 C45H90NO9P         

49 821.284 
821.5175 0.2335 PI 33:2 C42H77O13P     
821.5327 0.2487 PG 40:7 C46H77O10P     
821.5538 0.2698 PI O-34:2 C43H81O12P     



107 

  
MALDI LIPID MAPS® LC-MS/MS 

m/z 
match 
mass delta Name Formula ion 

RT 
(min) 

measured 
mass 

delta 
(mDa) 

821.6266 0.3426 PG 39:0 C45H89O10P     
821.663 0.379 PG O-40:0 C46H93O9P     

821.6654 0.3814 TG 50:7 C53H88O6 NH4+ 17.44 838.69379 1.9 
820.8116 0.4724 Cer 53:1;O3 C53H105NO4     
821.7593 0.4753 TG 49:0 C52H100O6 NH4+ 20.6 838.78217 3.66 

50 822.633 

822.6371 0.0041 PC O-40:5 C48H88NO7P     
822.6007 0.0323 PC 39:5 C47H84NO8P     
822.6007 0.0323 PE 42:5 C47H84NO8P     
822.5643 0.0687 PS O-40:6 C46H80NO9P     

822.528 0.105 PS 39:6 C45H76NO10P     
822.7909 0.1579 Cer 52:1;O4 C52H103NO5     
822.1331 0.4999 CoA 3:1 C24H38N7O17P3S         

51 828.369 

828.481 0.112 PS 40:10 C46H70NO10P     
828.5385 0.1695 PC 36:5;O3 C44H78NO11P     
828.5538 0.1848 PC 40:9 C48H78NO8P H+ 11.06 828.54846 5.31 
828.5749 0.2059 PS 39:3 C45H82NO10P     
828.6113 0.2423 PS O-40:3 C46H86NO9P     
828.6477 0.2787 PC 39:2 C47H90NO8P     
828.6477 0.2787 PE 42:2 C47H90NO8P     
828.6841 0.3151 PC O-40:2 C48H94NO7P     
828.6923 0.3233 HexCer 42:1;O3 C48H93NO9 H-H2O 17.4 810.67603 5.67 

52 829.381 

829.4862 0.1052 PI 34:5 C43H73O13P     
829.499 0.118 PGP 34:1 C40H78O13P2     

829.5097 0.1287 FA 47:11;O10 C47H72O12     
829.5953 0.2143 PG 40:3 C46H85O10P     
829.7157 0.3347 SM 43:1;O2 C48H97N2O6P H+ 17.82 829.70935 6.35 

829.728 0.347 TG 50:3 C53H96O6 NH4+ 18.9 846.7442 10.32 

53 830.393 

830.4967 0.1037 PS 40:9 C46H72NO10P     
830.5542 0.1612 PC 36:4;O3 C44H80NO11P     
830.5694 0.1764 PC 40:8 C48H80NO8P Na+ 11.95 852.55157 0.18 
830.5906 0.1976 PS 39:2 C45H84NO10P     
830.6269 0.2339 PS O-40:2 C46H88NO9P     
830.6633 0.2703 PE 42:1 C47H92NO8P     
830.6633 0.2703 PC 39:1 C47H92NO8P     
830.6997 0.3067 PC O-40:1 C48H96NO7P         

54 845.237 

845.5175 0.2805 PI 35:4 C44H77O13P     
845.5327 0.2957 PG 42:9 C48H77O10P     
845.5538 0.3168 PI O-36:4 C45H81O12P     
845.6266 0.3896 PG 41:2 C47H89O10P     

845.663 0.426 PG O-42:2 C48H93O9P     
845.6654 0.4284 TG 52:9 C55H88O6 Na+ 17.4 867.62848 18.8 

55 846.25 

846.6007 0.3507 PC 41:7 C49H84NO8P     
846.6007 0.3507 PE 44:7 C49H84NO8P     
846.6219 0.3719 PS 40:1 C46H88NO10P H+ 16.49 846.61298 8.91 
845.8684 0.3816 FA 57:1;O C57H112O3     
846.6371 0.3871 PC O-42:7 C50H88NO7P     
846.6582 0.4082 PS O-41:1 C47H92NO9P     
846.6946 0.4446 PE 43:0 C48H96NO8P     
846.6946 0.4446 PC 40:0 C48H96NO8P     

846.731 0.481 PC O-41:0 C49H100NO7P     
845.7593 0.4907 TG 51:2 C54H100O6 NH4+ 20.15 862.78339 2.44 

56 862.106 

861.7906 0.3154 TG 52:1 C55H104O6 NH4+ 20.81 878.81641 0.67 
861.6967 0.4093 TG 53:8 C56H92O6 NH4+ 18.63 894.72723 9.15 
861.6579 0.4481 PG 42:1 C48H93O10P     
862.5593 0.4533 PS 42:7 C48H80NO10P         

57 863.118 

862.6895 0.4285 PS O-42:0 C48H96NO9P     
863.5644 0.4464 PI 36:2 C45H83O13P NH4+ 13.61 880.58563 5.37 
862.6532 0.4648 PS 41:0 C47H92NO10P     
863.6008 0.4828 PI O-37:2 C46H87O12P     

862.632 0.486 PC 42:6 C50H88NO8P     
862.625 0.493 Hex2Cer 34:1;O2 C46H87NO13         
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58 914.062 

914.1593 0.0973 CoA 9:5;O C30H42N7O18P3S     
913.8219 0.2401 TG 56:3 C59H108O6 NH4+ 18.32 930.83075 17.64 

913.728 0.334 TG 57:10 C60H96O6 Na+ 20.03 935.71002 0.12 
913.5801 0.4819 PI 40:5 C49H85O13P         

59 955.222 
955.5331 0.3111 PI 44:12 C53H79O13P     
954.7885 0.4335 PC 48:2 C56H108NO8P         

60 444.096 No HIT               
61 506.174 No HIT               
62 913.05 No HIT         
63 915.074 No HIT               

M/z intervals not discriminative between UCP1-positive and UCP1-negative regions by MALDI-MSI 
(m/z), their matches to the LIPID MAPS® structure data base bulk search (mass, delta, name and 
formula). If applicable the ion, retention time (RT), exact MS1 mass (measured mass) and delta to 
the matched reference mass are given for lipids that could be identified in the LC-MS/MS data by 
exact mass measurement and data base hits for their respective MS2 fragmentation. 

6.5.3 Validation of annotated lipid species by high resolution LC-MS/MS 

To limit the possible lipids per m/z interval we validated the presence of the lipids in our LC-

MS/MS dataset generated on the second and third consecutive section of each MALDI sample. 

Candidates were validated by searching for their LMSD annotated metabolite name in the LC-

MS/MS dataset, considering their exact mass and their respective MS2 fragmentation pattern 

(Figure 34 G&H). For example, CL demonstrates a characteristic fragmentation pattern where the 

diacylglycerol group is cleaved of the phosphatic backbone which can be used for the annotation 

of the correct carbon and double bond number of the diacyl side chains indicating that CL 68:3 

consists of a C34:1 and a C34:2 diacyl chain (Figure 34 I). The general fragmentation pattern of CL 

was confirmed by analysis of a commercially available CL standard (CL 56:0) (Figure 34 J & K). 

Based on this approach we could confirm the presence of 8 of the annotated lipid species for the 

UCP1-positive and 22 for the UCP1-negative region, respectively (Table 6, Table 7). Concerning 

the UCP1-negative region these were primarily TG, as well as diacylglycerophosphocholines (PC) 

and DG. The UCP1-positive regions were exclusively represented by DG and the two cardiolipins 

CL 68:3 and CL 68:3. This pattern supports our approach as TG are the main storage lipid, while 

CL are associated with thermogenic function in iWAT (Lynes et al. 2018) and like UCP1 constitutes 

a mitochondrial marker, almost exclusively present in mitochondrial membranes. In summary, 

the combined MALDI-MSI, IHC, LC-MS/MS approach allowed us to identify region-specific lipids 

linked to thermogenesis in form of UCP1 expressing brite adipocytes. 

6.5.4 CL 68:3 and CL 68:4 are upregulated by cold independent of UCP1 

We identified the cardiolipin species CL 68:3 and CL 68:4 to be associated with UCP1 expression 

in iWAT of cold acclimatized 129S6/SvEvTac mice. Since lack of CL in adipose tissue leads to 

attenuated expression of UCP1 (Sustarsic et al. 2018), we asked if vice versa lack of UCP1 

expression would affect CL metabolism. Therefore, we housed UCP1-WT and UCP1-KO mice at 

23°C or acclimatized mice to 5°C (Figure 35 A). Subsequently we investigated the presence and 
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distribution both CL 68:3 and CL 68:4 applying our MALDI-MSI protocol. The UCP1-IHC staining 

revealed the expected increase in UCP1 expression upon cold stimulation in UCP1-WT mice while 

no UCP1 could be detected in UCP1-KO mice in both conditions (Figure 35 B, additional mouse 

examples Supplementary Figure 12 & Supplementary Figure 13). Analysis of the MALDI images 

for CL 68:4 (m/z 1401,805 ± 0.338 Da) and CL 68:3 (m/z 1403,834 ± 0.338 Da) confirmed the high 

similarity with the expression pattern of UCP1 in wildtype animals (Figure 35 C & D, additional 

mouse examples Supplementary Figure 12 & Supplementary Figure 13). The relative intensities 

of both CL species were increased in cold acclimatized compared to RT acclimatized animals 

(Figure 35 C & D, additional mouse examples Supplementary Figure 12 & Supplementary Figure 

13). Interestingly, both CL species were also increased in cold acclimatized UCP1-KO animals. 

Their intensities tended to be even higher than in cold acclimatized UCP1-WT mice. The MALDI 

images revealed that even in UCP1 ablated mice the increased abundance of CLs was not 

ubiquitous but demonstrated a spatial pattern similar to that of UCP1-WT mice.  

Conclusively, we could demonstrate that the cardiolipins CL 68:3 and CL 68:4 are upregulated by 

cold exposure in iWAT of mice, independently of UCP1. 

 



110 

 

Figure 35: CL 68:4 and CL 68:3 abundance is associated to cold, independent of UCP1.  

(A) Overview of the experimental setup. UCP1 knockout (UCP1-KO) and UCP1 wildtype (UCP1-WT) 
mice were either housed at 23°C or acclimatized to 5°C. Inguinal white adipose tissue was dissected 
(grey dashed circle). Four consecutive sections were prepared, the first used for MALDI-MSI, the 
second for immunohistochemistry staining of UCP1 and the last two for LC-MS/MS analysis. (B) 
Immunohistochemistry staining against UCP1 (magenta) and a Hoechst nuclear stain (cyan) of 
UCP1-WT and UCP1-KO mice. (C-D) MALDI images of (C) m/z 1401.819 ± 0.338 Da representing CL 
68:4 and (D) m/z 1403.848 ± 0.338 Da representing CL 68:3. 
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6.6 DISCUSSION 

Aim of this study was to characterize the lipid composition of WAT on a region-specific level in an 

in vivo context. Inguinal WAT is a highly heterogenous tissue (Barreau et al. 2016) a factor that is 

so far unaddressed by most lipidomic studies using whole tissue homogenates (Sustarsic et al. 

2018; Lynes et al. 2018) or in vitro differentiated pre-adipocytes (Schweizer et al. 2019). We made 

use of the MALDI-MSI technology, enabling the local acquisition of mass spectra on tissue sections 

to address this shortcoming. The feasibility of MALDI-MSI to investigate adipose tissue 

metabolism has recently been demonstrated on WAT of rats (Fernández-Vega et al. 2020). We 

demonstrate that the lipid composition of iWAT is highly regional resembling the heterogeneous 

spatial distribution of white and brite adipocytes and UCP1 expression in the tissue (Barreau et 

al. 2016). Combining MALDI-MSI with IHC and high-resolution LC-MS/MS, we could demonstrate 

that the lipid species CL 68:3 and CL 68:4 highly correlate with the expression of UCP1 in cold 

acclimatized 129S6/SvEvTac mice. However, investigation of UCP1-WT and UCP1-KO mice 

housed at 23°C or acclimatized to cold demonstrated that the cold induced upregulation of CL in 

iWAT is independent of UCP1. 

We detected several m/z intervals with overall highly similar regional distribution in different 

measurement runs and biological replicates, demonstrating the reliability of our MALDI-MSI 

approach. In line with the fat storing function of adipose tissue, the main verified lipid species 

were DG and TG. As such, we identified TG 44:1 (m/z 749.422) as a lipid species not specific to 

UCP1-positive or UCP1-negative regions but rather ubiquitously distributed. Additionally, m/z 

774.388 showed a highly regional localization and was associated to the lymph node. This mass 

could be mapped to two potential glycerophospholipids (PC 36:8, PS 35:2) based on our LC-

MS/MS data. Further we demonstrate that TG are associated to UCP1-negative regions while DG 

are associated to regions with detectable UCP1 expression. This might reflect differences in 

metabolic activity and function with “inert” UCP1-negative storage regions being rich in TG while 

increased DG content might be caused by high lipolytic activity of UCP1 expressing adipocytes as 

UCP1 dependent thermogenesis is activated and fueled by free fatty acids derived from lipolysis 

(Cannon and Nedergaard 2004). Additionally, our findings are in line with a study of in vitro 

differentiated adipocytes reporting two DG associated to UCP1 in our study (DG 32:0 & DG 32:1) 

to be more abundant in white compared to brite adipocytes (Schweizer et al. 2019). 

The upregulation of CL in cold acclimatized mice and its association to thermogenesis is well 

established (Sustarsic et al. 2018; Lynes et al. 2018; Schweizer et al. 2019; He et al. 2019). Further 

CL are bound to UCP1 and are important for its stability in the mitochondrial membrane, 

facilitating its function (Hoang, Smith, and Jelokhani-Niaraki 2013; Y. Lee et al. 2015). Thus, it is 

plausible that we detected CL 68:3 and CL 68:4 to be closely associated with UCP1 expression in 

iWAT of cold acclimatized 129S6/SvEvTac mice. However, applying our combined MALDI-
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MSI/UCP1-IHC/LC-MS/MS approach on UCP1-KO and UCP1-WT mice we demonstrate for the first 

time that the cold induced upregulation of CL is independent of UCP1. Although we did not study 

other functional/cell specific marker we speculate that CL 68:3 and CL 68:4 are rather associated 

to multilocular brite adipocytes, that emerge in WAT upon cold or ß3-adrenergic stimulation 

(Anunciado-Koza et al. 2008; Granneman et al. 2003). These cells have increased mitochondrial 

content and occur in greater number in UCP 1-KO compared to UCP1-WT mice (Anunciado-Koza 

et al. 2008; Granneman et al. 2003). Subsequent studies with additional mitochondrial, brite 

adipocyte or general morphological marker like citrate synthase, Cidea or perilipin are needed to 

confirm this assumption. 

A major limitation of our study is the low resolution of our MALDI-MSI device. In most instances 

this resulted in the annotation of multiple possible lipid species for a single m/z interval. While 

we are confident about the annotation of the DG and TG based on their high abundance, this is a 

major limitation for low abundant or regionally very restricted lipids. These might be below the 

detection limit for the LC-MS/MS due to the dilution in the whole section homogenate. Other 

reasons, for a lack of annotation or detection by LC-MS/MS include that m/z intervals provided by 

the MALDI-MSI do not necessarily reflect lipid species but peptide fragments. Additionally, a lack 

of annotated database references might further explain why for some m/z intervals none of the 

annotated lipid species could be identified in our LC-MS/MS data set. These issues are already 

addressed by the advancement of MALD-MSI instrumentation with higher resolution, MS2 spectra 

and ion mobility. 

Conclusively, we demonstrate that MALDI-MSI is a powerful tool to investigate the relationship of 

lipid metabolism and functional characteristics of adipose tissue in an in vivo context.  
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7 GENERAL DISCUSSION 

Background and aim 

In the last decade BAT has emerged as a promising target to tackle the obesity epidemic due to its 

energy consuming properties (Tseng, Cypess, and Kahn 2010; Yoneshiro et al. 2013). However, 

major obstacles persist including the negative association between BAT volume and BMI (van 

Marken Lichtenbelt et al. 2009) as well as the innate inactivity of UCP1 (Y. Li et al. 2014). 

Consequently, means to increase BAT volume and activate UCP1 are of high interest.   

Aim of the present work was to investigate the association between lipid derived metabolites and 

the recruitment of brown and brite adipocytes. On the one hand, a focus was placed on the 

investigation of a specific group of lipid derivatives termed oxylipins (Chapter 3&4). On the other 

hand, two new tools to investigate the association between UCP1 and lipid derivates on a broader 

level were established (Chapter 5&6).  

Regulation of UCP1 by oxylipins 

Lipids and their derivatives are potent signaling molecules implied in various physiological 

pathways. In this light, oxylipins as one class of n6- and n3-PUFA derived metabolites are 

discussed to modulate the activity of brown and brite adipocytes. In vitro several oxylipins are 

suggested to be implemented in the control of brown and brite adipocyte activity (Maurer et al. 

2019). However, so far PGI2 is the only oxylipin that has been demonstrated to induce UCP1 gene 

expression in murine and human cell cultures (Vegiopoulos et al. 2010; Ghandour et al. 2016). 

Additionally, evidence in vivo about the functional involvement of oxylipins especially in humans 

is limited. So far only the oxylipins PGE2 and 12,13-DiHOME are associated to UCP1 or brown fat 

activity in humans in vivo. For example 12,13-DiHOME increases fatty acid uptake into BAT and 

was identified to be increased in serum of humans exposed to cold (Lynes et al. 2017; Kulterer et 

al. 2020). Nevertheless, these studies did not address the oxylipin profile in adipose tissues but 

investigate the lipid profiles in plasma samples. Although it is possible that oxylipins are 

distributed by systemic circulation they can also be produced by adipocytes or adipose tissue 

residing cells as has been shown for 9- and 13-HODE (Y. H. Lee et al. 2016) and primarily act in a 

paracrine manner. In this line, key enzymes producing PGI2 and PGE2 like PGHS, prostaglandin E 

synthase and prostaglandin I synthase as well as several receptors involved in oxylipin signaling 

are expressed in human adipocytes (Michaud et al. 2014; Barquissau et al. 2017). Thus, oxylipins 

associated to cold induced BAT activity by plasma analyses not necessarily reflect the situation in 

BAT but rather a general systemic modulation of lipid metabolism. The data presented in 

chapter 3 addresses this issue by investigating the oxylipin profiles of human brown and white 

adipose tissue. The global oxylipin profile was distinguishable between murine BAT and WAT. 

However, no global changes in oxylipin profile between human WAT and BAT could be identified. 
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The discrepancies between mouse and human may be explained by the mixed phenotype of brown 

adipocytes of human supraclavicular fat, that rather resemble murine brite adipocytes (J. Wu et 

al. 2012; Sharp et al. 2012; Lidell et al. 2013; Shinoda et al. 2015; Naja Zenius Jespersen et al. 

2013). This is in line with the lack of discriminating potential of the oxylipin profile between 

murine brite and white adipose tissue, suggesting that the proportion of interspersed 

thermogenic cells in white adipose tissue may be too small to detect notable changes in the global 

oxylipin profile.  

Nevertheless, despite investigating a heterogenous cell population, an association between single 

oxylipins and the presence of brown adipocytes was observed. The oxylipins 5,6-EET and 5-HETE 

were significantly increased in murine BAT vs. WAT and tended to be increased in human BAT. 

This substantiates the possible contribution of oxylipins to the recruitment of brown and brite 

adipocytes but needs complementary research in vivo and in vitro. Unfortunately, our panel did 

not include recently described oxylipins like 12,13-DiHOME (Lynes et al. 2017). Consequently, no 

conclusion about the presence of a potential association of this oxylipin and UCP1 expression in 

adipose tissues could be made.  

As mentioned before, little reproducible evidence about the functional involvement of oxylipins 

in the recruitment of UCP1 or brite and brown adipocytes is available. This holds true for 5,6-EET 

and 5-HETE, demonstrating a high variability in their effect on UCP1 expression in in vitro 

differentiated brown and brite adipocytes. One explanation may be the nature of oxylipins as 

highly unstable metabolites that undergo rapid enzymatic conversion or oxidation. This prompt 

degradation is important, as oxylipins elicit a remarkable bioactivity and are key regulators in 

diverse signaling pathways, including inflammatory signals. Appropriate handling and storage of 

the study material is therefore crucial to avoid oxidation of the compounds (Koch et al. 2020). 

Nevertheless, oxidation of oxylipins is inevitable once the compounds are supplemented to the 

cells in aqueous solutions at 37 °C. Thus, to cope with the loss of active metabolites through 

autoxidation, supraphysiological doses might be used. However, oxidation products of oxylipins 

like 5-oxo-EET often are bioactive compounds themselves and thus may elicit unpredictable 

effects on the cells that influence the experimental readout. These issues can be circumvented by 

the use of stable analogues as has been demonstrated for PGI2 (Vegiopoulos et al. 2010). However, 

while these stable analogues are an important component to elucidate functional pathways in 

vitro their physiological significance in vivo is questionable. Due to their role in a plethora of 

signaling pathways, administration of stable oxylipin derivatives will presumably lead to 

unspecific systemic side effects, thus will have no additional benefit over currently available 

pharmacological activators of BAT like mirabegron (Cypess et al. 2015). Consequently, injection 

of stable compounds is not a suitable option to utilize the potential stimulating effects of oxylipins 
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on UCP1 expression and activity. However, oxylipins as a group of lipid derived metabolites have 

a key benefit – their abundance can be modulated via nutritional intervention.  

Dietary intake of the respective precursor fatty acids of oxylipins and other lipid derivatives 

increases their abundance in circulation and adipose tissue depots (Balvers et al. 2012; 

Ostermann and Schebb 2017; Schebb et al. 2014). Furthermore, the dietary n6/n3-PUFA ratio 

affects health (Simopoulos 2016). In line feeding of diets rich in n6- and n3-PUFA substantially 

changed the global oxylipin pattern like expected by increasing n6- or n3-PUFA derived oxylipins 

in murine WAT and BAT, respectively. This substantiates the feasibility of the approach to 

modulate oxylipin concentration by supplementation of the respective precursor fatty acid. 

However, no robust effect on the recruitment of brown or brite adipocytes was observed upon 

n6- and n3-PUFA supplementation. Consequently, supplementation of the corresponding 

precursor fatty acids may influence the concentration of oxylipins in BAT and WAT. However sole 

increase in oxylipins may not per se lead to the activation or recruitment of brown and brite 

adipocytes, respectively. However, the sensitivity towards UCP1 recruiting stimuli may still be 

increased by dietary modulation of the respective n6- and n3-PUFA derivatives. 

Of note, these statements may only apply to the fairly limited number of oxylipins that were 

detected in the present studies. Improvement of currently available tools and the development of 

cost-efficient methods will increase the amount of detectable lipid derivatives. Together with the 

discovery of novel metabolites the knowledge of how these metabolites impact energy balance 

regulation will be complemented and thus accelerate the development of precise intervention 

strategies. 

MALDI-MSI as novel tool to study the link between lipid derived metabolites and UPC1 

Methods to investigate the role of lipid derived metabolites in energy balance regulation are 

currently largely relying on the analysis of whole tissue homogenates or isolated primary cells. As 

discussed previously, the small proportion of brite and brown adipocytes in murine brite and 

human BATs may limit the detection of changes in lipid composition by analyzing whole tissue 

homogenates. Consequently, less pronounced changes in a single cell type might be too small to 

be robustly detected or masked by high concentrations of lipids of the predominant cell types. 

Additionally, once changes in lipid composition are observed in heterogenous cell populations, 

these cannot be linked to the respective cell type. One option to address this is for example the 

investigation of isolated primary cells in vitro (Schweizer et al. 2019). While this is a compelling 

method to perform functional assays to elucidate the specific treatment effects on lipid 

composition, it lacks the in vivo context. MALDI-MSI is a feasible complementary tool to identify 

changes in lipid composition in cell subsets in conjunction with morphological markers like UCP1 

in an in vivo context. The additional information increases sensitivity as specific regions of interest 

can be assigned retrospectively based on several structural cues. Like this the relationship 
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between several lipid derivatives and regions of UCP1 expressing cells could be demonstrated in 

iWAT of cold acclimatized mice. The method was substantiated by the strong correlation between 

UCP1 and the cardiolipins CL 68:3 and 68:4. This class of lipids is a well-known mitochondrial 

membrane lipid, functionally implied in the cold-induced activity of BAT (Sustarsic et al. 2018; 

Lynes et al. 2018). Of note, both CL species were upregulated in iWAT of cold acclimatized UCP1-

KO mice, indicating increased mitochondrial biogenesis independent of UCP1. This is in line with 

elevated abundance of brite adipose tissue in UCP1-KO compared to wildtype mice (Anunciado-

Koza et al. 2008; Granneman et al. 2003) and may indicate the recruitment of alternative 

thermogenic mitochondrial dependent mechanisms like creatine-dependent substrate cycling 

(Kazak et al. 2015). Of note, the current MALDI-MSI approach was used as a showcase to 

demonstrate the general feasibility of the method. The experimental protocol and the low 

accuracy of the MALDI-MS did not allow the identification of unstable lipid derivatives such as 

oxylipins. However dedicated experimental protocols and improvements in the accuracy and 

MALDI-MSI may enable follow up research on even this class of metabolites.  

Collectively, the data demonstrates that MALD-MSI is a valuable tool that should be implemented 

in scientific workflows studying the spatial connection between lipid metabolism and 

thermogenic adipocytes. 

Environmental temperature: a crucial factor studying UCP1-dependent thermogenesis 

The observation, that supplementation of n3-PUFA does not lead to the recruitment of brown of 

brite adipocytes conflicts with several published studies demonstrating a positive effect of n3-

PUFA supplementation on adiposity and markers of BAT function e.g. UCP1 (Table 2). There is 

however one key difference between data presented in this work and these studies – the thermal 

environment. Almost all studies demonstrating a beneficial effect of n3-PUFA on UCP1 expression 

of BAT function have been performed at RT thus below the thermoneutral zone of mice. 

Consequently, results of these studies are biased by a constitutively active BAT initialized by the 

mild cold exposure leading to a ~1.8 fold increase in energy expenditure (Fischer, Cannon, and 

Nedergaard 2018). This does not reflect the human thermal environment nor the activity status 

of UCP1 in BAT, which is inherently inactive (Y. Li et al. 2014) and thus limits the translatability 

of the obtained results from mouse to human. Besides studying mice at a human-like thermal 

environment, a major strength of the data on oxylipin profiles and the nutritional intervention 

studies presented in this project is the inclusion of human data. Like in mice, supplementation of 

n3-PUFA did not alter UCP1 gene expression in subcutaneous adipose tissue of humans. 

Consequently, increased abundance of oxylipins or n3-PUFA supplementation does not per se 

increase the recruitment of brown or brite adipocytes. Nevertheless, this does not exclude a 

facilitating effect of n3-PUFA and the derived oxylipins in conjunction with other activators like 

mild cold exposure as suggested by studies in mice housed at RT (Table 2). On the one hand, the 
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lack of differences between UCP1 expression in murine BAT and WAT of mice treated with the ß3-

adrenergic receptor agonist CL-316,243 and control mice are arguing against this. On the other 

hand, it is possible that the 1-week of chronic CL-316,243 injection may have recruited the 

maximal capacity of UCP1 and thus masked a positive effect of the n3-PUFA supplementation. 

Consequently, these observations do show that the dietary n6- or n3-PUFA supplementation does 

not alter the total capacity to recruit UCP1.  

The importance to consider the thermal environment for studying the impact of UCP1 on the 

development of DIO is substantiated by the presented data on a novel UPC1-KO mouse. Housing 

these UCP1-KO mice at thermoneutrality did not alter energy balance regulation in terms of 

energy expenditure or intake compared to wildtype mice. These data corroborate the collective 

data on the most widely studied UCP1-KO model that the presence of UCP1 alone does not protect 

against DIO (Enerbäck et al. 1997; Liu et al. 2003; Zietak and Kozak 2016; Winn et al. 2017; Maurer 

et al. 2020). Consequently, similar to human physiology, UCP1 is inactive at thermoneutral 

environmental conditions in mice and does not contribute to energy balance. Recently 

physiological “humanized” mice have been reported by housing middle-aged mice at TNZ on an 

energy-rich diet (de Jong et al. 2019). Endeavors like this are vital for further research aiming to 

assess UCP1 or BAT activity in a translational context.  

Sole presence of UCP1 is not generating heat 

The observation that presence of UCP1 is not sufficient to impact the development of DIO is 

important in the respect of scientific workflows to assess beneficial effects of brown and brite 

adipocytes on metabolic health. Most studies focus on the investigation of UCP1 mRNA or protein 

expression levels as surrogate marker of BAT functionality. Thereby the inactivity of UCP1 is 

neglected as UCP1 alone does not produce heat (Nedergaard and Cannon 2013). Consequently, 

sole investigation of UCP1 abundance will not help to understand whether BAT can be utilized to 

fight the obesity epidemic.  

Additional, functional parameters need to be considered in order to characterize the effect of 

oxylipins or other compounds putatively affecting activity of UCP1. In this respect properly 

performed respiratory assays in vitro on isolated cells (Oeckl et al. 2020) and in vivo in form of 

indirect calorimetry (Virtue and Vidal-Puig 2013) are powerful tools to asses UCP1 activity. 

Inclusion of UPC1-KO models will in this respect also facilitate the interpretation in light of 

whether the observed effects rely on the thermogenic activity of brown or brite adipocytes or are 

mediated by alternative mechanisms. Of note, increased energy expenditure mediated by 

thermogenic activity of BAT is not the only beneficial effect that BAT can exert on metabolic health 

(Kajimura, Spiegelman, and Seale 2015). The oxylipin 12,13-DiHOME for example does not 

directly induce the thermogenic capacity of BAT by recruiting and activating UCP1. Instead, it 

facilitates the uptake of fatty acids from circulation into BAT thus fuels thermogenesis and BAT 
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mediated glucose uptake (Lynes et al. 2017). This example clearly demonstrates that extended 

functional markers besides the assessment of UCP1 expression should be utilized to assess 

activation of BAT. 

Conclusion and outlook 

Collectively, the results obtained in frame of this project clearly demonstrate the interactions 

between lipid derived metabolites and the presence of UCP1. However, considering the thermal 

environment the role of oxylipins on the recruitment of thermogenic capacity needs to be 

reconsidered. Studying mice in conditions as closely as possible to the human environment will 

facilitate the understanding of BAT to fight the obesity epidemic and the improvement of 

metabolic health. As demonstrated, changes in the abundance of oxylipins did not affect the 

recruitment or induction of NST capacity at thermoneutrality. However, considering the 

accumulating evidence of studies demonstrating an effect of oxylipins on the recruitment of NST 

capacity at temperatures below thermoneutrality, it needs to be concluded that oxylipins may 

rather promote the sensitivity to other stimulants such as chronic mild cold exposure.  

Future research should focus on this potentially sensitizing effect of oxylipins, always considering 

the appropriate thermal environment. Sensitizing brown and brite adipocytes to other stimuli 

may reduce the effective doses of other NST stimulating agents such as β3-adrenergic receptor 

agonists, thus limiting systemic side effects. 

In summary, the modulation of lipid composition, e.g. by dietary intervention, should remain a 

focus of follow up research aiming to utilize the health promoting effects of active BAT in order to 

tackle the obesity epidemic.  
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SUPPLEMENTS 

Chapter 3: Fatty Acid Metabolite Profiling Reveals Oxylipins As Markers Of Brown But not 

Brite Adipose Tissue  

 

Supplementary Figure 1: Murine BAT but not brite or human BAT can be separated by 
oxylipin profiles.  

(A) Principal component analysis of the oxylipins in human (n = 8) and murine (n = 7) BAT and WAT. 
(B) Predicted projection of human BAT and WAT based on principal components of oxylipins in 
murine BAT and WAT. (C) Predicted projection of murine BAT and WAT based on principal 
components of oxylipins in human BAT and WAT. (D) PCA of oxylipins in murine BAT and WAT 
acclimatized to 5 °C or 30 °C for one week (n = 7 for each temperature). 

  



149 

 

Supplementary Figure 2: Increased UCP1 expression in brite adipose tissue.  

UCP1 mRNA expression in white adipose tissue of mice acclimatized to 30 °C (white) and 5 °C (brite) 
(n = 7). P-value determined by unpaired Wilcoxon test. 
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Supplementary Figure 3: Cold stimulation increases the abundance of multilocular brite 
adipocytes in WAT.  

Representative images of H&E stained sections of BAT (upper panel) and WAT (lower panel) of mice 
acclimatized to 30 °C (left) or 5 °C (middle). For H&E staining, tissues were immediately fixed in 4 % 
paraformaldehyde, dehydrated and subsequently embedded in paraffin. Tissue sections of 5 µm 
thickness were deparaffinized and stained with hematoxylin and eosin. 
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Chapter 4: No Effect of Dietary Fish Oil Supplementation on the Recruitment of Brown and 

Brite Adipocytes in Mice or Humans under Thermoneutral conditions 

 

Supplementary Figure 4: Representative Western Blot image related to Figure 16 A. 

Samples obtained from other mice (*) were analyzed on the same blot.  

 

 

Supplementary Figure 5: Representative Western Blot images related to Figure 17 A.  

Total protein and marker signals were detected at 700 nm and UCP1 signals at 800 nm. 
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Chapter 5: Susceptibility to Diet-induced Obesity at Thermoneutral Conditions is 

Independent of UCP1 

 

Supplementary Figure 6: Sequencing of RT-PCR products obtained from iBAT of Ucp1-KO 
and Ucp1-WT mice.  

(A) Overview of the alignment of the Ucp1 coding sequence with open reading frame (ORF), as well 
as the sequencing results of Ucp1-WT (wt) and UCp1-KO (ko) for forward (fwd) and reverse (rev) 
primer. (B) Magnification of the dashed box in (A), including amino acid translation matched to the 
ORF. Blue and red arrowhead indicate the position of the frame shift (blue) and the premature stop 
codon (red). 

 

 

Supplementary Figure 7: Uncropped western blot image corresponding to Figure 1D. 
800nm-Channel in white, 700nm-Channel in red. 
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Supplementary Figure 8: Body weights of offspring produced by HET/HET breeding of the 
conventional Ucp1-KO model on (A&B) C57BL/6J or (C&D) 129S1/SvImJ background.  

(A&C) at weaning ~3 weeks of age and (B&D) at the age of ~8-weeks. Crosses indicating group 
means. 1-Way ANOVA and t-test with bonferroni adjusted p-value, * = p-value < 0.05 
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Supplementary Figure 9: Energy expenditure at thermoneutrality is comparable between 
Ucp1-KO and UCP1-WT mice. 

(A&B) CO2 production and (C&D) VO2 consumption during (A,C) CD and (B,D) HFD feeding. Area 
under the curve (AUC) of heat production during the different light phases corresponding to (E) 
Figure 31 E and (F) Figure 31 G. (G) Area under the curve (AUC) of heat production corresponding 
to Figure 31 E (CD) and Figure 31 G (HFD) per day. (A-D) Data represented as means and standard 
deviation, averaged over a period of 30 min. (E,F) Bars indicate group means. (G) Paired students t-
test, * = p-value < 0.05 
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Chapter 6: Spatial Recruitment of Cardiolipins in White Adipose Tissue After Cold 

Stimulation is Independent of UCP1  

Supplementary Figure 
10: Identification and 
validation of region-
specific lipid species. 

129S6/SvEvTac mice 
were housed at 5°C for 1 
week. Inguinal white 
adipose tissue was 
dissected and four 
consecutive sections were 
prepared. The first used 
for MALDI-MSI, the 
second for 

immunohistochemistry 
staining of UCP1 and the 
last two for LC-MS/MS 
analysis. (A) 
Immunohistochemistry of 
inguinal white adipose 
tissue stained for UCP1 
(magenta) and Hoechst 
(cyan). (B) Segmentation 
map of the MALDI-data 
expanded to several levels 
to match the UCP1 
pattern in B. (C) UCP1-
pos (magenta) and UCP1-
neg (grey) adipose tissue 
regions assigned based 
on the segmentation used 
for ROC-analysis. (D) 
MALDI images of two 
examples m/z intervals 
identified to be specific 
for the UCP1-negative 
(green, ROC ≤ 0.25) and 
UCP1-positive (red, ROC ≥ 
0.75) regions depicted in 
D. (E-F) MALDI image of 
example m/z intervals 
not specific for any of the 
two regions assigned in D 
(0.45 ≤ ROC ≤ 0.55), being 
(E) ubiquitously present 
in the tissue or (F) 
associated to the lymph 
node. Inlet shows a 
magnification of the grey 

dashed box overlaying the m/z image with the immunohistochemistry image. Black arrowhead 
indicates the lymph node. 
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Supplementary Figure 
11: Identification and 
validation of region-
specific lipid species. 

129S6/SvEvTac mice 
were housed at 5°C for 1 
week. Inguinal white 
adipose tissue was 
dissected and four 
consecutive sections were 
prepared. The first used 
for MALDI-MSI, the 
second for 

immunohistochemistry 
staining of UCP1 and the 
last two for LC-MS/MS 
analysis. (A) 
Immunohistochemistry of 
inguinal white adipose 
tissue stained for UCP1 
(magenta) and Hoechst 
(cyan). (B) Segmentation 
map of the MALDI-data 
expanded to several levels 
to match the UCP1 
pattern in B. (C) UCP1-pos 
(magenta) and UCP1-neg 
(grey) adipose tissue 
regions assigned based on 
the segmentation used for 
ROC-analysis. (D) MALDI 
images of two examples 
m/z intervals identified to 
be specific for the UCP1-
negative (green, ROC ≤ 
0.25) and UCP1-positive 
(red, ROC ≥ 0.75) regions 
depicted in D. (E-F) 
MALDI image of example 
m/z intervals not specific 
for any of the two regions 
assigned in D (0.45 ≤ ROC 
≤ 0.55), being (E) 
ubiquitously present in 
the tissue or (F) 
associated to the lymph 
node. Inlet shows a 
magnification of the grey 

dashed box overlaying the m/z image with the immunohistochemistry image. Black arrowhead 
indicates the lymph node. 
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Supplementary Figure 12: CL 68:4 and 
CL 68:3 abundance is associated to 
cold, independent of UCP1. 

(A) Overview of the experimental setup. 
UCP1 knockout (UCP1-KO) and UCP1 
wildtype (UCP1-WT) mice were either 
housed at 23°C or acclimatized to 5°C. 
Inguinal white adipose tissue was 
dissected (grey dashed circle). Four 
consecutive sections were prepared, the 
first used for MALDI-MSI, the second for 
immunohistochemistry staining of UCP1 
and the last two for LC-MS/MS analysis. 
(B) Immunohistochemistry staining 
against UCP1 (magenta) and a Hoechst 
nuclear stain (cyan) of UCP1-WT and 
UCP1-KO mice. (C-D) MALDI images of (C) 
m/z 1401.819 ± 0.338 Da representing CL 
68:4 and (D) m/z 1403.848 ± 0.338 Da 
representing CL 68:3. 
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Supplementary Figure 13: CL 68:4 and 
CL 68:3 abundance is associated to 
cold, independent of UCP1. 

(A) Overview of the experimental setup. 
UCP1 knockout (UCP1-KO) and UCP1 
wildtype (UCP1-WT) mice were either 
housed at 23°C or acclimatized to 5°C. 
Inguinal white adipose tissue was 
dissected (grey dashed circle). Four 
consecutive sections were prepared, the 
first used for MALDI-MSI, the second for 
immunohistochemistry staining of UCP1 
and the last two for LC-MS/MS analysis. 
(B) Immunohistochemistry staining 
against UCP1 (magenta) and a Hoechst 
nuclear stain (cyan) of UCP1-WT and 
UCP1-KO mice. (C-D) MALDI images of (C) 
m/z 1401.819 ± 0.338 Da representing CL 
68:4 and (D) m/z 1403.848 ± 0.338 Da 
representing CL 68:3. 
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