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ABSTRACT

Brown adipose tissue is a specialized, mammalian organ providing adaptive heat production for
the maintenance of normothermia. In addition to the primary metabolization of fatty acids, this
non-shivering thermogenesis is supported by the uptake of glucose from the systemic blood
circulation. The activation of brown adipose tissue in mice and humans results in increased
glucose uptake, which is linked to enhanced energy expenditure. This effect may be
complemented by the abundance of brite adipocytes (brown-in-white), which constitute an
additional, inducible pool of cells present in white adipose tissue capable of providing
non-shivering thermogenesis. The recruitment of additional capacity for non-shivering
thermogenesis in humans may contribute to an increase in energy expenditure concomitant
with a beneficial effect on glucose homeostasis.

To further investigate such relationship, different mouse models were characterized with
respect to their capacity for non-shivering thermogenesis. Using a knockout mouse model, the
cold-induced expression of the protein Cox7al in brown adipose tissue was identified to be
dispensable for the recruitment of non-shivering thermogenesis. In a polygenic approach, the
inbred mouse strain 12956/SvEvTac was found to exhibit a higher capacity for non-shivering
thermogenesis compared to C57BL/6J inbred mice.

Cyclooxygenase represents a key enzyme in the recruitment of brite cells. In order to elucidate
the efficacy of a nutritional intervention for recruitment of brite cells, mice of both inbred
strains were subjected to a feeding experiment characterized by the modulation of substrate
availability for cyclooxygenase. Different fatty acid metabolites were identified as possible
regulators of brite cell abundance. The further characterization of their individual potential in
the recruitment of brite cells is promising.

The capacity for non-shivering thermogenesis is determined by environmental temperature and
genetic factors, and may be further influenced by the dietary fatty acid composition. To
investigate whether these factors affect systemic glucose homeostasis in the context of
non-shivering thermogenesis, glucose tolerance was assessed under obesogenic and
non-obesogenic conditions. Glucose tolerance of 12956/SvEvTac and C57BL/6J mice was
comparable when mice of both strains were fed a control diet in thermoneutral environment.
An elevation of the dietary fat content did not influence glucose tolerance in
129S6/SvEvTac mice but resulted in an impairment of glucose tolerance in C57BL/6J mice. This
impairment was more pronounced in uncoupling protein 1-deficient mice, which are
characterized by impaired non-shivering thermogenesis, and independent from
insulin sensitivity. Collectively, these data corroborate a significant contribution of
brown adipose tissue-derived non-shivering thermogenesis to the regulation of systemic
glucose homeostasis. Brown adipose tissue may thus serve as effective target in the prevention
or treatment of diabetes in humans.
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ZUSAMMENFASSUNG

Das Braune Fettgewebe ist es spezialisiertes Gewebe zur Warmeproduktion, das vor allem bei
Kleinsdugern zur Aufrechterhaltung der normalen Kérpertemperatur beitrigt. Uber die
hauptsachliche Verstoffwechselung von Fettsduren hinaus wird diese zitterfreie Thermogenese
durch die Aufnahme von Glukose aus der Blutzirkulation unterstiitzt. Eine Aktivierung des
Braunen Fettgewebes fiihrt sowohl bei der Maus als auch beim Mensch zur verstarkten
Glukoseaufnahme und ist mit einem Anstieg des Energieverbrauchs verbunden. Brite-Zellen
(englisch: brown-in-white), die eine zusatzliche, induzierbare Zellpopulation im WeiRen
Fettgewebe mit Fahigkeit zur zitterfreien Thermogenese darstellen, konnten diesen Effekt
verstarken. Die Rekrutierung zusatzlicher Kapazitat zur zitterfreien Thermogenese kdnnte den
Energieverbrauch eines Menschen erhéhen und die Glukosetoleranz giinstig beeinflussen.

Um einen solchen Zusammenhang im Tiermodell ndher zu untersuchen, wurden verschiedene
Mausmodelle hinsichtlich ihrer Kapazitat zur zitterfreien Thermogenese charakterisiert. Mit
Hilfe eines entsprechenden Knockoutmodells konnte gezeigt werden, dass die kalteinduzierte
Expression des Proteins Cox7al im Braunen Fettgewebe keinen Einfluss auf die Rekrutierung
der zitterfreien Thermogenese hat. In einem polygenen Ansatz konnte ermittelt werden, dass
Mause des Inzuchtstammes 129S6/SvEvTac gegenlber C57BL/6J Mausen (iber eine bessere
Fahigkeit zur zitterfreien Warmebildung verflgen.

Die Cyclooxygenase stellt ein Schlisselenzym in der Rekrutierung von Brite-Zellen dar. Im
Rahmen eines Futterungsexperiments mit Mausen beider Inzuchtstamme wurde die
Substratverfiigbarkeit fir dieses Enzym beeinflusst, um die Wirksamkeit einer
Ernahrungsintervention zur Rekrutierung von Brite-Zellen zu priifen. Es konnten verschiedene
Fettsduremetabolite mit moglichem Potential zur Erhéhung der Abundanz von Brite-Zellen
identifiziert werden, deren weitere Charakterisierung vielversprechend ist.

Die Kapazitat zur zitterfreien Thermogenese wird durch die Umgebungstemperatur, genetische
Faktoren und darliber hinaus moglicherweise durch die Fettsaurekomposition der Diat
beeinflusst. Es wurde untersucht, ob diese Faktoren die Glukosehomdostase im Kontext der
Kapazitat zur zitterfreien Warmebildung beeinflussen. Hierfir wurden Didaten mit
unterschiedlichem Fettgehalt gefuttert. Die Glukosetoleranz von 129S6/SvEvTac und C57BL/6)J
Mausen war vergleichbar wenn diese eine Kontrolldidt in thermoneutraler Umgebung
erhielten. Ein Anstieg des Fettgehalts der Diat hatte keinen Einfluss auf die Glukosetoleranz von
129S6/SvEvTac Mausen, flhrte jedoch zu einer Verschlechterung bei C57BL/6J Mausen. Diese
Verschlechterung war bei Entkopplerprotein 1-defizienten Mausen, deren Fahigkeit zur
zitterfreien Thermogenese beeintrachtigt ist, starker ausgepragt und dariber hinaus
unabhangig von der Insulinsensitivitdt. Insgesamt untermauern diese Ergebnisse einen
signifikanten Beitrag der Braunfett-Thermogenese zur Regulation der systemischen
Glukosehomoostase. Das Braune Fettgewebe konnte demnach als wirksames Ziel der
Pravention und Therapie von humanem Diabetes dienen.
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1 INTRODUCTION

1.1 The adipose organ - white, brite and brown

Energy balance is determined by energy intake and energy expenditure. The existence of
adipose tissue is pivotal for this relation. Excess energy derived from food is stored in adipose
tissue depots mainly in the form of triglycerides, which can be mobilized in times of fasting and
starvation to fuel energy consuming processes throughout the body. This energy turnover
constitutes the primary function of white adipose tissue (WAT), which represents the major
share of the mammalian adipose organ. Its excessive storage capacity prevents ectopic fat
deposition and thus lipotoxicity in response to energetic surplus [1]. WAT occurs in different
locations mainly as dermal, subcutaneous and visceral depots. In rodents such as mice, depots
in the cervical and inguinal region as well as the mesenteric, perigonadal and retroperitoneal
region represent the major sites for subcutaneous and visceral WAT, respectively [2].

Similarly to WAT, brown adipose tissue (BAT) is capable of storing energy as fat, which is,
however, mobilized to fuel the endogenous cellular energy demand. The primary function of
BAT is entirely opposite to that of WAT since stored energy is dissipated for the purpose of heat
production as adaptive mechanism to maintain core body temperature in a cold environment.
Occurence of BAT in animals was first described more than 450 years ago [3] and its function
and properties have been extensively studied since the 1960s, particularly in rodents (for a
review, see [4]). These possess significant amounts of visceral and subcutaneous BAT in the
mediastinic and perirenal region as well as the cervical, axillary, subscapular and interscapular
region, respectively [2]. The anatomical arrangement of all BAT depots mimics a thoracic
heating jacket below the fur [5]. The interscapular depot represents the largest among all
murine depots. Drainage of this tissue by a large blood vessel, the Sulzer’s vein, allows the
transfer of locally produced heat to the blood circulation and thus ensures heat distribution
throughout the body [6].

Apart from adipocyte precursor cells, endothelial cells, immune cells or cells of the connective
tissue, mature brown and white adipocytes represent the major fraction residing in BAT and
WAT, respectively (Figure 1). Both cell types are capable of storing fat in cytosolic lipid vacuoles
(lipid droplets), but their morphological appearance differs according to the physiological
functions of the two tissues. White adipocytes are up to 160 um in diameter, although the size
depends on species, nutritional status and depot [7]. They are spherical in shape and
characterized by unilocular appearance, exhibiting a single lipid droplet per cell that occupies
most of the intracellular volume thus reducing the portion of the cytosolic compartment and
squeezing the nucleus into a peripheral position [2]. In contrast, brown adipocytes are only up
to 50 um in diameter [7]. They are characterized by a central nucleus and multilocular
appearance, storing fat within multiple small lipid droplets [2] with an increased interphase
between lipid and cytosolic lipases. The latter may facilitate lipolysis for a rapid supply of fuel
for thermogenesis [8].

In addition to classical brown and white adipocytes, a novel type of adipocyte was found to
occur in the adipose organ of rodents [9]. These cells are present in WAT although they



INTRODUCTION 8

resemble the morphology and molecular features of brown adipocytes and are therefore
referred to as ‘brite’ (brown-in-white) [10] or ‘beige’ [11] adipocytes (Figure 1). The abundance
of brite cells in murine WAT is not an overall phenomenon but depends on multiple factors
such as age, strain or pretreatment of the animal, for instance. Subcutaneous depots, such as
the inguinal depot, have a higher propensity for the expression of brite adipocytes than visceral
depots [12].
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Figure 1: Sections from WAT and BAT illustrating white, brite and brown adipocyte morphology. Nuclei are colored blue
(hematoxylin) and cytosolic compunds are stained red (eosin).

An increase in the abundance of brite adipocytes is named ‘browning of WAT’, which may arise
either from a committed population of brite preadipocytes present in WAT [13] or from
interconversion of mature, fully differentiated white adipocytes (‘transdifferentiation’) [14-17].
Additionally, brite adipocytes may be present at a basal state camouflaged as white-like
adipocytes, which turn into multilocular cells upon proper stimulation bearing the potential to
become re-camouflaged when stimulation ceases [18]. The primary function of brite adipocytes
as well as their developmental origin are still a matter of debate. Based on their similar
morphology (Figure 1), their responsiveness to thermogenic stimuli [9, 19] and their ability to
produce heat [20, 21], brite adipocytes may contribute to thermogenesis similar to brown
adipocytes in BAT. In contrast to white adipocytes, brown adipocytes are derived from a
myogenic factor 5 (Myf5) positive precursor and thus developmentally related to skeletal
muscle cells [22]. Brite adipocytes were found to originate from both Myf5-positive and
Myf5-negative precursors within different sites of the adipose organ [22-24] along with a
subpopulation arising from a smooth muscle-like origin [25]. Thus, brite cells are a novel type of
adipocytes characterized by heterogenous ontogeny with a functional relation to brown
adiocytes.

1.2 Non-shivering thermogenesis

In endothermic animals, body temperature is kept fairly constant independent of
environmental conditions by means of physiological mechanisms that provide heat production
or changes in heat loss. Such regulation is required when the ambient temperature is below or
above the thermoneutral zone, which is defined as the range of ambient temperatures at which
the metabolic rate is basal [26]. The thermoneutral zone varies between species. It is around
30°C in naked humans [27] and laboratory mice [26]. Prevalent habitation at room temperature
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(20°C-23°C) obligatory demands adaptive heat production in mice, whereas humans generally
protect themselves from heat loss by clothing. Adaptive heat production is achieved by
shivering and non-shivering thermogenesis (NST).

Shivering is an involuntary process, characterized by repeated contractions of skeletal muscle
fueled by hydrolysis of adenosine triphosphate (ATP) without physical work. The energy
turnover results in the dissipation of heat. Shivering occurs when NST, which is mediated by
BAT, is not sufficient to fully compensate heat loss [28]. In small mammals, the activation of
NST is essential to survive in cold environment.

1.2.1 Temperature sensation and central control of BAT activity

The activity of BAT as physiological response to ambient temperature is under control of the
central nervous system (CNS). Temperature sensation is translated by cutaneous
thermoreceptors that belong to the superfamily of transient receptor potential (TRP) ion
channels. TRP subfamily M member 8 mediates sensation of innocuous cold [29-31]. In the
current model of CNS-mediated BAT activation (Figure 2) [32], the thermal information
detected by TRP receptors is transmitted in an afferent pathway from the skin to the
hypothalamic preoptic area. Efferent signaling is dependent on cold or warm thermosensation.
In cold environment, the preoptic area coordinates the excitation of a sympathetic pathway
that activates BAT [33, 34], which is densely innervated by unmyelinated sympathetic nerve
fibers [35, 36].

1.2.2 Sympathetic activation of brown adipocytes

The postganglionic effect of sympathetic signaling is conferred by interaction of norepinephrine
(NE) with adrenergic receptors of BAT. All three types of G-protein coupled B-adrenoreceptors
(B, B> and PBs) are expressed in brown adipocytes. The Ps-subtype is almost exclusively
expressed in WAT and BAT and is most likely responsible for the activation of thermogenesis
[37-39]. Upon ligand binding (Figure 2), adrenergic signaling in brown adipocytes involves
activation of adenylyl cyclase that increases intracellular levels of cyclic adenosine
monophosphate (cAMP) [40]. This second messenger activates protein kinase A (PKA), which
disseminates the thermogenic signal. Lipid droplet associated proteins as well as cytosolic
lipases are PKA-targets, culminating in disinhibition of lipolysis and breakdown of stored
triglycerides [41]. Moreover, adrenergically stimulated lipolysis is supported by
PKA-independent pathways [42, 43]. Free fatty acids are shuttled into mitochondria where they
have a dual function [44]: they either undergo B-oxidation to serve as fuel for thermogenesis,
or serve as direct activator of NST. The latter mechanism is provoked by interaction with the
mitochondrial uncoupling protein 1 (Ucpl) [45], which is the causative [46] and
indispensable [47] component of NST in mammals.



INTRODUCTION 10

dorsal horn

& hypothalamus

9 midbrain

83-adrenoreceptor

cutaneous

receptors

Adenylyl Cyclase

\‘ o

PKA — CAMP

\- p38 MAPK
perilipin /
HSL free fatty acds oS __ '
/ \\
N

lipid droplets mitochondria nucleus S~ _- -

Figure 2: Central and cellular signaling pathways in the control of BAT activity. Temperature sensation and CNS-mediated
signaling involves afferent (blue) and efferent (green) neuronal pathways, resulting in the release of norepinephrine (NE) and
subsequent activation of the G-Protein coupled Bs;-adrenoreceptor. Adrenergic signaling in brown adipocytes involves lipolysis
from lipid droplets, activation and fueling of mitochondrial thermogenesis and nuclear transcription of the uncoupling protein 1
(Ucpl) gene. HSL=hormone sensitive lipase; PKA=protein kinase A; cAMP=cyclic adenosine monophosphate; p38 MAPK= p38
mitogen-activated protein kinases.

Transcription of the Ucpl gene is rapidly initiated after cold-exposure [48-50] and driven by
PKA and p38 mitogen-activated protein kinases (p38 MAPK) [51]. These enzymes phosphorylate
several transcription factors such as PPAR gamma coactivator 1a, which binds to a peroxisome
proliferator-activated receptor (PPAR) within the promoter region of the Ucpl gene. The
cold-induced effect on Ucpl transcription can be mimicked by PPARa and PPARy agonist
treatment, both of which are major regulators for Ucpl gene expression in mature and
undifferentiated adipocytes, respectively [52]. Ucpl is exclusively expressed in brown and brite
adipocytes, although minor expression has also been reported for thymocytes [53].

1.2.3 Mechanism of heat production in BAT

Ucpl represents the heat producing entity of brown adipocytes. Ucpl is a mitochondrial
protein and its abundance in brown adipocytes results from a very high quantity of
mitochondria with dense cristae [2]. This protein was initially described as ‘GDP-binding
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protein’ or ‘thermogenin’ [28], due to its ability to bind purine nucleotides and to mediate NST,
respectively. Ucpl is a 32 kDa protein of the mitochondrial inner membrane. Although its
structure has not yet been elucidated, the protein is predicted to have 6 membrane spanning
domains [54, 55]. The human and the murine orthologues share almost 80% identity within the
307 amino acid-protein, which is encoded by the 6-exon nuclear gene. Ucp1 has two paralogues
[56-59], Ucp2 and Ucp3, which are 56.3% and 53.9% identical with the murine Ucp1 peptide,
respectively. The first is expressed in multiple tissues, whereas the latter occurs mainly in BAT
and skeletal muscle. Ucp2 and Ucp3 do not confer NST [47, 60-63].

Its denomination as ‘uncoupling protein’ directly refers to the cellular function of Ucp1l that is
to uncouple mitochondrial respiration from ATP production. According to the chemiosmotic
theory [64, 65], ATP synthesis is in all types of cells driven by the electrochemical proton
gradient across the mitochondrial inner membrane. This intermediate is referred to as proton
motive force (Ap) that consists of the mitochondrial membrane potential and a pH-gradient as
result of the forced, unequal distribution of protons between the mitochondrial matrix and the
mitochondrial intermembrane space (IMS). The conserved energy that is derived from the
metabolization of macronutrients is represented by Ap. This metabolization involves
B-oxidation and/or citric acid cycle. These reactions serve as electron donors for the four
complexes of the respiratory chain. In a stepwise process, electrons are passed on from donor
to acceptor molecules involving the membrane-associated mobile carrier proteins ubiquinone
and cytochrome c. The energy difference resulting from a steady decrease in negative redox
potential along the chain is used by Complex I, lll and IV for the translocation of protons into
the IMS to generate Ap (Figure 3).
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Figure 3: Mitochondrial coupled and uncoupled respiration. In a serial reaction, electrons obtained from the metabolization of
macronutrients are passed through the complexes of the respiratory chain catalyzed by the mobile carrier molecules
ubiquinone (Ubi) and cytochrome ¢ (Cyt c) occurring in oxidized (ox) and reduced (red) form, finally resulting in the reduction of
oxygen to water. Consequently, protons are translocated into the mitochondrial intermembrane space (IMS) by Complex |, llI
and 1V, thus generating a proton gradient across the membrane. This intermediate is used to drive ATP synthesis or heat
production via the basal (exemplarily depicted by the adenine nucleotide translocase (ANT)) and inducible proton leak thereby
uncoupling respiration from ATP production. Depicted structures (obtained from http://www.rcsb.org) are Complex | from
bovine heart (PDB-ID 4UQS8, [66]), Complex Il from porcine heart (PDB-ID 1ZOY, [67]), Complex Il from bovine heart
(PDB-ID 1BGY, [68]), Complex IV from bovine heart with subunit 7a highlighted in dark blue (PDB-ID 20CC, [69]), bovine
ATP synthase (PDB-ID 5ARA, [70]), ANT from bovine heart (PDB-ID 10KC, [71]) and murine Ucp2 (PDB-ID 2LCK, [55]).
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The final and rate-limiting step within this chain is catalyzed by Complex IV [72-74], which
oxidizes cytochrome c¢ and thereby reduces oxygen to water, reflecting mitochondrial
respiration. In all cell types throughout the body, ATP synthesis is driven by re-translocation of
protons into the mitochondrial matrix thus depleting Ap (Figure 3). This process is referred to as
‘coupled respiration’ and controlled by the availability of adenosine diphosphate (ADP) [75, 76].
This oxidative phosphorylation, however, only plays a minor role in brown adipocytes where
Ucpl bypasses Ap for the purpose of heat production, which constitutes the basis of
‘uncoupled respiration’ (Figure 3) [77]. In fact, the abundance of ATP synthase in BAT is low [78,
79], whereas Ucpl accounts for up to 7.7% of total mitochondrial protein in cold-acclimated
brown adipocytes [80] emphasizing the fundamental importance of uncoupled vs. coupled
respiration for the specialized function of BAT. Incomplete coupling of respiration and
ATP synthesis is named ‘proton leak’ and in its basal form (Figure 3) is a common characteristic
of all cell types throughout the body [81]. However, only brown adipocytes dissipate a vast
portion of the proton motive force by inducible leak respiration due to the presence of Ucpl
[44]. The activity of Ucp1 is controlled by the opposing effects of inhibitory purine nucleotides
and activating fatty acids. Guanosine di- and triphosphate as well as ADP and ATP are capable
of binding to Ucpl [82-84], which may cause full inhibition of proton conductance [85, 86].
Fatty acids released during cold-induced lipolysis can overcome this inhibition to activate Ucpl
by a yet unresolved mechanism [87].

1.3 BAT in humans

Uncoupled respiration in BAT provids NST, which is the primary source for adaptive heat
production in small mammals that possess substantial amounts of this thermogenic tissue. In
contrast, the significant occurrence of BAT in humans was in the past believed to be restricted
to infants and to decline with age [88], leading to the dogma that BAT function is insignificant
for adult humans [89]. This view has recently been revised by the use of an imaging technique
(Figure 4), demonstrating not only the presence of human BAT but also its metabolic activity
due to its ability to take up glucose from the bloodstream [90-93]. In humans, the estimated
mass of active BAT amounts only a few dozen grams [91, 94-96] and is thus much less abundant
than WAT. BAT depots are located in different regions of the neck, shoulder and thorax
(Figure 4). The supraclavicular depot, an anterior subcutaneous depot, is generally considered
as most active. Infants, but not adult humans, possess a depot that corresponds to rodent
interscapular BAT. This depot resembles the morphology of rodent brown adipocytes [97],
whereas depots in adults are discussed to consist of both brown and brite adipocytes [97-102].
Browning of WAT, as it occurs in rodents, has so far only been reported in response to
tumor-associated [103] and trauma-induced [104] adrenergic stimulation, leaving the plasticity
of human WAT largely unexplored.

The activity of BAT is high in lean, lower in overweight and almost absent in morbidly obese
subjects (Figure 4) [91-93, 105]. Increased body mass index (BMI) may be either cause or
consequence of reduced BAT activity. In fact, a mechanism referred to as ‘diet-induced
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thermogenesis’ involves BAT as regulator of body mass development dissipating excess energy
from food in the absence of any thermoregulatory requirement [106]. At least in rodents, the
absence of BAT function may result in obesity via such mechanism [107, 108]. In contrast,
catecholamine resistance of adipose tissues [109, 110] as well as increased insulation of obese
subjects [111] may be causative for reduced BAT activity.
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Figure 4: Location and activity of BAT in humans. Combined positron emission tomography/computed tomography-images
show distribution of a glucose tracer (dark areas) in a lean and an obese subject 1 hour after administration and thus 2 hours
after constant exposure to cold (16°C) or thermoneutral (22°C) conditions. Arrows indicate sites of intense glucose
tracer-uptake reflecting BAT (figures modified from [92]; nomenclature of depots according to [89]).

Human BAT is most potently activatable by cold-exposure [92, 95, 112, 113] and Bs-adrenergic
agonist treatment [114]. This activation is reflected in increased glucose uptake into BAT
(Figure 4) and associated with an increase in energy expenditure. As little as 63 g of activated
BAT is estimated to dissipate the energy of around 4 kg of adipose tissue per year [90].

Fatty acids are the primary substrate to fuel BAT-mediated thermogenesis [115]. Glucose
uptake into rodent [116, 117] and human [113] BAT is, however, considerably upregulated in
response to cold. This regulation may constitute enhanced whole body glucose disposal in
cold-exposed humans [113]. Moreover, rodent models of transplanted BAT and brite fat exhibit
improved glucose tolerance and attenuated body mass gain [118, 119], suggesting a beneficial
metabolic effect of brown and brite adipocyte abundance. Altogether these findings shed light
on BAT and brite fat as novel targets in the prevention and therapy of obesity and diabetes.

1.4 Obesity and diabetes - prevalence, pathophysiology and current
treatment options
Long-term disequilibrium of energy balance results in a dysregulation of body mass known as
underweight and overweight. Besides the role of genetic factors, the latter is caused by
continuous storage of excess energy from food with concomitant reduction of energy
expenditure and is thus the simple result of a convenient lifestyle. Overweight (BMI > 25 kg/mz)
and obesity (BMI > 30 kg/m?) have reached global epidemic extents during the last decades
since the number of affected people has more than doubled from 1980 to 2013 [120].
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Meanwhile more people die from overweight than from underweight [121]. The prevalence of
overweight and obesity in 2013 was amounted to affect more than half of the adult European
population with peak prevalences moving to younger ages [120]. Overweight and obesity are
associated with the burden of multiple comorbidities including different types of cancer and
cardiovascular disease, and a profound risk for type Il diabetes mellitus (T2D) [122-124].

In non-diabetic subjects, blood glucose levels are regulated in an autonomous manner by
adjusted secretion of insulin. A rise in systemic blood glucose levels in response to food intake
causes glucose uptake into pancreatic B-cells with subsequent glucose oxidation to drive the
ATP-dependent mechanism of insulin release. The effect of insulin is mediated via interaction
with its receptor, initiating a signaling cascade that inhibits hepatic glucose production and
leads to the translocation of insulin-sensitive glucose transporters that confer glucose uptake
into target tissues and thus reduction of blood glucose levels. This system is dysregulated in
type Il diabetic subjects. The transition from normoglycemia towards T2D is characterized by
reduced insulin sensitivity, hyperinsulinemia and progressive pancreatic B-cell failure. This
relative lack of insulin causes hyperglycemia and the inability to autonomously regulate blood
glucose levels [125].

The etiology of T2D is related to the pathologic expansion of adipose tissue mass. Both insulin
sensitivity and B-cell function are significantly influenced by chronically increased plasma levels
of free fatty acids during obesity causing lipotoxic effects. Increased fatty acid influx into B-cells
is associated with B-cell dysfunction and decline in cell number [126]. Ectopic fat deposition in
liver and muscle targets components of the insulin signaling pathway thereby promoting insulin
resistance, which is further affected by chronic adipose tissue inflammation [127, 128].
Moreover, visceral fat deposition is hypothesized to support a drainage mechanism, thus
facilitating delivery of fatty acids and inflammatory cytokines into the liver via the portal vein
promoting hepatic insulin resistance and disinhibition of hepatic glucose output [129].

T2D constitutes by far the most prevalent among the different diabetic diseases [130] and is
globally among the top leading causes for disabilities and deaths [131, 132]. State-of-the-art
T2D treatment includes lifestyle intervention (dietetic treatment, physical activity) and
pharmacotherapy aiming at body weight reduction, normoglycemia and an improvement of
insulin sensitivity to avoid complications and sequelae that constitute T2D mortality [133].
However, bariatric surgery as sole substantial alternative is not only far more successful than
conventional treatment strategies in the long-term [134], but also highly effective regarding
weight loss, remission and resolution of T2D in obese patients [135]. Although considered as
useful also in non-morbidly obese (BMI > 30 kg/mz) T2D subjects [136], the procedure involves
the common risks, complications and strains of a surgery. Up to more than 80% of all T2D
subjects are overweight or obese [137-139] and around 60% of all T2D cases may be prevented
if the affected subjects had normal body weight [140]. Far more than 300 million people
worldwide are predicted to suffer from T2D by 2030 [132, 141], emphasizing the need for
preventive and curative treatment strategies.
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1.5 Modulation of BAT activity and abundance

The use of BAT and brite fat as anti-obesity and anti-diabetes target is based on different
mechanisms: activation of existing depots, expansion of thermogenic tissue with brown
adipocyte character (recruitment) as well as the long-term maintenance of tissue activation.
Given the low abundance of BAT in humans, recruitment of additional BAT capacity appears
crucial, but was so far only reported in response to intermittent cold-exposure [142-145].
Pharmacological or nutritional compounds are favorable with regard to a widespread
application. In order to achieve this, it is necessary to (1) deepen the current understanding
about the molecular machinery that drives NST, (2) identify indispensable components in this
machinery that underlie the recruitment and activation of brown and brite adipocytes and
(3) manipulate key elements of characterized pathways.

1.5.1 Identification of molecular components with crucial function in the
recruitment of NST

Heat production is a mitochondrial process. Increased thermogenic capacity in response to
prolonged cold-exposure results from mitochondrial biogenesis [28] and qualitative changes of
the BAT mitochondrial proteome [146]. This versatility constitutes the exceptional oxidative
capacity of BAT to confer NST via uncoupled respiration. This key functional difference to WAT
is underscored by expression levels of multiple subunits of respiratory chain complexes and
Ucpl, which are more abundant in BAT compared to WAT (Figure 5).

The expression of subunit isoforms is a unique property of Complex IV with respect to
respiratory chain complexes [147]. Mammalian Complex IV, named cytochrome c oxidase
(CCO), is a dimeric enzyme [148] comprising 13 subunits per monomer [149, 150]. The
mitochondrial encoded subunits 1, 2 and 3 confer the catalytic activity of CCO, whereas the
residual 10 nuclear encoded subunits are suggested to have regulatory functions affecting
CCO activity [150]. At least five of these subunits are expressed as different isoforms [151-156],
three of which as ‘heart-type’ and ‘liver-type’ isoforms, constituting one important level in the
regulation of tissue-specific CCO activity. One of these is subunit 7a (Cox7a). This subunit is
located in the periphery of CCO (compare Figure 3), comprises a hydrophobic C-terminal
transmembrane region [148, 157] and may be involved in the maturation of the holoenzyme
during a late stage of CCO assembly [158]. Cox7al and Cox7a2 represent the heart and
liver-type isoforms, respectively. These paralogues proteins are encoded by separate genes,
share about 65% sequence identity within the mature peptides and are of nearly identical
molecular weight. Cox7a2 is ubiquitously expressed whereas Cox7al is abundantly present in
heart and skeletal muscle, accounting for 60% and 50% of total Cox7a transcript abundance in
adult mice, respectively [159]. Due to its high abundance, ablation of Cox7al in mice results in
reduced CCO activity in heart and skeletal muscle [160, 161], both of which are tissues of high
oxidative capacity like BAT. Both Cox7al and Cox7a2 are expressed in BAT (Figure 5). Cox7al is
not detected in WAT, whereas Cox7a2 appears to be more abundant in WAT than in BAT.
Interestingly, Cox7al but not Cox7a2 is a cold-responsive protein of BAT, which is, similar to
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Ucpl, upregulated several-fold when heat production is acutely (4 days at 4°C) or chronically
(24 days at 4°C) stimulated (Figure 5). Moreover, Cox7al is one of several brown adipocyte
marker genes widely used to substantiate the presence of brite adipocytes based on its
consistent upregulation in cold-activated WAT and BAT [162, 163].
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Figure 5: Abundance of proteins in murine BAT and WAT associated with respiratory chain complexes. Mice were housed at
room temperature (23°C) or cold-exposed (4°C) for 4 days and 24 days, respectively. BAT and WAT were dissected and
subjected to liquid chromatography/mass spectrometry analysis for quantification of mitochondrial proteins. Relative protein
abundance is indicated (1) in BAT vs. WAT at 23°C and (2) in BAT at 4°C vs. BAT at 23°C. Depicted proteins were selected based
on their identification in both measurements. # indicates proteins that were exclusively detected in BAT but not WAT. *
indicates actual protein abundance of Ucpl in BAT vs. WAT since y-axis was set to 12. Depicted data are publicly available and
were extracted from supplementary material provided by [146]. The figure is presented in identical form in [164].

Altogether, these findings suggest a central function for Cox7al for the thermogenic property
of brown and brite adipocytes: Cox7al may replace Cox7a2 during cold-acclimation, thus
increasing CCO activity in response to Ucpl-mediated uncoupling to adaptively elevate the
capacity for NST. Characterization of BAT function in Cox7al-ablated mice will help to define
the so far unknown functional role for this protein in the molecular thermogenic machinery of
brown and brite adipocytes.
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1.5.2 Dietary manipulation of key pathways in the recruitment of brite adipocytes
Thermogenic stimulation induces Ucpl expression, lipolysis and mitochondrial biogenesis in
brown and brite adipocytes, although intracellular signal transduction is not mediated in
identical manner in both cells types. In fact, the cyclooxygenase (COX) enzyme has been
identified as a key regulator in recruitment of brite but not brown adipocytes [165, 166]. This
enzyme is ubiquitously expressed occurring as constitutive isoform COX-1 and inducible isoform
COX-2. Besides lipoxygenase (LOX) and the cytochrome P450 (CYP450) enzymes, the formation
of oxylipins functionally involves COX. Oxylipins are oxygenated metabolites referred to as
eicosanoids and docosanoids that originate from the metabolization of polyunsatured fatty
acids [167]. Eicosanoids are further subcategorized into prostaglandins, leukotriens, lipoxins,
thromboxanes and others, dependent on their particular biosynthesis pathway (compare Table
10). There are n6 and n3-derived oxylipins to be distinguished (Figure 6) that are derived from
the metabolism of arachidonic acid (AA) or eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), respectively.
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Figure 6: Biosynthesis of n6 and n3 fatty acids and their metabolism to selected oxylipins. Schematic draw according to [168-
171]. Biosynthesis of 5,6-DiIHETE and 8isoPGA, were appended [172, 173]. Compare Table 10 and Table 11 for classification and
nomenclature of metabolites (not listed in tables: HpEPE=hydroperoxy-EPA; EpETE=epoxy eicosatetraenoic acid). Oxylipin
precursor fatty acids (LA=linoleic acid; GLA=y-linolenic acid; DGLA=dihomo-y-linolenic acid; AA=arachidonic acid;
ALA=a-linolenic acid; EPA=eicosapentaenoic acid; DHA=docosahexaenoic acid) are indicated with chain length and number of
double bonds. Enzymes involved in oxylipin formation (COX=cyclooxygenase; LOX=lipoxygenase; CYP450=cytochrome P450
enzymes) are highlighted in green, red and blue. Synthesis of oxylipins via non-enzymatic oxygenation is indicated in grey.
*18-HEPE is indicated to be formed from a non-enzymatic pathway [168] but may also involve COX-2 and CYP450 [170].
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Cold-exposure and Bs-adrenergic stimulation both result in an upregulation of COX in murine
WAT. Concomitant Ucpl expression is prevented in COX-2 ablated mice and in mice treated
with COX inhibitors, whereas enhanced browning is observed in COX-2 overexpressing mice
even in the absence of an exogenous stimulus [165, 166]. This effect has been associated with
endogenous secretion of prostaglandin E, (PGE;) [165, 166] and prostaglandin |, (PGl,) [165]
from mature adipocytes, both of which are AA-derived COX-metabolites (Figure 6) proposed to
trigger brite recruitment from precursor cells via interaction with their specific cell surface
receptors [165]. Their browning potential was recently investigated in more detail. PGE; is
suggested to drive brite adipogenesis in PPARy-dependent manner [174, 175]. Differentiation
of primary progenitor cells from murine WAT in the presence of PGl, leads to strong induction
of thermogenic and oxidative gene expression pathways that is synergized by NE and preceded
by early cell cycle activation and cytoskeleton changes [176]. The action of PGl, is mediated by
the PGI, receptor (IP) [165], whereas the effect of PGE; is ascribed to the EP4 receptor, which is
one of four PGE,-receptor subtypes [166]. Both IP and EP4 receptor activation involves
cAMP formation and PKA-mediated signal transduction [177], which are crucial components of
the Ps-adrenergic signaling pathway in brown adipocytes (compare Figure 2). Increased
synthesis of endogenous IP and EP4 receptor ligands from AA may thus beneficially affect brite
adipocyte abundance.

Cellular AA, EPA and DHA either originate from ingestion or from endogenous synthesis on the
basis of essential fatty acids (Figure 6). They are stored as phospholipids to become available as
substrate upon liberation by phospholipase A,. An increase in EPA and DHA ingestion elevates
the amount of these fatty acids stored as phospholipids in adipose tissue [178]. Increased
availability of EPA reduces AA oxygenation by COX [179, 180]. Thus, oxylipin formation
constitutes a process manipulable by dietary fatty acid composition. Administration of diets
with different ratios of dietary n6 versus n3 fatty acids may help to increase the COX-mediated
production of AA-derived oxylipins with proposed browning effect (PGE, and PGl,) and to
identify further candidate compounds synthesized from other pathways (Figure 6).

1.6 Objective of the present work

The present thesis originated from the European collaborative project ‘DIABAT’ (recruitment
and activation of brown adipocytes as preventive and curative therapy for type 2 diabetes). This
project aimed to expand basic knowledge on the function, regulation and physiology of brown
and brite adipocytes to distinctly develop, implement and validate BAT-centered therapies
against obesity and T2D in human subjects. The results in mice here described will therefore
contribute and support this objective in a translational context.

Human BAT-centered intervention strategies against obesity and T2D must aim at the
activation of existing BAT depots and the recruitment of additional capacity. To achieve this, it
is necessary to identify the essential components that drive thermogenesis in brown and brite
adipocytes. The CCO subunit isoform Cox7al, a cold-responsive protein of BAT, seemed to be a

promising candidate. High abundance of Cox7al in heart and skeletal muscle contributes to the
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high oxidative capacity of these tissues. This functional relationship has so far not been
addressed in cold-activated BAT. Thus, Cox7al-ablated mice were characterized on the
molecular, cellular and organismic level to elucidate the function of this protein for NST.

NST is a highly energy consuming process that is supported by glucose uptake into BAT from the
bloodstream. This glucose uptake is dependent on abundance and activity of the tissue. The
thermogenic capacity and function of BAT thus renders this tissue a sink for circulating glucose
hypothesized to influence blood glucose clearance in mice and men. This thesis therefore
aimed to investigate the relationship between NST capacity and glucose tolerance in more
detail. For that purpose, two different inbred mouse strains, 12956/SvEvTac and C57BL/6J,
were characterized with respect to their NST capacity. The capacity for NST in mice may be
influenced by the abundance of brite adipocytes possibly affecting blood glucose clearance.
Mice of both inbred strains were fed with diets differing in the dietary fatty acid composition to
manipulate oxylipin production in WAT in order to investigate the efficacy of a nutritional
intervention approach in WAT browning. These mouse models were further challenged means
of environmental temperature and dietary fat content to elucidate the role of NST capacity in
the regulation of systemic glucose tolerance. Finally, glucose homeostasis was investigated in
Ucpl-ablated mice with negligible NST capacity to validate effects observed in inbred mice.
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2 MATERIAL AND METHODS

2.1 Mouse lines

In total, four different mouse lines were employed bred on the background of C57BL/6J (BL6J)
and 129S6/SvEvTac (129S6) inbred strains. All mice were bred within the specified pathogen
free (SPF) facility located at the Kleintierforschungszentrum Weihenstephan. Offspring of all
mouse lines used was weaned at three weeks of age. If necessary, genotyping was performed
using tail tips (£ 1 mm of distal tail end) or ear punches obtained at weaning. All mice were
housed inside the SPF facility in individual ventilated cages (501 cm?) at room temperature
(23°C + 1°C), 55% relative humidity and 12/12 hour light/dark cycle (5:00 am/pm CET) with ad
libitum access to standard rodent chow diet (V1124-300, Ssniff Spezialdidten GmbH,
Soest/Germany) and water prior to the beginning of experiments.

2.1.1 Inbred mouse lines

129S6 and BL6J mice were obtained from Taconic (Hudson NY/USA) and Charles River
(Wilmington MA/USA), respectively, and distinctly bred as individual inbred mouse lines inside
the SPF facility. All experiments involving 12956 and BL6J inbred mice were conducted with
male animals. Importantly, these 12956 and BL6J mice served not as direct wildtype (WT)
controls in experiments involving knockout (KO) mice, but WT animals of the respective mouse
lines were used for that purpose.

2.1.2 Cox7al1-KO mouse line

KO strategy and breeding:

Mice with a constitutive KO of the cytochrome ¢ oxidase subunit 7a isoform 1 (Cox7al) allele
were generated, initially described [160] and kindly provided by Maik Hittemann, Larry
Grossman and colleagues. The KO is based on replacement of the first three exons of the
Cox7al gene by a neomycin resistance cassette, thus impeding transcription of the open
reading frame. Genotyping (see below) is performed with desoxyribonucleic acid (DNA) of
genomic origin (gDNA), applying one forward primer, binding in the promoter region of the
gene, and two different reverse primers. The WT allele is detected by a reverse primer binding
in exon 2, generating a polymerase chain reaction (PCR) product of about 600 base pairs (bp).
The KO allele is detected by application of a reverse primer binding within the neomycin
cassette, resulting in a PCR product of about 1,000 bp.

Cox7al1-KO mice were imported into the SPF facility via embryonic transfer and bred on BL6J
background. Breeding was generally conducted with heterozygous (HET) breeding pairs to
obtain offspring of all genotypes. WT and HET littermates were used as controls for KO mice in

all experiments. Experiments were conducted with male and female mice.
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Genotyping:

Tail tips or ear punches were digested for at least 4 hours at 65°C in 200 ul tail buffer
comprising 0.25 mg/ml proteinase K (Thermo Fisher Scientific, Waltham MA/USA) followed by
heat inactivation at 95°C for 10 min. One ul of this solution was used as template for
genotyping. Two PCRs per sample were conducted using one of two reverse primers, each in a
total volume of 25 pl comprising 12.5 pul 2x ImmoMix (Bioline, London/UK), 400 nM forward and
reverse primers and 1 pl template DNA. PCR was conducted as described in Table 1. Five pl of
6x DNA loading buffer was added to each PCR reaction and PCR products were separated in a
1.5% agarose gel (dissolved in TAE buffer comprising 5 pl/100 ml DNA dye (Roti®-GelStain,
Carl Roth, Karlsruhe/Germany)). PCR products were detected at 312 nm or 366 nm.

Table 1: PCR program for genotyping of Cox7a1-KO mice.

Step Temperature [°C] Duration [sec] Cycles

Initial denaturation 95 420

Denaturation 95 10

Primer annealing 60 20 x43

Elongation 72 30

Final Elongation 72 300
Tail buffer: 10 mM Tris (pH 8.3), 50 mM KCI, 0.45% Nonidet P40, 0.45% Tween 20
6x DNA loading buffer: 10 mM Tris (pH 7.6), 0.2% Orange G, 60% glycerol, 60 mM EDTA
TAE buffer: 40 mM Tris (pH 8.3), 0.15% acetic acid, 1 mM EDTA

Primers (produced by Eurofins MWG Operon, Ebersberg/Germany; sequences adopted from [160]):

Forward CGCCCATTTCACATTCTCAGCACTGGAG
WT reverse AAGAGCTTCTGCTTCTCTGCCAC
KO reverse ACGGTATCGCCGCTCCCGATTCGCAG

2.1.3 Ucp1-KO mouse line

KO strategy and breeding:

Mice carrying a constitutive knockout of the uncoupling protein 1 (Ucpl) allele were
investigated. Ucp1-KO mice on hybrid background were generated and initially described by
Leslie Kozak and coworkers [47]. Ucpl-KO mice were backcrossed on the congenic BL6J
background [181]. Founder mice were kindly provided by Leslie Kozak and introduced into the
in-house SPF facility to establish a colony, which was bred on the BL6J background. Among the
six exons of the murine Ucpl gene, exon 2 and partly exon 3 are replaced by a neomycin
resistance cassette. Genotyping (see below) is based on application of one forward and two
different reverse primers, producing WT and KO PCR-products of 371 bp and 198 bp,
respectively.

Backup breeding was generally conducted with HET breeding pairs to obtain mice of all
genotypes. In thermal imaging experiments (section 2.3.6), WT and HET littermates were used
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as controls for KO mice. WT and KO mice obtained from HET breeding pairs were mated in
homozygous WT/WT and KO/KO breeding pairs to obtain WT and KO mice used for
experiments with adult animals. All experiments involving adult mice were conducted with
male animals.

Genotyping:

Genotyping was performed as described above (section 2.1.2). One PCR per sample was
conducted in a total volume of 25 ul, comprising 12.5 ul 2x ImmoMix, 400 nM forward primer,
400 nM WT and KO reverse primers and 1 ul template DNA. PCR was performed as described
(Table 2). PCR products were separated in a 1.5% agarose gel.

Table 2: PCR program for genotyping of UCP1-KO mice.

Step Temperature [°C] Duration [sec] Cycles
Initial denaturation 95 420

Denaturation 97 10

Primer annealing 53 15 x35
Elongation 72 20

Final Elongation 72 180

Primers (produced by Eurofins MWG Operon, Ebersberg/Germany):

Forward CCCCTGTCAGGTGGGAT
WT reverse CACCCACATTGTCCATGAAG
KO reverse AGGGGAGGAGTAGAAGGTGG

2.2 Experimental diets

2.2.1 Diet composition

Mice received three different types of pelleted diets (10 mm diameter) during feeding
experiments (Table 3). Diets were primarily characterized by differential fat content. A control
diet was fed (referred to as low-fat control diet (LFCD)) comprising 5% fat (w/w) from soybean
oil. Fat content of the LFCD was increased to 14% fat (w/w) by addition of 9% (w/w)
experimental oil (section 2.2.3), thus obtaining intermediate-fat diets (IFD). High-fat diets (HFD)
were characterized by 25% (w/w) total fat content comprising 5% soybean oil, 9% experimental
oil and 11% palm oil. Fat content of IFD and HFD was increased at the expense of corn starch.
The absolute amount of other nutrients was comparable in all types of diets.

Unless stated otherwise, all experimental food was sterilized by y-irradiation and supplemented
with 0.1 g/kg butylated hydroxytoluene (BHT) to minimize deterioration processes. BHT was
added at the expense of corn starch. All food was obtained from Ssniff Spezialdidten GmbH,
Soest/Germany.
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Table 3: Crude nutrient composition of experimental diets.

Type of diet LFCD IFD HFD
Gross energy [MJ/kg]" 18.6 20.5 22.8
Metabolizable energy [MJ/kg]2 15.3 17.2 19.6
Metabolizable energy [MI%)?
Protein 23 20 18
Fat 13 31 48
Carbohydrate 64 49 34
Crude nutrients [g/kg]*
Protein
Casein 240 240 240
Fat
Soybean oil 50 50 50
Experimental oil 90 90
Palm oil 110
Carbohydrate
Corn starch 477.9 387.9 277.9
Sucrose 50 50 50
Maltodextrin 56 56 56
Cellulose 50 50 50
Other
Vitamins 12 12 12
Anorganic Compounds 60 60 60
L-Cystine
Choline-Cl
BHT 0.1 0.1 0.1

"Determined by bomb calorimetry as described below (section 2.2.2). 2According to manufacturer’s information.

2.2.2 Gross energy

Food pellets were sampled from all types of diets for each batch ordered. Pellets were dried at
55°C for several days until no further weight change was detectable. Gross energy of pellets of
approx. 1 g dry weight was determined by bomb calorimetry (bomb calorimeter 6300, Parr
Instrument Company, Moline IL/USA). During the measurement, samples are completely
combusted under high pressure in the presence of oxygen. Combustion leads to warming of a
water bath that surrounds the bomb, and the difference in temperature before and after
combustion is proportional to the energy content of the sample. The latter is determined via
calibration of the calorimeter with a standard (benzoic acid) of known energy content.

A mean value was calculated for each type of diet irrespective of experimental fat source
averaging gross energy of diets from all batches used (see Table 3). Energy intake of mice
during experiments was calculated from food intake and gross energy of the respective batch
fed in consideration of variable fat sources of IFDs and HFDs.
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2.2.3 Fatty acid profile of diets
Mice were fed with IFDs and HFDs comprising 9% (w/w) experimental oil. Palm, fish and

borage oil served as experimental fat sources. Commercial fatty acid analysis was conducted

(Research Center Weihenstephan for Brewing and Food Quality) to clarify fatty acid
composition of IFDs vs. LFCD (Table 4).

Table 4: Fatty acid composition of LFCD and IFDs determined by commercial fatty acid analysis.

Fatty acid methylester [%] Structure’ w LFCD’ IFD 2 I_FDZ 'FD 2
palm fish borage
Butyric 4:0 0.05
Lauric 12:0 0.11 0.12 0.13
Myristic 14:0 0.46 0.79 4.48 0.22
Pentadecanoic 15:0 0.06 0.05 0.35
Palmitic 16:0 13.41 31.01 15.18 11.59
Palmitoleic 16:1, 9¢ 0.17 0.15 5.23 0.14
Heptadecanoic 17:0 0.11 0.10 0.36 0.08
Heptadecenoic 17:1, 9c 0.06 0.12
Stearic 18:0 3.67 4.13 3.57 3.46
Oleic 18:1, 9c 25.44 3336 16.91 20.59
cis-Vaccenic 18:1, c11 1.59 1.01 2.58 0.96
Linoleic 18:2,9¢,12c né 48.07 25.53  21.16 42.80
y-Linolenic 18:3, 6¢,9¢,12c n6 0.23 12.03
Linolenic 18:3, 9¢,12¢,15¢ n3 4.62 2.01 2.48 2.27
Arachidic 20:0 0.33 0.35 0.33 0.28
Conjugated Linoleic 18:2, 9¢,11t 0.06
Conjugated Linoleic 18:2,10t,12c 0.09
Eicosenoic 20:1, 11c 0.22 0.15 1.01 2.30
Arachidonic 20:4, 5¢,8¢,11c,14c n6 0.73
Behenic 22:0 0.43 0.18 0.20 0.25
Erucic 22:1,13c 0.50 1.36
Docosadienoic 22:2,13c,16¢c n6 0.09
Eicosapentaenoic 20:5, 5¢,8¢,11c¢,14c¢,17c n3 10.40
Docosapentaenoic 22:5, 7¢,10¢,13c,16¢,19¢c n3 1.19
Docosahexaenoic 22:6,4¢,7¢,10c,13c,16¢,19¢ n3 6.62
Lignoceric 24:0 0.17 0.06 0.23 0.11
Nervonic 24:1, 15c 0.83
others 0.24 0.00 2.87 0.24
not identified 0.70 1.00 3.00 0.50
z 100.00 100.00 100.0 100.00
Saturated fatty acids 18.99 36.79 25.14 15.99
Monounsaturated fatty acids 27.53 34.67 27.23 26.17
Polyunsaturated fatty acids 52.79 27.54  44.86 57.34
In6 48.16 25.53  22.29 54.96
In3 4.62 2.01 22.42 2.37
n6/n3 10.41 12.73 0.99 23.16

IStructure specifies chain length, number of double bonds, position of double bonds and configuration (c=cis, t=trans).
2Ssniff article no: S5745-E720 (LFCD), S5745-E141 (IFD palm), S5745-E143 (IFD fish), S5745-E142 (IFD borage).
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Addition of 11% palm oil to each of the three IFDs resulted in the generation of HFDs.
Hypothetical fatty acid composition of HFDs (Table 5) was calculated based on results obtained
from commercial fatty acid analysis of LFCD and IFDs.

Table 5: Hypothetical fatty acid composition of HFDs.

Fatty acid methylester [%] Structure’ w HFDZ HFDZ HFD 2
palm fish borage
Butyric 4:0 0.01 0.01 0.01
Lauric 12:0 0.13 0.13 0.08
Myristic 14:0 0.87 2.93 0.55
Pentadecanoic 15:0 0.05 0.22 0.03
Palmitic 16:0 35.24 26.40 24.38
Palmitoleic 16:1, 9c 0.15 2.99 0.14
Heptadecanoic 17:0 0.09 0.24 0.08
Heptadecenoic 17:1, 9c 0.01 0.07 0.01
Stearic 18:0 4.23 3.92 3.86
Oleic 18:1, 9c 35.22 26.03 28.08
cis-Vaccenic 18:1, c11 0.87 1.75 0.84
Linoleic 18:2,9¢,12c né 19.98 17.54 29.63
y-Linolenic 18:3, 6¢,9¢,12c n6 0.13 6.72
Linolenic 18:3, 9¢,12¢,15¢ n3 1.36 1.63 1.51
Arachidic 20:0 0.35 0.34 0.31
Conjugated Linoleic 18:2, 9¢,11t 0.04
Conjugated Linoleic 18:2,10t,12c 0.05
Eicosenoic 20:1, 11c 0.13 0.61 1.33
Arachidonic 20:4, 5¢,8¢,11c,14c n6 0.41
Behenic 22:0 0.12 0.13 0.16
Erucic 22:1,13c 0.28 0.76
Docosadienoic 22:2,13c,16¢c n6 0.02 0.02 0.02
Eicosapentaenoic 20:5, 5¢,8¢,11c¢,14c¢,17c n3 5.81
Docosapentaenoic 22:5, 7¢,10¢,13c,16¢,19¢c n3 0.67
Docosahexaenoic 22:6,4c,7¢,10c,13c,16¢,19¢ n3 3.70
Lignoceric 24:0 0.03 0.13 0.06
Nervonic 24:1, 15c 0.47
others 0.05 1.77 0.18
not identified 1.08 2.07 0.79
z 100.00 100.00 100.00
Saturated fatty acids 41.16 34.66 29.56
Monounsaturated fatty acids 36.40 32.22 31.64
Polyunsaturated fatty acids 21.36 31.05 38.01
In6 20.00 18.20 36.44
In3 1.36 12.77 1.57
n6/n3 14.68 1.42 23.25

IStructure specifies chain length, number of double bonds, position of double bonds and configuration (c=cis, t=trans).
%Ssniff article no: S5745-E722 (HFD palm), S5745-E147 (HFD fish), S5745-E146 (HFD borage).
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Addition of experimental oils modified the dietary fatty acid composition to alter the ratio of
n6 to n3 fatty acids. Fish oil containing IFD (IFD fish) was characterized by occurrence of the
n3 fatty acids eicosapentaenoic and docosahexaenoic acid and decreased n6/n3 ratio
compared to the other diets. Compared to other IFDs, borage oil containing IFD (IFD borage)
was characterized by increased abundance of the n6 fatty acids linoleic and y-linolenic acid and
an increased n6/n3 ratio. The n6/n3 ratio of palm oil containing IFD (IFD palm) was comparable
to LFCD and intermediate compared to fish and borage oil containing IFDs. Differential
n6/n3 ratios of IFDs were well conserved in HFDs.

2.3 Animal experiments

2.3.1 Housing

Unless stated otherwise, all animal experimentation was conducted within the SPF facility. Mice
were housed in individual ventilated cages at 23°C with ad libitum access to chow food and
water prior to the beginning of all experiments. Housing of mice at 4°C, 20°C and 30°C or 31°C
during experiments was conducted in constant climate cabinets (HPP749 and HPP750life,
Memmert, Schwabach/Germany, or UniProtect, Zoonlab, Castrop-Rauxel/Germany) at 55-65%
relative humidity and 12/12 hour light/dark cycle (5:00 am/pm CET). Mouse husbandry inside
climate cabinets was conducted in an open cage system using type Il (for 1-3 mice, 370 cm?)
and type Il long (for 3-5 mice, 530 cm?) cages. Unless stated otherwise, mice were
group-housed and received ad libitum access to food and water. Housing at 4°C was conducted
with single-caged mice to avoid social thermoregulation. Mice and food were weighed using a
standard laboratory balance. In the respective experiments, body temperature was recorded
between 7:30 and 9:00 am using a rectal probe (Almemo 2490, Ahlborn,
Holzkirchen/Germany). All animal experimentation was conducted in accordance with the
German animal welfare law.

2.3.2 Oral glucose tolerance test

In the morning of the test day, mice were single caged without food and fasted for 6 hours
(8:00 am - 2:00 pm). Meanwhile, body composition was determined with a nuclear magnetic
resonance instrument (mq 7.5, Bruker, Billerica MA/USA). Mice received an oral glucose load of
2.8 g/kg lean mass from a 40% glucose stock solution (B.Braun Melsungen AG,
Melsungen/Germany). Blood was taken from a small incision on the distal end of the tail to
measure blood glucose before (0 min) and 15, 30, 60 and 120 min after gavage using a whole
blood monitor (FreeStyle Lite, Abbott, Wiesbaden/Germany). Fasting and oral glucose tolerance
tests (0GTT) were performed at room temperature in all experiments irrespective of previous
acclimation state. Total area under the curve (AUC) was calculated by the trapezoidal method
[182] and served as measure for glucose tolerance.
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2.3.3 Insulin tolerance test

Performance of insulin tolerance tests (ITT) was similar to the oGTT procedure described above
(section 2.3.2). After a fasting period of 6 hours, single-caged mice received an intraperitoneal
injection to administer insulin (Insuman Rapid 40 U/ml, Sanofi, Paris/France) in a dose of
0.75 U/kg lean mass using an insulin stock solution to inject a volume of 4-6 ml/kg body mass.
Blood glucose was measured at the indicated time points. Fasting and ITT was performed at
room temperature. The AUC served as measure for insulin sensitivity [182].

2.3.4 Repeated administration of CL-316243

CL-316243 (CL, disodium salt, Tocris Bioscience, Bristol/UK) was administered via
intraperitoneal injection on seven consecutive days at the same time of the day. Stock solutions
(CL dissolved in saline (B.Braun Melsungen AG, Melsungen/Germany)) were prepared to
administer a volume of 5 ml/kg body mass. Vehicle-treated mice generally received an injection
of 150 pl saline. Aliquots of stock solutions and saline were stored at -20°C and a fresh aliquot
was thawed every day. During CL-treatment, body mass was measured every day prior to
administration of CL. Body composition was measured via nuclear magnetic resonance on the
first day and the day after the last CL-administration. Mice were killed approx. 24 hours after
the last injection.

2.3.5 Indirect calorimetry and norepinephrine test

The norepinephrine (NE) test is a gold standard method to determine the capacity for
non-shivering thermogenesis (NST) in mice [28, 183]. The test is based on interaction of NE with
the Bs-adrenergic receptor. Injection of NE in high dose leads to acute and maximal stimulation
of Ucpl-dependent mitochondrial respiration and thus heat production (HP) in brown adipose
tissue (BAT). Thermogenic BAT activity is reflected in the oxygen consumption of the animal,
which is recorded via indirect calorimetry. The magnitude of response is dependent on
pretreatment of the animal.

NE-tests with Cox7al-KO mice:

In the morning of the test day, body mass was determined and mice were placed in metabolic
cages (3 liter volume) without food and water. The cages were connected to the indirect
calorimetry setup (LabMaster, TSE Systems, Bad Homburg/Germany) inside a climate cabinet
(TPK 600, Feutron, Greiz/Germany) preconditioned to 31°C. Oxygen consumption and
carbon dioxide production of mice was recorded over a period of 4 hours (8:00 am - 12:00 pm)
to determine basal metabolic rate (BMR) during fasting. The air of the cages was extracted with
a flow rate of 33 I/h over a period of 1 min every 7 min, dried in a cooling trap and analyzed for
oxygen and carbon dioxide content. Oxygen consumption and carbon dioxide production were
determined by comparison of air from the cages with an empty reference cage. The BMR was
calculated as the lowest mean of three consecutive oxygen consumption values, which had a
coefficient of variation less than 5%.
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After BMR measurement, mice were placed at room temperature and the climate cabinet was
altered to 26°C (first test) or 20°C (second test) for at least 20 min to facilitate loss of heat to
the environment produced in response to NE-administration in order to avoid hyperthermic
reactions. Mice were injected subcutaneously with 1 mg/kg NE (Arterenol 1 mg/ml, Sanofi,
Paris/France) and immediately reconnected to the indirect calorimetry setup.
Oxygen consumption and carbon dioxide production were recorded as described above during
a 1 min read every 3 min for 60-75 min. NE-tests were performed with two mice per single
measurement. Up to three consecutive measurements were conducted per test day.
Oxygen consumption data were smoothed by calculating a mean of three consecutive values.
Maximal NE-stimulated (NE.x) oxygen consumption was obtained from the highest individual
mean. Metabolic rates (MR), i.e. BMR and NE,.x, were converted into HP according to the
following equation [184]:

HP [mW)] = (4.44 + 1.43 * RER) * MR [ml 0,/h]

The respiratory exchange ratio (RER) is the ratio of carbon dioxide production and
oxygen consumption.

BMR represents the rate of energy expended at rest in thermoneutral environment and does
not involve energy expenditure utilized for BAT-derived heat production [185-187]. In contrast,
MR measured at NE.., reflects the sum of energy expenditure resulting from BMR and all
NE-induced thermogenic processes beyond. Besides a general, pharmacological
Ucpl-independent response, the latter is in large part accounted for by BAT activity [188, 189].
NST capacity was thus calculated as difference in HP between NE,,x and BMR.

NE-tests with 12956 and BL6] WT mouse lines:

NST capacity was determined as described above with slight modifications. BMR was measured
at 31°C for 4 hours (7:00 am — 11:00 am) with a 1 min read every 5 min. BMR was calculated as
the lowest mean of four oxygen consumption values with a coefficient of variation less than 5%.
NE-tests were performed at 27°C. Prior to each NE-injection, the air from a reference cage was
analyzed for oxygen and carbon dioxide content for a period of 5 min. One mouse was injected
with NE during the last minute of reference measurement and immediately reconnected to the
setup, thus ensuring temporal comparability between different measurements.
Oxygen consumption and carbon dioxide production of the mouse were measured every
10 sec. After 65 min, the reference was measured for 5 more minutes to control for putative
drifts in oxygen and carbon dioxide content. Four animals were tested per day in single,
consecutive measurements.

Measurements were exclusively conducted with mice that were previously housed at 30°C for
4 weeks. Mice of such acclimation state have minimized NST capacity and therefore minimized
NE-induced oxygen consumption. In this setting, various types of unspecific oxygen
consumption peaks occurred that may result from activity of conscious animals rather than
maximal BAT thermogenesis (Figure 7A). Moreover, drawn-out plateau-phases were observed
within the first 30 min of measurement with no recognizable NE,,.x, and/or unspecific peaks
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were observed suggesting NE ., to occur more than 30 min after NE administration (Figure 7B).
The latter is in conflict with results obtained in cold-exposed mice that exhibit NE,., within
20 min after NE administration (compare section 3.1.2). Thus, a mean value was calculated
from 50 consecutive oxygen consumption values (mean 50, Figure 7A and B), resulting in severe
smoothing of oxygen consumption traces. The highest individual mean occurring within 30 min
after NE administration was considered as true NE,ax. BMR and NE,.x were converted into HP
as described above. NST capacity was calculated as difference in HP between NE,.x and BMR.

>
@

2501 l : __ 250+
o : original o : original
< H J— < : —
* 200 mean 50 * 2004 : l mean 50
E E :
c : c
1504 : 1504 :
g 50 o /\\\ : g | R i,
o8 / .,,:.ﬁ~....\ o Voas . ¥ Sl
g 1004 A iy g 1004 // ity
> / : > /
c / : S
8 504 : 3 504
) o
0 —T—T—T—+——T T T T T T 0 — T T 7T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
time [min] time [min]

Figure 7: Representative oxygen consumption traces from NE-tests performed with mice acclimated to 30°C. (A) and (B)
represent individual measurements with different mice. Original oxygen consumption and deduced traces from the mean of
50 consecutive original values (mean 50) are depicted. X-axis displays time after NE-administration. Dotted vertical line at

30 min indicates threshold for determination of true NE... Arrows exemplify unspecific peaks leading to putative
misinterpretation of NE,,.

2.3.6 Infrared thermal imaging

Thermal imaging was applied to determine skin surface temperature of mice as surrogate
measure for BAT-derived HP. Imaging was conducted with newborn mice of the Cox7a1-KO and
Ucp1-KO mouse lines. HET animals were mated to obtain litters with offspring of all genotypes
(WT, HET, KO). Entire litters were subjected to thermal imaging within the first three days of
life. Neonates were withdrawn from their dams and prone-placed on multiwell-plates. An
individual series of pictures (at least 6) was taken from each litter using a thermal imaging
device (T890, Testo, Lenzkirch/Germany). Imaging was conducted at room temperature to
achieve BAT activation. Pups were killed by decapitation and tail tips were sampled for
post-mortem genotyping as described above (see sections 2.1.2 and 2.1.3).

Image analysis was conducted with software delivered with the thermal imaging device (IRSoft
version 3.1, Testo, Lenzkirch/Germany). The warmest spot within a defined region in the upper
dorsal area was determined for each animal on each picture, referred to as interscapular skin
surface temperature (iSST). A mean iSST was calculated for each individual animal using data
from serial pictures as technical replicates. Within each litter, an averaged iSST was calculated
for HET animals. Finally, the difference between this averaged HET-iSST and iSST of each

individual animal within that litter was calculated to standardize data obtained from different
litters.
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2.4 Molecular analyses of brown and white adipose tissues

2.4.1 Tissue dissection

Tissues were dissected immediately after death of mice via exposure to carbon dioxide,
snap-frozen in liquid nitrogen and stored at -80°C until use, or fixed in paraformaldehyde for
histological analyses (section 2.4.5). If necessary, frozen tissue samples were grinded in liquid
nitrogen to obtain homogenous aliquots for multiple molecular analyses.

2.4.2 RNA isolation and quantitative real-time PCR

Deep-frozen tissue samples (subcutaneous inguinal white adipose tissue (iWAT), visceral
gonadal WAT (gWAT), BAT from the suprasternal region, heart and liver) were homogenized in
1 ml TRIsure (Bioline, London/UK) according to the manufacturer’s instructions using a
dispersing instrument (Ultra-Turrax D-1, Miccra GmbH, Mihlheim/Germany). Ribonucleic acid
(RNA) was precipitated and 700 pl of this solution was added to a spin column of a commercial
RNA isolation kit (SV Total RNA Isolation System, Promega, Fitchburg WI/USA) and centrifuged
for 15 sec with 8,000 g at room temperature. The residual volume was added to the column
and centrifuged for 1 min with 12,000 g at room temperature. Further processing was
performed according to the protocol of the RNA isolation kit. RNA was eluted in 50 ul of
nuclease-free water. RNA concentration was determined spectrophotometrically at 260 nm
with a plate reader (Infinite® 200 PRO NanoQuant, Tecan Group Ltd., Mannedorf/Switzerland).
RNA integrity of random samples was validated using a Bioanalyzer system (2100, Agilent
Technologies, Santa Clara CA/USA). The method is based on a conventional gel electrophoresis
that is run in chip-format to reduce separation time and sample consumption. Eukaryotic 18S
and 28S ribosomal RNA fragments are detected by laser-induced fluorescence. In consideration
of degradation products within the electrophoretic trace, a dimensionless RNA integrity
number is calculated that allows evaluation of RNA integrity. The RNA integrity number ranges
from 0 (completely degraded) to 10 (perfectly intact). Samples were diluted in nuclease-free
water (25-100 ng/ul) and denatured for 2 min at 70°C. RNA integrity was determined according
to the manufacturer’s protocol (Agilent RNA 6000 Nano Kit). The RNA integrity number of all
samples tested ranged between 7.5 and 9.5, which was considered as sufficiently intact for
synthesis of complementary DNA (cDNA), which was conducted with a commercial kit
(QuantiTect® Reverse Transcription Kit, Qiagen, Hilden/Germany). This kit contains poly-
deoxythymidine oligonucleotides and random hexamer primers that allow subsequent
amplification of messenger RNAs (mRNA) by the use of PCR primers targeting the coding
sequence or untranslated regions. Reverse transcription of 500 ng template RNA was
conducted in a final volume of 10 ul according to the manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR) was conducted on 384 well plates in a total volume of
12.5 pl comprising 6.25 pl 2x SensiMix SYBR No-ROX (Bioline, London/UK), 250 nM or 800 nM
forward and reverse primers, and 1 ul template cDNA (diluted 1:10). To ensure comparability,
all samples of the same experiment were run in triplicates on the same plate. Primers for
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gRT-PCR (Table 6) were applied to generate a PCR product of up to 300 bp, characterized either
by spanning at least one intron of multi-exon genes, or by annealing within an
exon/intron-border to exclude quantification of PCR products derived from gDNA. Specificity of
primers and PCR product length were validated by in silico PCR (https://genome.ucsc.edu/).

Table 6: Primers for qRT-PCR.

Target . . Product length Product length
Primer forward Primer reverse
mRNA cDNA [bp] gDNA [bp]
Cidea® TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG 113 /
Cox7al  CCGACAATGACCTCCCAGTA TGTTTGTCCAAGTCCTCCAA 171 723
Cox7a2  CCCTCCTCTACAGAGCCACA CGAGCGTTGATGAAACTGAA 143 814
Eef2 ACCTGCCTGTCAATGAGTCC CAGCATGTGGCAGTATCAGG 242 505
Gtf2b’ TGGAGATTTGTCCACCATGA  GAATTGCCAAACTCATCAAAACT 66 1433
Hsp90  AGGAGGGTCAAGGAAGTGGT TTTTTCTTGTCTTTGCCGCT 215 314
Thp ACTTCACATCACAGCTCCCC CTTCGTGCAAGAAATGCTGA 244 6951
Ucpl TCTCTGCCAGGACAGTACCC AGAAGCCCAATGATGTTCAG 238 2745

All primers were produced by Eurofins MWG Operon, Ebersberg/Germany. Cidea=cell death-inducing DNA fragmentation
factor, alpha subunit-like effector A; Cox7al=cytochrome ¢ oxidase subunit 7a isoform 1; Cox7a2=cytochrome c oxidase
subunit 7a isoform 2; Eef2=eukaryotic translation elongation factor 2; Gtf2b=general transcription factor 2b; Hsp90=heat shock
protein 90 alpha (cytosolic), class B member 1; Top=TATA box binding protein; Ucpl=uncoupling protein 1. 1Sequences adopted
from [163]. ZSequences adopted from [12].

Expression levels of target genes were quantified by a standard curve, consisting of pooled
cDNA that was diluted with factor 2 in at least 8 steps. SYBR-green based detection of PCR
products (LightCycler® 480 Instrument Il, Roche, Basel/Switzerland) was conducted during
45 cycles, which was complemented by a melting curve to screen for unspecific PCR products
(Table 7).

Table 7: PCR program for qRT-PCR.

Step Temperature [°C] Duration [sec] Cycles
Initial denuration 95 420

Denaturation 97 10

Primer annealing 53 15 x45
Elongation 72 20

Melting curve 60-95 0.11°C/sec

Expression levels of target mRNAs were normalized as indicated in figure legends. Due to the

multiplicity of experimental setups, different strategies for normalization were applied:

(1) If possible, gene expression was normalized to a single housekeeping gene that was not
regulated by determining factors of the experimental setup.

(2) Depending on mouse strains or treatments, large variability of individual genes required
normalization to the mean of multiple housekeeping genes in the respective experiments.

(3) The NormFinder algorithm (http://moma.dk/normfinder-software), a mathematical model
to identify the optimal normalization gene among a set of candidates [190], was applied
when an appropriate housekeeper was not identified by other strategies.
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2.4.3 Measurement of cytochrome c oxidase activity

Deep-frozen BAT-samples from the interscapular region (iBAT) were homogenized in an
appropriate volume (300-500 ul) of detergent-containing tissue buffer using a potter-type
homogenizer (5 ml, Sartorius, Gottingen/Germany), thus generating a tissue homogenate
comprising solubilized cytochrome ¢ oxidase (CCO). The homogenate was ultrasonicated
(Sonoplus HD 2070, Bandelin, Berlin/Germany) and centrifuged for 2 min with 16,000 g at room
temperature. The supernatant was collected, centrifuged a second time and cleared from
residual fat. The protein concentration of the homogenate was determined according to the
Biuret method. Ten pl of the tissue homogenate was diluted with 990 ul of Biuret reagent. The
absorption of the sample was measured spectrophotometrically (Genesys 10 Bio, Thermo
Fisher Scientific, Waltham MA/USA) at 540 nm after short incubation time.

The activity of CCO was measured polarographically as oxygen consumption of the homogenate
using a Clark-type oxygen electrode (Digital Model 10, Rank Brothers, Cambridge/UK). The
electrode consists of a platinum cathode and a silver anode in 3 M potassium chloride
environment, which are separated from the sample-containing measurement chamber by an
oxygen-permeable Teflon membrane. Reduction of oxygen at the electrode generates an
electrical current that is proportional to the oxygen partial pressure inside the chamber, which
is influenced by the oxygen consumption of CCO. Enzyme activity is initiated by addition of its
substrate cytochrome c, which is kept in reduced state by presence of ascorbic acid.

The activity of CCO was measured in a total volume of 700 pl measurement buffer, comprising
20 mM ascorbic acid as well as 5 mM ADP (allosteric CCO activator) or an ATP regenerating
system that sustains high levels of ATP (allosteric CCO inhibitor). Oxygen consumption was
recorded during a titration (1-30 uM) or as point measurement at 30 uM cytochrome ¢
(Sigma-Aldrich, St.Louis MO/USA).

The activity of CCO was measured in an aliquot of 50 pg total protein from the iBAT
homogenate. Since CCO is a mitochondrial enzyme, CCO activity may be influenced by
mitochondrial abundance and thus the proportion of mitochondrial protein in the aliquot.
Mitochondrial abundance of BAT is influenced by recruitment of NST capacity [28] and
comparability among treatment groups is therefore limited. To get more physiological insights,
CCO activity was extrapolated to depot size considering total protein yield from the tissue, thus
reflecting the total oxidative capacity of iBAT.

Tissue buffer: 10 mM Hepes (pH 7.4), 40 mM KCI, 2 mM EGTA, 10 mM KF, 1% (v/v)
Tween 20 and 2 uM oligomycin, supplemented either with 1 mM PMSF
or 0.1% (v/v) protease/phosphatase inhibitor cocktail (Sigma-Aldrich,
St.Louis, MO/USA)

Measurement buffer: 50 mM KH,PO,4, 2 mM EGTA, 1% (v/v) Tween 20 and 2 uM oligomycin

Biuret reagent: 80 mM NaOH, 8 mM C4H;KNaOg(H,0)4, 3 mM CuSO4(H,0)s, 4.5 mM KJ
and 0.1% (w/v) sodium deoxycholate

ATP regenerating system: 5 mM ATP, 5 mM MgS0O, 10U/ml pyruvate kinase (Roche,
Basel/Switzerland) and 10 mM phosphoenolpyruvic acid
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2.4.4 SDS-PAGE and Western Blot

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was conducted with
total protein derived from iBAT homogenates used to measure CCO activity (section 2.4.3) or
with freshly prepared homogenates. Deep-frozen tissue samples were homogenized (Ultra-
Turrax D-1, Miccra GmbH, Mihlheim/Germany) in lysis buffer (iBAT 10 ul/mg; iWAT 5 ul/mg)
and centrifuged for 15 min with 16,000 g at 4°C. The supernatant was collected, centrifuged a
second time and cleared from residual fat. Protein concentration was determined with the
bicinchoninic acid method using a commercial microplate kit (Pierce™ BCA Protein Assay Kit,
Thermo Fisher Scientific, Waltham MA/USA) according to the manufacturer’s instruction.

An appropriate volume of 2x sample buffer was added to 25-30 ug of protein. The mixture was
incubated at 95°C for 5 min. Proteins were resolved in a 12.5% SDS-PAGE (Mini PROTEAN®
Tetra Cell System, BioRad Laboratories Inc., Hercules CA/USA, or Twin ExXW S, Peqlab,
Erlangen/Germany) and blotted onto a nitrocellulose membrane (1 mA/cm? for 45-60 min) by
the use of a semi-dry blotting-system (Trans-Blot® Semidry Transfer Cell, BioRad Laboratories
Inc., Hercules CA/USA). Membranes were incubated over night at 4°C in TBS comprising 3%
bovine serum albumin. Primary antibodies were incubated for 1.5 hours at room temperature
(Table 8). Membranes were washed with TBST and infrared dye-conjugated secondary
antibodies were incubated for 1.5 h at room temperature (Table 8). The infrared signal and thus
target proteins were detected with an infrared imaging system (Odysseyimager, LI-COR
Biosciences, Lincoln NE/USA). Target proteins were identified by application of a molecular
weight marker (PageRuIerTM Prestained Protein Ladder, Thermo Fisher Scientific, Waltham
MA/USA). Signals were densitometrically quantified using software delivered with the imaging
system (Odyssey software version 3.0, LI-COR Biosciences, Lincoln NE/USA). Results were
inter-blot standardized by calculating a mean value from all individual quantified signals of one
target protein on the same blot. Each individual signal was normalized to its mean. Finally,
standardized Ucp1 levels were normalized to standardized pan-actin levels.

Table 8: Antibodies for Western Blot.

Target protein Molecular weight [kD] Primary antibody dilution Secondary antibody3
Pan-actin’ 43 1:2500,1:5000 donkey-anti-mouse
Ucp1? 32 1:10000 goat-anti-rabbit

All antibodies were diluted in TBST. 1Primary antibody dilution was dependent on batch (Anti-Actin clone c4, Merck Millipore,
Billerica MA/USA). 2Anti-hamster-IgG [191] with reliable detection of murine Ucp1 [192]. 3All secondary antibodies were diluted
1:20000. Secondary antibodies were conjugated with infrared dyes 680 or 800CW (LI-COR Biosciences, Lincoln NE/USA).

Relative expression of Ucp1l protein was measured in a small aliquot of total depot protein, thus
providing information on expression levels on a ‘per cell basis’. Depot size and thus cell number
may, however, be influenced by treatment. In consideration of total protein yield from the
tissue, normalized Ucpl expression was extrapolated to depot size. SDS-PAGE was conducted
with protein derived from iBAT, which is the largest of all murine BAT depots, thus allowing
estimation of the total abundance of heat-producing Ucpl in a mouse for a physiological
comparison of NST capacity.
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Lysis buffer: 50 mM Tris, 1% (v/v) NP-40, 0.25% (w/v) sodium deoxycholate,
150 mM NaCl, 1 mM EDTA and 0.1% (v/v) protease/phosphatase
inhibitor cocktail (Sigma-Aldrich, St.Louis MO/USA)

2x sample buffer: 62.5 mM Tris (pH 6.8), 25% (v/v) glycerol, 2% (w/v) SDS and
0.1% (w/v) bromophenol blue

12.5% resolving gel: 41.7% (v/v) acrylamide stock solution (Rotiphorese® Gel 30, Carl
Roth, Karlsruhe/Germany), 375 mM Tris (pH 8.8), 0.1% (w/v)
SDS, 0.05% (w/v) AMPS and 0.05% (v/v) TEMED

5% stacking gel: 16% (v/v) acrylamide stock solution, 125 mM Tris (pH 6.8),
0.1% (w/v) SDS, 0.06% (w/v) AMPS and 0.2% (v/v) TEMED
Electrophoresis buffer (pH 8.3): 25 mM Tris, 250 mM glycine and 1% (w/v) SDS.
pH was adjusted with glycine.
Transfer buffer (pH 9.2 ): 48 mM Tris, 1.3 mM glycine and 20% (v/v) methanol.
pH was adjusted with glycine.
TBS: 20 mM Tris (pH 7.6) and 137 mM NaCl
TBST: TBS with 0.1% (v/v) Tween 20

2.4.5 Histology
One lobe of every iWAT depot was placed in 4% (w/v) paraformaldehyde and 0.0024% (w/v)

picric acid immediately after dissection. The tissue was fixed for several days. Tissues were

stored in 70% ethanol until dehydration (Table 9) and paraffin-embedding was conducted.

Table 9: Protocols for dehydration and hematoxylin/eosin-staining of iWAT samples.

Dehydration Hematoxylin/eosin-staining
Step Incubation in Duration [min] Incubation in Duration [min]

1 70% ethanol 60 xylol 3
2 70% ethanol 60 xylol 3
3 80% ethanol 60 100% ethanol 2
4 96% ethanol 60 96% ethanol 2
5 96% ethanol 60 70% ethanol 1
6 100% ethanol 60 H,0 1
7 100% ethanol 60 hemalum’ 4
8 100% ethanol 60 H,0 2
9 xylol 60 eosin’ 2
10 xylol 60 70% ethanol 1
11 Paraplast1 60 96% ethanol 1
12 Paraplast1 60 100% ethanol 1
13 100% ethanol 1.5
14 xylol/ethanol (1:1) 1.5
15 xylol 2
16 xylol 2

'Obtained from VWR International GmbH, Darmstadt/Germany. ’Obtained from Medite GmbH, Burgdorf/Germany.
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Five uM sections were mounted on object slides and dried for at least 24 hours at 37°C until
hematoxylin/eosin-staining was conducted (Table 9). This staining facilitates discrimination of
cellular compartments by differential coloring: hematoxylin, characterized by blue color, stains
basophile structures like nuclei, whereas eosin causes red staining of eosinophil structures like
cytoplasmic compounds [193]. Stained sections were immediately covered with mounting
medium (Roti®-Histokitt, Carl Roth, Karlsruhe/Germany), dried for at least 24 hours and
analyzed under a microscope (Inverted microscope DMI4000B, Leica, Wetzlar/Germany) using

similar adjustments for all sections of the same experiment.

2.4.6 Oxylipin analysis

Commercial oxylipin analysis was conducted in collaboration with the MetaToul metabolomics
and fluxomics platform, Toulouse, France. One lobe of iWAT was grinded in liquid nitrogen and
an aliquot of each sample (17-89 mg) was sent on dry ice. In total, 33 molecules were
guantified (Table 10).

Oxylipins are oxygenated metabolites derived from n6 and n3-polyunsaturated fatty acids,
generally referred to as docosanoids and eicosanoids. The latter includes different subclasses
depending on biosynthesis pathway (Table 10). Biosynthesis occurs via non-enzymatic and
enzymatic pathways, including cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450
(CYP450) enzymes. Oxylipins were analyzed as described using a rapid, high-sensitivity method
to quantify various molecules in a single run [168]. The method has already been described for
application to samples of WAT [194]. Basically, tissues are spiked with internal standards
(deuterium-labelled eicosanoids, see Table 11) and subjected to methanol extraction for the
purpose of lipid species enrichment. Subsequently, oxylipins are separated from undesired
metabolites by solid phase extraction. Oxylipins are eluted and the solvent is evaporated with
nitrogen. Samples are reconstituted prior to analysis by liquid chromatography and mass
spectrometry.
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Table 10: Quantified oxylipins and their synthesis pathways.

1
Class

Pathway2

Series

3
Precursor Compound

Prostaglandin

isoprostane
thromboxane
leukotrien

lipoxin

hydroxyeicosatetraenoic acid

hydroxyeicosapentaenoic acid
octadecanoid

. 44
Docosanoid

epoxyeicosatrienoic acid

CoX

non-enzymatic
COX
LOX
LOX

LOX

non-enzymatic
LOX

LOX

CYP450

n6

n3
n6
n6
n6
n3
n6

n6

n3
n6

n3

n6

DGLA PGA,
AA PGD,
PGE,
6-keto-PGF,
PGF,,
11B-PGF,,
15-deoxy-PGJ,
EPA PGE;
AA 8isoPGA,
AA TxB,
AA LTB,
EPA LTBs
AA LxA,
LxB,
AA 5-HETE
5-oxo-ETE
8-HETE
12-HETE
15-HETE
5,6-DIHETE
EPA 18-HEPE
LA 9-HODE
13-HODE
DHA 7MaR1
14-HDoHE
17-HDoHE
PDx
RvD1
RvD2
AA 5,6-EET
8,9-EET
11,12-EET
14,15-EET

Quantified oxylipins and their synthesis pathways are illustrated in Figure 6. Classification of oxylipins and their biosynthesis

pathways refer to formal names of quantified compounds (see Table 11). IClassification was conducted according to compound
LIPID MAPS IDs (see Table 11). 2COX=cycIooxygenase; LOX=lipoxygenase; CYP450=cytochrome P450 enzymes.
3DGLA=dihomo—y—IinoIenic acid; AA=arachidonic acid; EPA=eicosapentaenoic acid; LA=linoleic acid; DHA=docosahexaenoic acid.
*Docosanoids include maresins (MaR), hydroxy-DHA (HDoHE), protectins (PD) and resolvins (Rv).



MATERIAL AND METHODS 37
Table 11: Common and systematic names of quantified oxylipins and eicosanoid standards.
Common name Formal name LIPID MAPS ID*
Oxylipins
PGA; 9-ox0-15S-hydroxy-prosta-10,13E-dien-1-oic acid LMFA03010005
PGD, 9a,15S-dihydroxy-11-oxo-prosta-5Z,13E-dien-1-oic acid LMFA03010004
PGE, 9-oxo-11a,15(S)-dihydroxy-prosta-5Z,13E-dien-1-oic acid LMFA03010003
6-keto-PGF, 6-0x0-9a,11a,15(S)-trihydroxy-prost-13E-en-1-oic acid LMFA03010001
PGF,, 9a,11a,15S-trihydroxy-prosta-5Z,13E-dien-1-oic acid LMFA03010002
11B-PGF,, 9a,11B,155-trihydroxy-prosta-5Z,13E-dien-1-oic acid LMFA03010036
15-deoxy-PGJ, 11-oxo-prosta-5Z,9,12E,14E-tetraen-1-oic acid LMFA03010021
PGE; 9-ox0-11a,15(S)-dihydroxy-prosta-5Z,13E,17Z-trien-1-oic acid LMFA03010135
8isoPGA, 9-ox0-15S-hydroxy-(8B)-prosta-5Z,10,13E-trien-1-oic acid n/a
TxB, 9a,11,15(S)-trihydroxythromba-52,13E-dien-1-oic acid LMFA03030002
LTB, 5(S),12(R)-dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic acid LMFA03020001
LTB; 5(S),12(R)-dihydroxy-6Z,8E,10E,14Z,17Z-eicosapentaenoic acid LMFA03020010
LxA, 5(S),6(R),15(S)-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid LMFA03040001
LxB, 5(S),14(R),15(S)-trihydroxy-6E,8Z,10E,12E-eicosatetraenoic acid LMFA03040002
5-HETE 5(S)-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid LMFA03060002
5-ox0-ETE 5-0x0-6E,87,117,14Z-eicosatetraenoic acid LMFA03060011
8-HETE (+)8-hydroxy-52,9E,11Z,14Z-eicosatetraenoic acid LMFA03060086
12-HETE 12(S)-hydroxy-52,8Z,10E,14Z-eicosatetraenoic acid LMFA03060007
15-HETE 15(S)-hydroxy-52,8Z,11Z,13E-eicosatetraenoic acid LMFA03060001
5,6-DiHETE 11-trans-5(S),6(R)-dihydroxy-7E,9E,11E,14Z-eicosatetraenoic acid n/a
18-HEPE (%)-18-hydroxy-52,8Z,112,14Z,16E-eicosapentaenoic acid LMFA03070033
9-HODE (£)-9-hydroxy-10E,12Z-octadecadienoic acid LMFA02000151
13-HODE (£)-13-hydroxy-9Z,11E-octadecadienoic acid LMFA02000228
7MaR1 7(S),14(R)-dihydroxy-4Z,8E,10Z,127,16Z,19Z-docosahexaenoic acid n/a
14-HDoHE (£)14-hydroxy-42,7Z,10Z,12E,16Z,19Z-docosahexaenoic acid LMFA04000030
17-HDoHE (£)17-hydroxy-4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic acid LMFA04000032
PDx 10(S),17(S)-dihydroxy-42,72,11E,13Z,15E,19Z-docosahexaenoic acid LMFA04000047
RvD1 7(S),8(R),17(S)-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid  LMFA04000074
RvD2 7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic acid LMFA04000007
5,6-EET (x)5(6)-epoxy-82,11Z,14Z-eicosatrienoic acid LMFA03080002
8,9-EET (x)8(9)-epoxy-52,11Z,14Z-eicosatrienoic acid LMFA03080003
11,12-EET (£)11(12)-epoxy-5Z,8Z,14Z-eicosatrienoic acid LMFA03080004
14,15-EET (£)14(15)-epoxy-5Z,8Z,11Z-eicosatrienoic acid LMFA03080001
Standards
LxA-d5 5(S),6(R),15(S)-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid-19,19,20,20,20-d5
LTB,-d4 5(S),12(R)-dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic-6,7,14,15-d4 acid
5-HETE-d8 5(S)-hydroxy-6E,82,11Z,14Z-eicosatetraenoic-5,6,8,9,11,12,14,15-d8 acid

Trivial names of compounds are indicated in Table 10. *LIPID MAPS ID (http://www.lipidmaps.org) refers to formal names. If

necessary, synonymous denomination was checked with the Chemspider database (http://www.chemspider.com).
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2.5 Statistics

Graphs were generated with GraphPad Prism 6 (GraphPad Software Inc., La Jolla CA/USA). All
data are presented as mean values, as mean values + standard deviation or as individual values
with the group mean indicated as a horizontal line. Statistical analyses were conducted with
SigmaPlot 12.0 (Systat Software Inc., San Jose CA/USA) or GraphPad Prism 6. Statistical tests
were applied as indicated in figure legends. Significant differences are indicated by asterisks or
printed characters. P-values <0.05 were considered as statistically significant.

Normal distribution was tested using the Shapiro-Wilk normality test. Two normally distributed
or non-normally distributed groups were compared by t-test or Mann-Whitney Rank Sum test,
respectively. Three or more normally distributed groups were compared by One Way analysis
of variance (ANOVA) and Holm-Sidak post-test. Three or more non-normally distributed groups
were compared by Kruskal-Wallis One Way ANOVA on Ranks and Dunn’s multiple comparison
test. Two Way ANOVA and Holm-Sidak post-test was used to compare two or more groups with
respect to two variables. When Two Way ANOVA was impossible to apply due to unequal group
sizes, effects were compared as indicted by One Way ANOVA or multiple t-tests with the Holm-
Sidak correction method. Two Way repeated measures (RM) ANOVA and Holm-Sidak post-test
was used to compare one variable between two groups that was repeatedly measured over
time. Three Way ANOVA and Holm-Sidak post-test was applied to compare a repeatedly
measured variable among experimental groups that differed with respect to two
characteristics. The coefficient of determination (R?) was determined by correlation analysis
using the Pearson correlation coefficient. Regression lines are indicated for significant
correlations only.
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3 RESULTS

3.1 Therole of Cox7al for non-shivering thermogenesis in mice

Brown adipose tissue (BAT) provides non-shivering thermogenesis (NST) to small mammals in
order to maintain normothermia in a subthermoneutral environment. The identification of
indispensable components in the molecular machinery of this tissue constitutes an essential
need to understand and manipulate the regulation of BAT activation that is linked to an
increase in systemic energy expenditure.

The function of Cox7al for brown adipocytes has not yet been elucidated. Cox7al, a
well-known brown adipocyte marker gene, is a cold-responsive protein of BAT [146] as well as
one of two alternative isoforms for subunit 7a of mitochondrial cytochrome ¢ oxidase (CCO).
The alternative isoform Cox7a2 is ubiquitously found whereas Cox7al is abundantly expressed
in heart and skeletal muscle where its ablation blunts CCO activity, causing cardiac myopathy
and impaired skeletal muscle function [160, 161]. Cold-induced upregulation of Cox7al in BAT
may thus adjust CCO activity to increased uncoupling protein 1 (Ucp1) mediated proton leak in
mitochondria of the cold-activated tissue. Consequently, ablation of Cox7al may impair NST
caused by insufficient oxidative capacity. Wildtype (WT) and Cox7al knockout (KO) mice were
employed to test this hypothesis.

3.1.1 Molecular characterization of the respiratory capacity in BAT

Cox7al is predominantly expressed in skeletal muscle and heart and affects CCO activity in
these tissues [160, 161]. Its relevance for CCO activity in BAT has not yet been addressed. The
abundance of Cox7al and Cox7a2 mRNA was similar in BAT and heart, and high
Cox7al expression of heart compared to other tissues was well-reflected in BAT (Figure 8A).
This specific expression pattern indicates Cox7al to be of similar importance in BAT and heart.
Cox7al is a cold-induced protein of BAT [146]. To recapitulate this effect, WT and
Cox7al1-KO mice were housed at different temperature conditions to measure Cox7al and
Cox7a2 mRNA expression in BAT (Figure 8B). Importantly, Cox7al mRNA was not detected in
Cox7al-KO mice of any acclimation state. In line with a role for NST, Cox7al expression was
lowest in WT mice housed under thermoneutral conditions (31°C), whereas cold-exposure (4°C)
led to a duration-dependent upregulation. In contrast, Cox7a2 expression was not significantly
influenced by housing temperature in both WT and Cox7al-KO mice. Expression of Cox7a2 was
comparable between WT and KO mice at any acclimation state, indicating that Cox7a2 did not
compensate for the loss of Cox7al at mRNA level.
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Figure 8: Cox7al and Cox7a2 mRNA expression. (A) Expression levels of target genes were compared between brown adipose
tissue (BAT), heart, liver, subcutaneous inguinal white adipose tissue (iWAT) and visceral gonadal WAT (gWAT). Tissues were
obtained from chow-fed WT mice housed at 23°C (n=3). Data were normalized to Gtf2b expression. (B) Expression levels of
target genes in BAT from chow-fed WT and Cox7a1-KO mice housed at 31°C for 2 weeks, permanently at 23°C or at 4°C for
4 days and 8 days (n=4-6). Data were normalized to the mean of Gtf2b, Eef2, TBP and HSP90. Data were analyzed by Two Way
ANOVA and Holm-Sidak post-test using mice housed at 31°C as control group. Asterisks indicate significant effect of housing
temperature (** p<0.01; *** p<0.001).

Housing of mice in thermoneutral environment leads to paling of the typical dark brown color
of murine BAT, whereas it is intensified in cold-exposed mice [2]. Thus, the color of BAT is
associated with NST capacity and serves as an approximate, visual indicator for BAT function. In
Cox7al1-KO mice, appearance of interscapular BAT (iBAT) was comparable to that of WT mice
(Figure 9A). Short-term cold-exposure appeared to slightly intensify the brown color as
compared to BAT of mice housed room temperature (23°C). Moreover, BAT appeared to be
larger in cold-exposed mice, which was reflected in dissected tissue mass (Figure 9B). Dissected
mass of BAT was increased both by cold-exposure and housing at thermoneutral environment
compared to room temperature. No differences were observed between WT and KO mice.
Protein levels of Ucpl were quantified as measure for BAT recruitment (Figure 9C and D).
Housing of mice at 23°C resulted in an elevation of Ucpl levels compared to 31°C, indicating
conventional housing temperatures to represent a state of mild cold-exposure for mice. At 4°C,
Ucpl levels were even more increased and the magnitude of effect was dependent on housing
time. There were, however, no differences in Ucp1l levels between WT and Cox7a1-KO mice.
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Figure 9: Indices of BAT recruitment in WT and Cox7al-KO mice. Chow-fed animals were housed at 31°C for 2 weeks,
permanently at 23°C or at 4°C for 4 days or 8 days, respectively (n=4-6). (A) Morphological appearance of BAT dissected from
the interscapular region (iBAT) of WT and Cox7a1-KO mice housed at 23°C or at 4°C for 4 days. (B) Dissected wet tissue mass of
iBAT. Data were analyzed by Two Way ANOVA and Holm-Sidak post-test using mice housed at 23°C as control group. Significant
differences between WT and KO mice were not detected. Asterisks indicate an effect of housing temperature (*** p<0.001).
(C) Relative Ucp1l protein levels in iBAT. Data are expressed as fold-change of expression measured in WT mice housed at 31°C.
Data were analyzed by Two Way ANOVA and Holm-Sidak post-test using mice housed at 31°C as control group. Significant
differences between WT and KO mice were not detected. Asterisks indicate significant effect of reduced housing temperature
(* p<0.05; *** p<0.001). (D) Representative Western Blot conducted with 30 pg of total iBAT protein.

Expression of Cox7al is upregulated in cold-activated BAT [146] and ablation of this protein
affects CCO activity in other tissues characterized by high Cox7al expression [160, 161]. Thus,
CCO activity was investigated in tissue homogenates of BAT. Measurements were conducted
during a titration of cytochrome c¢ (1-30 uM) in the presence of adenosine di- (ADP) or
triphosphate (ATP), which serve as allosteric CCO activator and inhibitor, respectively [195, 196]
(Figure 10). In both measurements, CCO activity was similarly dependent on housing
temperature. The activity of CCO was lowest in mice housed at 31°C and tended to be higher in
mice kept at 23°C. The effect of cold-exposure was dependent on housing time, resulting in a
clear upregulation of CCO activity after 8 days at 4°C. Neither absolute CCO activity nor the
magnitude of adaptive response was, however, in any acclimation state affected by the
presence or absence of Cox7al.

In summary, Cox7al mRNA expression was regulated by housing temperature of mice and
reflected high expression levels of heart, supporting a putative role of this isoform for
CCO activity and thermogenesis in BAT. Ablation of Cox7al did, however, neither influence CCO
activity nor Ucpl expression in this tissue, indicating an intact thermogenic BAT function in KO
mice on the molecular and cellular level.
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Figure 10: Cytochrome c oxidase (CCO) activity in iBAT derived from WT and Cox7al1-KO mice. Chow-fed mice were housed at
31°C for 2 weeks, permanently at 23°C or at 4°C for 4 days or 8 days, respectively (n=4-6). Oxygen consumption was measured
in tissue homogenates during a titration of cytochrome c (1-30 uM) in the presence of (A) ADP or (B) ATP. The activity of CCO at
31°C was repeatedly depicted to evaluate the effect of mild (23°C) and severe (4°C) cold-exposure. Statistical analysis was
conducted for oxygen consumption of CCO in the presence of 30 uM cytochrome ¢ using Two Way ANOVA and Holm-Sidak
post-test. Asterisks (* p<0.05; *** p<0.001) indicate significant effect of temperature. Differences between WT and
Cox7al1-KO mice were not detected.

3.1.2 Adaptive heat production in WT and Cox7a1-KO mice

Cox7al is a cold-responsive protein of BAT and may therefore play a role for NST. Molecular
measures of thermogenic BAT function in tissue homogenates were similarly regulated in WT
and Cox7al-KO mice, suggesting normal NST capacity. However, heat production (HP) in
brown adipocytes of a living animal is the result of the coordinated interaction of multiple
cellular pathways and ablation of Cox7al may affect this system by other mechanisms. WT and
Cox7al-KO mice were subjected to norepinephrine (NE) tests to directly investigate
BAT-derived HP (Figure 11). In the course of this test, mice were injected with NE to activate
Ucp1l positive cells throughout the body thus mimicking the acute effect of physiological BAT
activation by reduced ambient temperature. Since BAT represents the major site for
Ucpl positive cells, NE-induced oxygen consumption is basically interpreted as result of
basal metabolic rate (BMR) and BAT-derived NST. Maximal oxygen consumption induced by a
very high dose of NE thereby reflects the maximal NST capacity of a mouse.
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Figure 11: NST capacity of WT and Cox7al1-KO mice. Male and female mice of both genotypes were subjected to two
consecutive norepinephrine (NE) tests to measure BAT-derived heat production (HP) of animals in room
temperature-acclimated state (at the age of 12-13 weeks) and 4 weeks later after 4 days or 28 days of cold-exposure,
respectively (n=5). All mice were single-caged and received chow-diet throughout the entire experiment. (A) Representative
oxygen consumption traces exemplarily depicted for two different WT mice subjected either to acute or to chronic
cold-exposure. Basal metabolic rate (BMR) was measured before NE-administration (indicated by arrows) and is indicated as
horizontal line. (B) Maximal NE-induced oxygen consumption (NE,,..) and BMR were converted into HP. The capacity for NST
was calculated as the difference in HP between NE., and BMR. Data were analyzed by Two Way ANOVA and Holm-Sidak
post-test using data obtained in room temperature-acclimated state as control group. Asterisks indicate significant effect of
cold-exposure. The degree of significance (*** p<0.001) was identical for all three parameters tested (BMR, NE,. and
NST capacity). Differences between the genotypes were not detected. (C) Rectal body temperature in male and female WT and
Cox7al-KO mice. Arrows indicate the onset of cold-exposure in the respective groups. Data were analyzed separately for males

and females using Two Way RM ANOVA and Holm-Sidak post-test. Significant differences between WT and KO mice were not
detected at any time point.
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Two consecutive NE-tests were performed with male and female mice. The first test was in all
animals performed in room temperature-acclimated state, whereas the second test was
performed 4 weeks later after acute (4 days) or chronic (28 days) housing at 4°C. As expected,
oxygen consumption in all acclimation states was rapidly increased after NE-administration
(Figure 11A), reaching maximal levels after 15-20 min referred to as maximal NE-stimulatable
oxygen consumption (NEna). Both BMR and NE,,, were similarly regulated by temperature,
being lowest in room temperature-acclimated state with pronounced elevation under
cold exposure. Oxygen consumption was converted into heat production and NST capacity was
calculated as difference in HP between NEn.x and BMR (Figure 11B). The capacity for NST
gradually increased by cold-exposure, indicating that short-term housing at 4°C is already
effective but not sufficient to maximize NST capacity. In line with such regulation, rectal body
temperature was well defended during cold-exposure and fairly constant throughout the
experiment (Figure 11C). Females tended to have a slightly higher body temperature compared
to males (38°C vs. 37°C), although HP in any acclimation state was comparable between both
sexes. All parameters tested were, however, comparable between WT and Cox7al-KO mice,
indicating that Cox7al is not required for BAT-derived HP in adult mice.

BAT-derived HP was measured in a mouse model characterized by constitutive KO of Cox7al.
Putative differences in NST capacity of adult animals may be masked by compensatory
mechanisms in other tissues. Maturation of BAT in altricial species such as mice occurs shortly
after birth [49, 197, 198]. Since Cox7al expression is first detectable on developmental day 17
in mixed tissues of murine embryos [159], this maturation process may be influenced by KO of
Cox7al thus affecting heat production of neonates.

Murine neonates are characterized by the lack of protective fur. This property not only
increases dermal heat loss and therefore the need for adaptive HP, but also allows thermal
imaging. To see whether such an approach is indeed suitable for the detection of impaired NST,
neonates of the Ucp1-KO mouse line were employed since adult Ucp1-KO mice are well-known
for their impaired BAT function [47]. Mice were obtained from heterozygous (HET) breeding
pairs and entire litters were subjected to thermal imaging within the first three days of life. For
identification and handling purposes, mice were placed face-down on multiwell plates
(Figure 12A). The location of iBAT coincided in most neonates with the detection of the
warmest spot within the dorsal area (Figure 12B), referred to as interscapular skin surface
temperature (iSST). Among Ucp1-KO mice, iSST was comparable between WT and HET mice,
whereas it was reduced by more than 1°C in KO mice (Figure 12C). These results clearly indicate
that iSST is a suitable measure to detect defective NST by infrared thermal imaging with murine
neonates of a constitutive knockout model. Accordingly, this method was applied to neonates
of the Cox7al1-KO mouse line (Figure 12D and E). WT, HET and KO mice exhibited, however,
comparable iSST, indicating that NST capacity in pups is not affected by the presence or
absence of Cox7al.
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Figure 12: Infrared thermal imaging with neonates of the Ucp1-KO (A-C) and Cox7al-KO (D+E) mouse lines. Pups of both
mouse lines were obtained from heterozygous (HET) breeding pairs and whole litters were subjected to imaging within the first
three postnatal days. (A) Pups were placed in multiwell plates for identification purposes. A series of thermal profile pictures
was generated. Representative images are depicted for (B) Ucpl-KO mice (N=7, n=12-29) and (D) Cox7al-KO mice (N=5,
n=5-15). Interscapular skin surface temperature (iSST) was determined as described (section 2.3.6) and used as measure for
BAT activity. Data for (C) Ucp1-KO mice and (E) Cox7al-KO mice are expressed as difference in iSST between HET mice and WT
or KO mice, respectively. Datasets were analyzed by One Way ANOVA on Ranks and Dunn’s multiple comparison test (* p<0.05;
*** n<0.001). Differences between mice of the Cox7a1-KO mouse line were not detected.

In summary, cold-exposure of mice increased Cox7al expression in BAT and affected molecular
indices of BAT recruitment. In line with elevated Ucp1 levels and CCO activity, NST capacity was
markedly increased in cold-exposed adult mice. All parameters tested were, however, not
affected by ablation of Cox7al. Moreover, BAT activity was reduced in Ucpl-KO but not
Cox7al-KO pups. These results indicate that Cox7al is not required for BAT-derived NST in
mice.
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3.1.3 Abundance of brite adipocytes in white adipose tissue

The occurrence of Ucpl-expressing cells is not restricted to BAT. Thermogenic competent brite
adipocytes are found in white adipose tissue (WAT) of mice in response to cold-exposure [9] or
adrenergic stimulation [19]. The abundance of those cells can be approximated by
determination of brown adipocyte marker gene expression. One of many candidates is Cox7al,
which is consistently upregulated in WAT of cold-exposed mice [162]. Ablation of Cox7al may
thus affect the induction of brite adipocytes in WAT of mice during cold-exposure.

The subcutaneous inguinal depot (iWAT) is prone to browning and was therefore investigated
in mice kept at 23°C or 4°C. At 23°C, cells appeared largely unilocular whereas the portion of
multilocular cells increased with housing time at 4°C, indicating a gradual increase in the
abundance of brite adipocytes (Figure 13).

23°C|
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Figure 13: Hematoxylin/eosin-stained sections of inguinal white adipose tissue (iWAT). Tissue was obtained from chow-fed
WT and Cox7a1-KO mice aged 16 weeks, housed at room temperature (23°C) or at 4°C for 4 days or 28 days, respectively (n=>5).

In line with iWAT morphology, Ucpl protein was hardly detectable in iWAT of mice housed at
23°C (Figure 14). After 4 weeks at 4°C, Ucp1 levels in iWAT were comparable to those found in
BAT at 23°C, indicating a strong browning effect. Female mice tended to be less responsive than
male mice. Neither the abundance of multilocular cells nor Ucpl protein levels were, however,
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differentially affected between WT and Cox7a1-KO mice, indicating that browning of WAT is not
dependent on the presence or absence of Cox7al.
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Figure 14: Ucpl protein levels in iWAT of WT and Cox7al-KO mice. Chow-fed animals were housed at room temperature
(23°C) or subjected to cold-exposure (4°C) for 4 days or 28 days, respectively (n=5). Tissue was obtained at the age of 16 weeks.
(A) Relative Ucpl protein expression per iWAT depot in male and female mice. Data were analyzed by Two Way ANOVA and
Holm-Sidak post-test using mice housed at 23°C as control group. Differences between WT and KO mice were not identified.
Asterisks indicate significant effect of cold-exposure (* p<0.05; *** p<0.001). BAT obtained from male mice housed at 23°C
(n=4) was employed as positive control. (B) Representative Western Blot conducted with 30 pug of total protein.

3.1.4 Response to hypercaloric feeding

Besides its function for the maintenance of core body temperature, BAT mediates diet-induced
thermogenesis (DIT) [106]. This mechanism involves BAT as regulator of body mass
development in the response to hypercaloric feeding, suggesting that defective BAT function
may result in excessive body mass accumulation.
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Figure 15: Body mass of chow diet-fed WT and Cox7al-KO mice. Animals were housed at 23°C and subject to regular
husbandry throughout life. (A) Body mass at the age of 8 weeks (n=8-14). (B) Body mass determined in another cohort of mice
between 20 and 48 weeks of age (n=7-10). Data were analyzed by Two Way ANOVA (A) or Two Way RM ANOVA (B) and
Holm-Sidak post-test. Significant differences between male or female WT and KO mice were not detected at any age.
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In fact, neither young (Figure 15A) nor aged (Figure 15B) Cox7al1-KO mice differed in body mass
development from WT mice when fed with chow-diet at 23°C throughout life without
experimental intervention. Male mice were subjected to a feeding experiment to further
investigate the effect of Cox7al-ablation on BAT function in the context of DIT (Figure 16). The
experiment was conducted at 31°C to minimize the activity of BAT for the purpose of
thermoregulation, which may affect the development of diet-induced obesity (DIO) in mouse
models with defective BAT function [107, 108].
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Figure 16: Feeding experiment with WT and Cox7a1-KO mice. Male mice were housed at 31°C and exposed to a low-fat control
diet (LFCD) or a high-fat diet (HFD) for 4 weeks at the age of 10 weeks (n=6). Diets were not supplemented with BHT. (A) Bodly,
fat and lean mass of WT and Cox7al-KO mice at the beginning of HFD-feeding (day 0). Data were analyzed by t-test (body and
fat mass) or Mann-Whitney Rank Sum Test (lean mass). Differences between WT and KO mice were not detected.
(B) Body mass development and (C) cumulative energy intake during HFD-feeding. Both datasets were analyzed by Three Way
ANOVA and Holm-Sidak post-test. Asterisks indicate significant difference between LFCD and HFD-fed mice (* p<0.05;
** p<0.01; *** p<0.001). Differences between genotypes were not identified. (D) Changes in body, fat and lean mass between
beginning (day 0) and end (day 28) of HFD-feeding. Each dataset was analyzed by Two Way ANOVA and Holm-Sidak post-test.
Asterisks indicate significant effect of HFD-feeding (*** p<0.001). Differences between WT and KO mice were not detected.
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All WT and Cox7al1-KO mice were initially fed with a low-fat control diet (LFCD) at 31°C for
2 weeks before half of the mice was administered a high-fat diet (HFD). At the beginning of
HFD-feeding, Cox7al-KO mice did not differ from WT mice regarding body mass and body
composition (Figure 16A). The HFD was fed for 4 weeks in total and has been shown to induce
DIO and impaired glucose tolerance in mice of the C57BL/6J strain within this time frame when
these are fed at 23°C [199]. In line with this, body mass development of HFD-fed mice differed
from that of LFCD-fed mice throughout the experiment (Figure 16B). As expected, HFD-fed mice
exhibited constantly increased energy intake (Figure 16C). This resulted in an elevated total
body mass gain that was largely attributable to increased fat mass gain (Figure 16D). There
were, however, no differences between WT and Cox7al1-KO mice.

Similarly, glucose tolerance of LFCD and HFD-fed mice at the end of the feeding period was not
affected by the presence or absence of Cox7al (Figure 17A). Surprisingly, glucose tolerance was
comparable between LFCD and HFD-fed mice of both genotypes (Figure 17B), although it is
usually impaired in C57BL/6J mice fed a HFD at 23°C [199]. This phenotype may be related to
the recruitment state of BAT, which was minimized due to long-term housing at 31°C. Minimal
NST capacity may thus either impair glucose tolerance in LFCD-fed mice or abrogate the
adverse effect of HFD on glucose tolerance but not on DIO development.

A LFCD HFD B

450+ 450 - w 40000 = WT
4004 400 5 KO 043 Ko
2
£, 3501 350 30000
£, 3001 300
& 2501 2501 S 20000
§ 2004 2004 f Pee== <
S 1501 1504 ¢ T TT==T
B 1004 100+ 10000+
o
5 501 504

01— T T T | 01— T T T ) 0-
0 30 60 90 120 0 30 60 90 120 LFCD HFD
time [min] time [min]

Figure 17: Glucose tolerance of WT and Cox7a1-KO mice. Animals were housed at 31°C and fed with LFCD or HFD. Diets were
not supplemented with BHT. Glucose tolerance was assessed after 4 weeks of HFD-feeding at the age of 14 weeks (n=6).
(A) Blood glucose levels over time before (0 min) and after glucose gavage. (B) Total area under the curve (AUC) of blood
glucose levels. Datasets were analyzed by Two Way RM ANOVA (A) or Two Way ANOVA (B) and Holm-Sidak post-test.
Significant differences between genotypes were neither detected at any time point nor in response to a diet.

Taken together, Cox7al is a cold-responsive protein of BAT and a widely used marker gene for
brown and brite adipocytes. This protein is required for maximal CCO activity in heart and
skeletal muscle characterized by high Cox7al abundance. In BAT, however, knockout of Cox7al
neither affected CCO activity nor adaptive heat production. Moreover, Cox7al was not required
for browning of WAT or the response to hypercaloric feeding. These data collectively indicate
that Cox7al is dispensable for BAT function.
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3.2 The capacity for NST of inbred mouse strains

The thermogenic function of BAT is hypothesized to influence systemic glucose homeostasis
since adaptive heat production is supported by the oxidation of glucose taken up from the
bloodstream. An increased capacity for NST may cause increased glucose uptake into the tissue
thus affecting blood glucose clearance. Such effect may be complemented by the abundance of
brite adipocytes, which represent an additional pool of thermogenic cells in WAT. The
assessment of NST capacity is a prerequisite to investigate the relationship between brown and
brite adipocyte function and glucose tolerance, involving monogenic models or the comparison
of different inbred mouse strains as polygenic alternative. In this regard, two different
mouse strains, 12956/SvEvTac (12956) and C57BL/6J (BL6J), were characterized with respect to
their NST capacity.

3.2.1 Effect of ambient temperature on brown and brite adipocyte recruitment

Mice of the 12956 and BL6J strains were kept at 30°C (thermoneutral condition) and 20°C (mild
cold-exposure) and fed with LFCD. After 4 weeks of acclimation, mice were killed and adipose
tissues were dissected. The mass of iIWAT was higher in 12956 mice compared to BL6J mice
under both housing conditions (Figure 18). There was no difference in iBAT mass between the
strains when mice were housed at 30°C. Mild cold-exposure decreased iBAT mass in both
strains, but had a stronger effect in BL6J mice. Thus, iBAT mass is regulated dependent on the
need for NST, whereas iWAT mass is primarily determined by genetic background.
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Figure 18: Dissected wet tissue mass of iWAT and iBAT from 12956 and BL6J mice. At the age of 8 weeks, animals were housed
at 30°C and 20°C and fed with LFCD for 4 weeks (n=6). Datasets were analyzed using Two Way ANOVA and Holm-Sidak post-test
(** p<0.01; *** p<0.001).

Among the various murine WAT depots, iWAT is a subcutaneous depot generally considered to
have a high propensity for browning. At 30°C, iWAT of 12956 mice was a heterogeneous
mixture of large unilocular and smaller paucilocular adipocytes, indicating brite cells to be
present even under conditions when the need for Ucpl-mediated NST is minimized (Figure 19).
In contrast, iWAT of BL6J mice was at 30°C composed of a rather homogenous population of
unilocular white adipocytes which appear, however, to be smaller in size compared to white
adipocytes in iWAT of 12956 mice.
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Figure 19: Hematoxylin/eosin-stained sections of iWAT from 12956 and BL6J mice. At the age of 8 weeks, animals were
housed at 30°C and 20°C and fed with LFCD for 4 weeks (n=6).

Housing of 12956 mice at 20°C shifted the appearance of paucilocular adipocytes towards

multilocular brown-like morphology. Although more pronounced in 12956 mice, the abundance

of these cells is increased in both strains at 20°C compared to 30°C, indicating the recruitment

of brite adipocytes under mild cold-exposure (Figure 19). The brown adipocyte marker genes

Ucpl, cell death-inducing DNA fragmentation factor, alpha subunit-like effector A (Cidea) and

Cox7al were determined as an additional measure for browning (Figure 20).
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Figure 20: Relative expression of brown adipocyte marker genes Ucpl, Cidea and Cox7al in iWAT of 12956 and BL6J mice. At

the age of 8 weeks, animals were housed at 30°C and 20°C and fed with LFCD for 4 weeks (n=6). Expression levels of target

genes were normalized to Gtf2b expression. All datasets were analyzed by Two Way ANOVA and Holm-Sidak post-test
(* p<0.05; ** p<0.01; *** p<0.001).

At 30°C, there were no significant differences in Ucpl expression between BL6J and 129S6

mice. Expression of Ucpl was clearly increased in 12956 mice at 20°C compared to 30°C,
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whereas BL6J mice only tended to show a cold-induced response. This regulation indicates
129S6 mice to have a higher propensity for the adaptive recruitment of brite cells. Regulation
of the Ucpl gene was well reflected in Cidea but not Cox7al levels. As strain-specific
differences in iWAT mass (Figure 18) may potentiate differences in gene expression and iWAT
morphology, 12956 mice likely exhibit a significantly higher abundance of brite adipocytes on
the physiological level (per depot) both at 30°C and at 20°C.

Protein levels of Ucpl and the activity of CCO were determined in iBAT as molecular markers
for NST capacity (Figure 21). Both Ucp1 levels and CCO activity were similar between 12956 and
BL6J mice when these were housed at 30°C, indicating the capacity for BAT-derived heat
production to be similar under this housing condition.
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Figure 21: Characteristics of NST capacity in iBAT of 12956 and BL6J mice. At the age of 8 weeks, animals were housed at 30°C
and 20°C and fed with LFCD for 4 weeks (n=6). (A) Representative Western Blot with 25 ug total iBAT protein. (B) Ucp1l protein
levels normalized to pan-actin levels per iBAT depot. (C) Cytochrome c¢ oxidase (CCO) activity per iBAT depot.
Oxygen consumption of tissue homogenates was measured in the presence of 5 mM ADP and 30 uM cytochrome c. Datasets
(B+C) were analyzed by Two Way ANOVA and Holm-Sidak post-test (** p<0.01; *** p<0.001).

At 20°C, Ucp1l expression and CCO activity were increased in both strains though with a higher
magnitude of effect in 12956 mice (Figure 21), indicating a higher propensity for the adaptive
recruitment of NST in this strain. Of note, physiological levels (per depot) of Ucpl expression
and CCO activity were not reflected on the cellular level (in a defined aliquot of total protein)
but resulted from differences in depot size (Figure 18).

3.2.2 Heat production in 12956 and BL6] mice

Mice of the 12956 and BL6J strains were characterized by similar Ucpl levels and oxidative
capacity in BAT when these were housed at 30°C for 4 weeks, indicating similar NST capacity.
However, the abundance of multilocular cells in iWAT was higher in 12956 mice under this
condition. Moreover, 12956 mice exhibited increased iWAT mass compared to BL6J mice, which
may in turn affect Ucpl-dependent heat production on the physiological level. To investigate
this issue, mice of both strains acclimated to 30°C were subjected to NE-tests to determine
NST capacity.

Oxygen consumption of mice was recorded before and after NE-administration to measure
BMR and NE.y, respectively. Injection of NE resulted in a rapid rise of oxygen consumption
over basal (BMR=33 ml/h in both strains), peaking after 24-25 min with subsequent decline
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over time in both strains (Figure 22A). The magnitude of oxidative response was more
pronounced in 12956 mice. This was reflected in a faster increase of oxygen consumption at the
beginning of the measurement persisting as generally higher oxygen consumption over time,
and consequently resulting in a higher NEax.
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Figure 22: NST capacity of 12956 and BL6J mice. At the age of 8 weeks, animals were housed at 30°C and 20°C and fed with
LFCD (n=22-26). After 4 weeks, mice were subjected to a norepinephrine (NE) test. (A) Averaged (+ standard deviation)
oxygen consumption traces measured by indirect calorimetry. Arrows indicate time of NE-injection and the approximate time
of maximal NE-stimulated oxygenconsumption (NE,.) in both strains. (B) Basal (BMR) and NE-induced, Ucpl-dependent
(NST capacity) heat production (HP). The latter was calculated as difference in HP between NE,,,, and BMR. Statistical analysis
was conducted by Mann-Whitney Rank Sum Test (BMR) or t-test (NST capacity and NE,,,). Asterisks indicate differences
between 12956 and BL6J mice in both NST capacity and NE,,,, with identical degree of significance (*** p<0.001).

Basal (BMR) and maximal (NE.x) 0xygen consumption were converted into HP to calculate the
difference between both measures, representing NST capacity (Figure 22B). Differences in
NEnax were well reflected in NST capacity, which was significantly higher in 12956 mice.

3.2.3 Effect of CL-316243 on brown and brite adipocyte recruitment

Housing at subthermoneutral environment represents a condition of adrenergic stimulation
that consequently results in the recruitment of NST. Such environmental effect can be
mimicked on the pharmacological level by administration of specific Bs-adrenergic agonists.
Mice of the 129S6 and BL6J strains were housed at 30°C and fed with LFCD to minimize
endogenous NST capacity. After 7 weeks, mice were subjected to CL-316243 (CL) treatment to
recapitulate the effect of mild cold-exposure on Ucpl expression in BAT and WAT. On seven
consecutive days, CL was repeatedly administered in different doses, three of which below
(0.008, 0.04 and 0.2 mg/kg/day) and one above (5 mg/kg/day) the dose of 1 mg/kg/day, which
has been shown to robustly increase Ucpl expression in BAT and WAT of mice [200].
Vehicle-treated mice served as negative control.

Prior to beginning of CL-treatment, body mass and body composition were determined as
reference for phenotypic changes (Figure 23A). Mice of the 129S6 strain had slightly higher
body mass than BL6J mice. This was accompanied by a more than 3-fold higher amount of fat
mass in 12956 mice, whereas the amount of lean mass was higher in BL6J mice. Notably, all
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12956 mice treated with the highest dose of CL (5 mg/kg/day) died or lapsed into a severe
torpor-like state within 24 hours after the first injection. This treatment group was therefore
excluded from the experiment. Such phenotype was not observed in BL6J animals, suggesting
different sensitivity to Bs-adrenergic stimulation. Body composition of the remaining treatment
groups was again assessed one day after the last CL-administration to calculate drug-induced
changes (Figure 23C). In 12956 mice, CL caused a reduction of body mass in a dose-dependent
manner and had maximal efficacy in a dose of 0.04 mg/kg/day. The effect was not further
stimulatable by a higher dose and was fully explainable by changes in fat mass. Changes in body
composition were less pronounced in BL6J mice. Total energy intake during the treatment
period tended to increase with CL-dose in BL6J mice whereas a dose-dependent reduction of
energy intake was observed in 12956 mice (Figure 23B). This difference in energy intake
between vehicle and ClL-treated 129S6 mice was, however, insufficient to explain the
CL-induced loss of fat mass (Table 12), indicating differences in energy expenditure as causative

factor.
A B
407 *k 157 Hkk 307 Hkk 5007 O 129Ss6
35 E— I 25 —— o B BL6J
—30] I — < 4001
= = (=) PR} n i ]
@ 254 2 104 = 201 e [
4 . A > g 3001 @ In]
£ 207 8 £ 151 5 &
> 1c ] c © 4
215 % 5 g 10 5 5200
2 104 h - 8 =
5-
0 0 0 0 } t t t t
129S6 BL6J 129S6 BL6J 129S6 BL6J 0 0,008 0,04 0,2 5

CL dose [mg*kg‘l]

C 2- O 12956 21 O 129S6 154 O 12956
m BL6J m BL6 B BL&)
— 11 14 l
= i & i = I x 5
0 OFecerriieeiarenee B ! ..... = 04t I TIPSR KHEeerrneansrnans *
7] %) *kk 7] .
© * I 1) % i @ 05 I
€ .14 T g 14 T £
2 ok rx = S 0.0 BB
S -2 = 21 *kk ok Q<
2 < ? <
.34 -3 -0.54
-4 t t t t t -4 t t t t t -1.0 t t t t t
0 0.008 0.04 0.2 5 0 0.008 0.04 0.2 5 0 0.008 0.04 0.2 5
CL dose [mg*kg™] CL dose [mg*kg™] CL dose [mg*kg™]

Figure 23: Effect of CL-treatment on body composition and food intake of 12956 and BL6J mice. At 8 weeks of age, mice were
housed at 30°C and fed with LFCD. After 7 weeks, CL was administered on seven consecutive days in different doses. (A) Body,
fat and lean mass of mice after 7 weeks of LFCD-feeding prior to CL-treatment (n=22-30). Data were statistically evaluated via
t-test (body mass) and Mann-Whitney Rank Sum Test (fat mass and lean mass; ** p<0.01; *** p<0.001). (B) Total cumulative
energy intake after 7 days of CL-treatment (n=5-6). Application of Two Way ANOVA was impossible due to unequal group sizes.
Thus, statistical analysis was conducted separately for each strain using One Way ANOVA on Ranks and Dunn’s multiple
comparison test with vehicle-treated mice as control group (0 mg/kg). Asterisks indicate significant differences between
CL-treated and control mice (* p<0.05). (C) Difference in body, fat and lean mass between beginning and end of CL-treatment
(n=5-6). Statistical analysis was conducted separately for each strain using One Way ANOVA and Holm-Sidak post-test with
vehicle-treated mice as control group. Asterisks indicate significant differences between CL-treated and control mice (* p<0.05;
*** p<0.001).
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Table 12: Comparison of total energy intake and energetic costs of fat mass change during CL-treatment of 12956 mice.

CL dose [mg/kg/day] 0 0.008 0.04 0.2

A fat mass [g]* 0.45+0.73 -0.86 + 0.88 -2.49+0.78 -2.46 +0.59

Energy content of A fat mass [k 16+ 26 -31+32 -89+ 28 -88+21
difference vehicle vs.CL 47 105 104

Total energy intake [kiP? 293 +14 296+ 17 250+ 21 231+26
difference vehicle vs. CL -3 43 62

Data represent mean * standard deviation (n=5-6). IDifference in fat mass between beginning and end of CL-administration
(compare Figure 23C). 2Sum of stored energy that is gained or lost due to fat mass change, assuming portions of fat and protein
of 90.8% and 0.79%, respectively, per g of adipose tissue [201], and an energy content of 39.3 kJ/g fat and 23.5 kJ/g protein
[202]. Energetic costs of fat mass formation and depletion were not considered. Total energy intake during CL-treatment
(compare Figure 23B).

Brite adipocytes are capable of mediating Ucpl-dependent thermogenesis and their abundance
may thus contribute to energy expenditure. Administration of CL led to significant changes in
Ucpl expression in iWAT of both strains (Figure 24A). Maximal Ucp1 expression was achieved
with 0.2 mg/kg/day, indicating higher doses to exceed what is required to maximally induce
browning of WAT.
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Figure 24: Effect of CL-treatment on iWAT of 12956 and BL6J mice. At 8 weeks of age, mice were housed at 30°C and fed with
LFCD for 7 weeks. Tissues were dissected after 1 additional week characterized by repeated administration of CL in different
doses (n=5-6). (A) Relative Ucpl mRNA levels in iWAT. Data were normalized to Eef2 expression. Application of Two Way
ANOVA was impossible due to unequal group sizes. Data were analyzed separately for each strain using One Way ANOVA and
Holm-Sidak post-test (BL6J) or One Way ANOVA on Ranks and Dunn’s multiple comparison test (12956) with vehicle-treated
mice as control group. Asterisks indicate significant differences between CL-treated and vehicle-treated mice (* p<0.05;
** p<0.01; *** p<0.001). (B) Dissected iWAT wet tissue mass. Data were analyzed separately for each strain using One Way
ANOVA and Holm-Sidak post-test with vehicle-treated mice as control group. Asterisks indicate significant difference between
CL-treated and control mice (** p<0.01). (C) Relative Ucpl mRNA levels in iWAT. Data are normalized to Eef2 levels and
expressed as fold change of expression level observed in the control group (0 mg/kg) of the respective strain. Differences
between the strains were analyzed by multiple t-tests using the Holm-Sidak correction method for multiple comparisons.
Asterisks indicate significant differences between strains at the indicated CL doses (* p<0.05; *** p<0.001).

The expression of Ucpl was higher in 12956 mice under all conditions and may be potentiated
by differential iWAT mass (Figure 24B). Administration of CL did not affect iWAT mass in
BL6J mice, whereas it was dose-dependently reduced in 129S6 mice. This phenotype may be
related to the abundance of brite cells using stored fat as local source for energy expenditure
thus depleting fat mass as consequence. The magnitude of Ucpl-response to CL treatment was
more pronounced in BL6J mice (Figure 24C), indicating a higher propensity for the recruitment
of brite cells. Expression of Ucpl in vehicle-treated mice was, however, higher in the



RESULTS 56

129S6 strain (Figure 24A), indicating the responsivity of BL6J mice to be improved due to a
greater difference between basal levels and the physiological maximum.

Additionally, CL-treatment caused a significant reduction of iBAT mass in both strains in
dose-dependent manner (Figure 25A). Vehicle-treated mice of the 129S6 strain had higher
iBAT mass compared to BL6J mice, a difference that was equalized by a dose of 0.2 mg/kg/day.
Protein levels of Ucpl in iBAT tended to be upregulated by CL-treatment in both strains,
although significant differences were not observed (Figure 25B). Treatment of BL6J mice with
the highest dose returned Ucpl levels towards baseline (vehicle). Mice of the 129S6 strain
generally tended to express Ucpl at a higher level than BL6J mice, indicating higher
NST capacity in BAT.
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Figure 25: Effect of CL-treatment on iBAT of 12956 and BL6J mice. At the age of 8 weeks, mice were housed at 30°C and fed
with LFCD for 7 weeks. Tissues were dissected after 1 additional week characterized by repeated administration of CL in
different doses (n=5-6). (A) Dissected iBAT wet tissue mass. Application of Two Way ANOVA was impossible due to unequal
group sizes. Data were analyzed separately for each strain using One Way ANOVA and Holm-Sidak post-test with vehicle-
treated mice as control group. Asterisks indicate significant difference induced by CL-treatment (*** p<0.001). (B) Ucp1l protein
levels per iBAT depot normalized to pan-actin levels. Data were analyzed by One Way ANOVA on Ranks and Dunn’s multiple
comparison test with vehicle-treated mice as control group. Significant differences induced by CL-treatment were not detected.
(C) Representative Western Blot conducted with 30 pg of total iBAT protein.

Taken together, 12956 and BL6J mice are two inbred mouse strains characterized by differential
NST capacity. When acclimated to 30°C, 12956 mice exhibited higher NE-stimulatable HP,
whereas Ucpl expression in BAT and brite fat was stimulatable with a higher magnitude of
effect at 20°C. This effect of mild cold-exposure was well-reflected on the pharmacological
level, indicating 12956 mice to exhibit an improved ability for the adaptive recruitment of NST.
Thus, 12956 and BL6J serve as polygenic model system to investigate the effect of differential
thermogenic BAT and brite fat function on systemic blood glucose clearance.
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3.3 Dietary modification of brite adipocyte abundance

Browning of WAT is stimulatable by environmental temperature or pharmacological treatment
and may contribute to systemic energy expenditure and blood glucose clearance by enhancing
NST capacity. The cyclooxygenase enzyme (COX) is as central regulator of brite cell recruitment
[165, 166] as well as a key enzyme in the metabolization of polyunsaturated fatty acids. In fact,
browning of WAT is associated with downstream metabolites of the COX-mediated conversion
of arachidonic acid (AA) [165, 166]. Thus, COX constitutes a cellular target that may be suitable
for a nutritional intervention as alternative strategy for the recruitment of brite cells. Feeding a
diet rich in AA itself or in its precursors may beneficially affect brite adipocyte abundance via
increased production of browning-associated eicosanoids.

3.3.1 Thermogenic properties of WAT and BAT

Mice of the 12956 and BL6J strains were subjected to a feeding experiment characterized by
administration of diets with differential fatty acid composition. Subsequent to four weeks of
initial LFCD-feeding, mice were assigned to four different groups, one of which continued with
LFCD and three were switched to intermediate-fat diets (IFD). Compared to LFCD, IFDs were
increased in fat content by addition of palm oil (IFD palm), fish oil (IFD fish) or borage oil
(IFD borage; see Table 3). The latter was characterized by a high n6/n3 ratio and increased
abundance of the n6 fatty acids linoleic and y-linolenic acid (compare Table 4), which are AA
precursors. Fish oil-comprising IFD was characterized by a very low n6/n3 ratio as well as
increased abundance of the n3 fatty acids eicosapentaenoic and docosahexaenoic acid, which
are AA competitors for the COX-reaction. Palm oil-comprising IFD was intermediate and most
similar to LFCD regarding the n6/n3 ratio and served as control-IFD. Feeding of LFCD and IFDs
was conducted at 30°C. The experiment was performed in the open animal facility Thalhausen
(not specified pathogen free). Tissues were dissected after 4 weeks of IFD-feeding (Figure 26).
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Figure 26: Dissected wet tissue masses of iWAT and iBAT from 12956 and BL6J mice. At the age of 14 weeks, mice were fed
with LFCD or one of three intermediate-fat diets (IFD) comprising palm, fish or borage oil as additional fat source. Diets were
fed at 30°C in the facility Thalhausen. Tissues were dissected after 4 weeks of IFD-feeding (n=5). Data were analyzed by Two
Way ANOVA and Holm-Sidak post-test using LFCD-fed mice as control group. Asterisks indicate significant effect (* p<0.05) of
IFD-feeding compared to LFCD within the 129S6 strain.
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Elevated fat content of IFDs increased dissected tissue mass of iIWAT in 129S6 but not BL6J
mice. The magnitude of this effect was not influenced by the dietary fatty acid composition.
The mass of iBAT was neither affected by dietary fat content nor fatty acid composition.

Brown adipocyte marker gene expression was determined in iWAT to investigate the effect of
diets on brite cell recruitment. The expression of Ucpl, Cidea and Cox7al was differentially
affected in 129S6 and BL6J mice (Figure 27). In 12956 mice, elevated fat content of IFDs vs.
LFCD decreased gene expression with the strongest magnitude of effect in borage-fed animals.
Interestingly, similar results were observed in BL6J mice when these were fed with fish and
palm oil-comprising IFDs whereas borage oil appeared to attenuate IFD-induced
downregulation of marker gene expression. Although all effects were weakly pronounced and
subject to large variation, these data indicate that an elevation of dietary fat content negatively
affects brite adipocyte abundance in both strains. Borage oil-comprising IFD thereby acts in

strain-specific manner.
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Figure 27: Relative mRNA levels of Ucpl, Cidea and Cox7al expression in iWAT of 12956 and BL6J. At the age of 14 weeks,
mice of both strains were fed with LFCD or one of three IFDs comprising palm, fish or borage oil as additional fat source. Diets
were fed at 30°C in the facility Thalhausen. Tissues were dissected after 4 weeks of IFD-feeding (n=5). Expression levels of
target genes in iWAT were normalized to Gtf2b expression. Due to high standard deviations, y-axis has logarithmic scaling.
Statistical analysis was conducted using One Way ANOVA on Ranks and Dunn’s multiple comparison test (A, B, C and D) or One
Way ANOVA and Holm-Sidak post-test (E and F). LFCD-fed mice were used as control group. Asterisks indicate significant effect
of IFD-feeding compared to LFCD (* p<0.05; ** p<0.01).

Brite adipocytes are characterized by a multilocular phenotype. In line with previous
observations (Figure 19), the abundance of multilocular adipocytes was clearly higher in iWAT
of LFCD-fed 129S6 than BL6J mice (Figure 28). Among 129S6 mice, adipocytes with multiple
smaller lipid droplets were also detectable in mice that received palm oil-comprising IFD

whereas they were completely absent in fish and borage oil fed mice.
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Figure 28: Hematoxylin/eosin-stained section of iWAT from 12956 and BL6J mice. At the age of 14 weeks, mice of both strains
were fed with LFCD or one of three IFDs comprising palm, fish or borage oil as additional fat source. Diets were fed at 30°C in
the facility Thalhausen. Tissues were dissected after 4 weeks of IFD-feeding (n=5).
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Additionally, this lack of multilocular morphology was accompanied by increased adipocyte
size. In BL6J mice, the overall morphological appearance of iWAT was characterized by
unilocular cells of smaller size than in 12956 mice, and was largely comparable between
LFCD-fed mice and animals that received palm or fish oil. Interestingly, adipocytes of
borage-fed BL6J mice had a hypertrophic, unilocular appearance, which was not in line with the
relative increase of Ucpl expression in iWAT of this group (compare Figure 27D).

Protein levels of Ucpl were determined in iBAT (Figure 29) to investigate whether diet-induced
effects are restricted to WAT. Generally, Ucp1 levels were higher in 12956 than BL6J mice under
all conditions tested. In 12956 mice, Ucp1l levels were comparable between mice fed with LFCD
and palm oil-comprising IFD. Levels of Ucpl tended to be elevated in fish and borage oil-fed
mice, indicating an effect of extraordinary n6/n3 ratios. In BL6J mice, Ucpl levels were neither

affected by fat content nor fat source.
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Figure 29: Ucp1 protein levels in iBAT of 12956 and BL6J mice. At the age of 14 weeks, mice of both strains were fed with LFCD
or one of three IFDs comprising palm, fish or borage oil as additional fat source. Diets were fed at 30°C in the facility
Thalhausen. Tissues were dissected after 4 weeks of IFD-feeding (n=5). (A) Normalized Ucpl expression per iBAT depot. Both
datasets were analyzed by One Way ANOVA on Ranks and Dunn’s multiple comparison test using LFCD-fed mice as
control group. Significant differences induced by IFD-feeding were not detected. (B) Representative Western Blot with 30 pg of
total protein. Of note, samples of mice fed with other diets (denominated as ‘other’) were loaded on the same SDS-PAGE but

will not be further addressed in this thesis.
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3.3.2 Analysis of oxylipin abundance in WAT

The COX enzyme contributes to the metabolization of n6 and n3 fatty acids and concurrently is
a regulator of brite adipogenesis [165, 166]. Mice of the 12956 and BL6J strains were fed with
three different IFDs characterized by differential fatty acid composition (see section 3.3.1), thus
shifting the dietary n6/n3 ratio from intermediate (IFD palm) towards very low (IFD fish) or very
high (IFD borage). These diets were fed at thermoneutral ambient for 4 weeks in total. Oxylipin
analysis was conducted to see whether this modification of food-derived precursors alters the
local production pattern of eicosanoids in iWAT.

A small aliquot of a single iWAT lobe was subjected to analysis. In total, 33 molecules were
qguantified, 30 of which were detected in at least 1 sample. Metabolite abundance was
extrapolated to lobe (depot) size and compared among the three diet groups. Based on this,
compounds were divided into three categories (Table 13): (1) borage-associated, comprising
metabolites that were exclusively detected in iWAT of borage oil-fed animals or upregulated in
borage oil-fed mice compared to other diet-groups; (2) fish associated, comprising metabolites
that were exclusively detected in iWAT of fish oil-fed mice or upregulated in fish oil-fed mice
compared to other diet-groups; and (3) other metabolites, that were not distinctly enriched in
borage or fish oil-fed mice, that were not regulated at all by diet or that were undetectable in
all samples of one strain. Categorization resulted in the identification of 9 borage-associated
and 9 fish-associated metabolites. Among these, 4 borage-associated and 6 fish-associated
metabolites were enriched in both 12956 and BL6J mice. None of all quantified metabolites was
distinctly enriched in iWAT of palm oil-fed mice. Thus, extraordinary dietary n6/n3 ratios are
capable of modifying the pattern of eicosanoids produced in iWAT causing the enrichment of
single n6 or n3-derived compounds. Accordingly, the percentage of all n3-derived metabolites
was increased in fish oil-fed animals of both strains (Figure 30). The percentage of n6 and
n3-derived metabolites in iIWAT was similar between palm and borage oil-fed mice. Based on
the intermediate n6/n3 ratio of palm oil-comprising IFD, these data indicate that a reduction
but not further elevation of this ratio alters the overall percentage of n6-derived metabolites.
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Figure 30: Percentage of n6 and n3-derived metabolites in total iWAT oxylipin abundance. 12956 and BL6J mice received
palm, fish and borage oil-comprising IFDs at 30°C. After 4 weeks, iWAT was dissected and subjected to oxylipin analysis (n=5).
Oxylipins were classified by origin (n6 or n3). Datasets were analyzed by Two Way ANOVA and Holm-Sidak post-test to compare
diet-effects for each class of metabolites (** p<0.01; *** p<0.001). Significant differences between diet-groups were reflected
in both classes of metabolites with identical degree of significance.
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Table 13: Summary of diet-effects on oxylipin abundance in iWAT of 12956 and BL6J mice.

Category Subcategory 129S6 BL6)J
borage-associated borage only LxA, LxA4*
5,6-DIHETE*
N borage vs. fish+palm PGF,, PGA*
PGE, TxB,*
PGA;
12-HETE
N borage vs. fish 6-keto-PGF;, 6-keto-PGF;,*
PGF,q
1 borage vs. palm 5-HETE
fish-associated fish only PGE; PGE;
11B-PGF,q 7MaR1
7MaR1
M fish vs. borage+palm PDx PDx
18-HEPE 18-HEPE
17-HDoHE 17-HDoHE
14-HDoHE 14-HDoHE
M fish vs. palm LTB,
9-HODE
other M borage+fish vs. palm 5-oxo0-ETE
not regulated by diet TxB, PGE,*
PGD, PGD,
8isoPGA, 8isoPGA,*
LTBs 15-deoxy-PGJ,
LTB, 13-HODE
15-deoxy-PGJ, 15-HETE
13-HODE 8-HETE
9-HODE 12-HETE
15-HETE* 14,15-EET
8-HETE 11,12-EET
5-HETE* 8,9-EET
14,15-EET* 5,6-EET
5-oxo-ETE*
11,12-EET*
8,9-EET*
5,6-EET*
not detected 11B-PGF,q
LTBs
5,6-DIHETE

Mice of the 12956 and BL6J strains were fed with IFDs for 4 weeks at 30°C. The effect of dietary fat source (palm oil, fish oil or
borage oil) on oxylipin abundance [pg/depot] in both strains was investigated by Two Way ANOVA and Holm-Sidak post-test for
each metabolite (n=5). Compounds were categorized based on the identification of statistically significant differences (at least
p<0.05) by multiple comparisons or based on their occurrence in single diet-groups only. LxB,, RvD1 and RvD2 were omitted
since they were not detected in any diet-group of both strains. 1" indicates upregulation of metabolites in one group compared
to one or two other groups. *Significantly correlated with Ucpl expression in iWAT (compare Table 14).
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Figure 31: Averaged abundance of metabolite classes as percentage of total iWAT oxylipin abundance. 12956 and BL6J mice
received palm, fish and borage oil-comprising IFDs at 30°C. After 4 weeks, iWAT was dissected and subjected to oxylipin analysis
(n=5). Oxylipins were classified as indicated in figure legend based on their chemical structure and biosynthesis pathway
(compare Figure 6 and Table 10). n6 leukotriens, n6 lipoxins, n3 prostaglandins and n3 leukotriens were omitted in figure

legend due to very low abundance (0.00-0.05%) in all treatment groups.
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Based on their biosynthesis and chemical structure (compare Figure 6 and Table 10), the entity
of n6 and n3-derived metabolites was further classified (Figure 31). The most abundant class of
metabolites (55-88% of total metabolite abundance) in both strains and all diet-groups was
represented by n6 octadecanoids derived from Lipoxygenase (LOX) mediated conversion of
linoleic acid. Hydroxyeicosatetraenoic acids (HETEs) derived from LOX-mediated conversion of
AA represented the second most abundant group of n6-derived metabolites (6-32%). 12-HETE,
accounting for an important proportion of the abundance of this metabolite class, was enriched
in borage-fed 12956 but not BL6J mice (compare Table 13). This observation largely explains the
remarkable difference between borage-fed mice of both strains regarding the percentage of
HETEs in total metabolite abundance.

Generally, the percentage of metabolite classes was most comparable between palm and
borage-fed animals (Figure 31). In fish oil-fed mice, the percentage of n6-derived metabolites
(especially COX-derived thromboxanes, prostaglandins and isoprostanes as well as HETEs) was
reduced at the expense of n3-derived metabolites. This phenotype was most pronounced for
docosanoids, which are metabolites derived from LOX-mediated conversion of
n3 docosahexaenoic acid, as well as 18-hydroxyeicosapentaenoic acid (18-HEPE), a
fish-associated metabolite derived from n3 eicosapentaenoic acid (compare Figure 6).
Interestingly, the absolute abundance of all metabolites per depot (see Figure 31) consistently
tended to be more than 2-fold higher in BL6J than 12956 mice comparing the individual diet
groups. Tissue masses of iIWAT were, however, consistently higher in 12956 mice (compare
Figure 26), indicating a lower density of quantified metabolites in iWAT of this strain.
Collectively, modulation of the dietary n6/n3 ratio resulted in a modification of the eicosanoid
pattern and affected brown adipocyte marker gene expression in iWAT of 12956 and BL6J mice.
Correlation analysis was conducted to investigate the relationship between the abundance of
oxylipins and Ucp1l expression to identify putative candidate compounds that may contribute to
the browning of WAT (Table 14). In 12956 and BL6J mice, there were 8 and 6 metabolites,
respectively, that were strongly and significantly correlated with Ucpl expression. All
correlations were positive, indicating that increased abundance of these metabolites positively
affects Ucpl expression or vice versa. All of these compounds were derived from
metabolization of n6 fatty acids. There was not a single compound that was consistently
correlated with Ucpl expression in both mouse strains. In 12956 mice, Ucpl expression was
exclusively correlated with HETEs and epoxyeicosatrienoic acids, which are derived from LOX
and Cytochrome P450-mediated conversion of AA, respectively (compare Figure 6). One of
these metabolites, 5,6-dihydroxy-eicosatetraenoic acid (5,6-DiHETE), was found in iWAT of
borage oil-fed mice only, whereas the abundance of all other compounds was not regulated by
the diets (compare Table 13). This indicates that the dietary fatty acid composition does not
substantially influence the abundance of oxylipins associated with browning of WAT in
129S6 mice. In BL6J mice, Ucpl expression was correlated with COX-derived prostaglandins,
isoprostanes and thromboxanes as well as LOX-derived lipoxin A4 (LxAs). Interestingly, most of
these compounds were categorized as borage-associated (compare Table 13), indicating that
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supplementation of borage oil favors the production of oxylipins associated with browning of
WAT in BL6J mice.

Table 14: Summary of correlation analysis between oxylipin abundance and Ucpl mRNA expression in iWAT.

12956 BL6)J
Class Series Compound 3 — 3 —
R significance R significance
prostaglandin n6 PGA; 0.28 ns 0.33 p<0.05
PGD, 0.00 ns 0.17 ns
PGE, 0.01 ns 0.54 p<0.01
6-keto-PGF, 0.16 ns 0.35 p<0.05
PGF,, 0.24 ns 0.30 ns
11B-PGFy, 0.12 ns 0.00 ns
15-deoxy-PGJ,  0.02 ns 0.26 ns
n3 PGE; 0.00 ns 0.12 ns
isoprostane n6 8isoPGA, 0.22 ns 0.72 p<0.001
thromboxane n6 TxB, 0.08 ns 0.55 p<0.01
leukotrien n6 LTB, 0.19 ns 0.00 ns
leukotrien n3 LTBs 0.14 ns 0.00 ns
lipoxin n6 LxA, 0.01 ns 0.42 p<0.05
hydroxyeicosatetraenoic acid n6 5-HETE 0.54 p<0.01 0.12 ns
5-ox0-ETE 0.64 p<0.01 0.02 ns
8-HETE 0.13 ns 0.09 ns
12-HETE 0.10 ns 0.15 ns
15-HETE 0.38 p<0.05 0.06 ns
5,6-DIHETE 0.46 p<0.05 0.00 ns
hydroxyeicosapentaenoic acid n3 18-HEPE 0.00 ns 0.11 ns
octadecanoid n6 9-HODE 0.16 ns 0.03 ns
13-HODE 0.16 ns 0.04 ns
docosanoid n3 7MaR1 0.01 ns 0.14 ns
14-HDoHE 0.01 ns 0.14 ns
17-HDoHE 0.01 ns 0.12 ns
PDx 0.01 ns 0.13 ns
epoxyeicosatrienoic acids n6 5,6-EET 0.67 p<0.01 0.01 ns
8,9-EET 0.62 p<0.01 0.02 ns
11,12-EET 0.67 p<0.01 0.00 ns
14,15-EET 0.63 p<0.01 0.00 ns

Mice of the 129S6 and BL6J strains received palm, fish and borage oil-comprising IFDs at 30°C. After 4 weeks, iWAT was
dissected and subjected to oxylipin analysis (n=5). Expression of Ucpl mRNA (compare Figure 27) and abundance of oxylipins in
iWAT [pg/aliquot] were extrapolated to depot size. R’ was calculated using the Pearson correlation coefficient. Correlation
analysis was conducted for each strain including mice of all diet-groups. Several animals of initially 5 per group were excluded
from the analysis due to extraordinary high Ucpl expression (129S6: 1 in fish oil group and 2 in palm oil group; BL6J: 2 in
borage oil group). The metabolites LxB,, RvD1 and RvD2 were measured but not detected in any sample.

Taken together, modification of the dietary fatty acid composition affected the production of
oxylipins in WAT of mice. The percentage of n3-derived metabolites was increased by
administration of fish oil, whereas the replacement of dietary palm oil by borage oil resulted in
the enrichment of single, n6-derived metabolites. Administration of these fat sources via a diet
that is characterized by a moderately elevated fat content appeared to decrease brite
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adipocyte abundance compared to an LFCD, although this phenotype was weakly pronounced
and not consistently reflected on the level of gene expression and adipocyte morphology.
Expression of Ucpl in WAT of 129S6 and BL6J mice was exclusively correlated with n6-derived
metabolites, indicating that increased production of these respective compounds may favor
brite adipogenesis. In 12956 mice, the abundance of compounds associated with Ucpl
expression was not affected by the dietary fat source. In BL6) mice, Ucpl expression was
associated with metabolites enriched in WAT of borage oil-fed animals, suggesting that this fat
source may affect brite adipocyte abundance in strain-specific manner. Collectively, the
identified metabolites associated with Ucpl expression in WAT serve as candidate compounds
that may favor brite adipogenesis, although their actual browning potential remains to be
elucidated.

3.4 Glucose tolerance of 12956 and BL6] mice

Adaptive thermogenesis in BAT is supported by oxidation of glucose taken up from systemic
blood circulation. Functional BAT and brite fat in high abundance has been shown to improve
blood glucose clearance in mice [118, 119]. The capacity for Ucpl-mediated heat production
may thus be related to glucose homeostasis. Mice of the 12956 and BL6J strains, characterized
by differences in NST capacity, were employed to test this hypothesis.

3.4.1 Non-obesogenic conditions

Mice of the 129S6 and BL6J strains were housed at 30°C and 20°C and fed with LFCD for
4 weeks. As demonstrated above (sections 3.2.1 and 3.2.2), NST capacity of 12956 mice is
higher under both housing conditions. Mice were subjected to oral glucose tolerance tests
(oGTT) to investigate whether this phenotype influences blood glucose clearance. Fasting and
oGTTs were conducted at room temperature (23°C + 1°C) to challenge BAT function in all mice
to the same extent. Thus, differences in glucose tolerance between treatment groups were not
affected by acute effects of ambient temperature but influenced by NST capacity as result of
acclimation.

Both strains did not differ in the regulation of blood glucose levels over time when mice were
housed at 30°C (Figure 32A). Housing of mice at 20°C caused higher blood glucose levels in
BL6J mice although the absolute amount of initial increment and subsequent decline after
glucose gavage appeared to be similar between the strains. The total area under the curve
(AUC) was calculated as measure for glucose tolerance (Figure 32B). As expected, glucose
tolerance was not different between the strains when mice were housed at 30°C. A reduction
of housing temperature led to an improvement of glucose tolerance in both strains, indicating
attenuated blood glucose clearance in response to housing at thermoneutrality, representing a
condition of minimized NST capacity. The effect of mild cold-exposure on glucose tolerance was
more pronounced in 12956 mice.
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Figure 32: Body composition and glucose tolerance of 12956 and BL6J mice under non-obesogenic conditions. At the age of 8
weeks, mice were housed at 30°C and 20°C and fed with LFCD. Body composition and glucose tolerance were assessed after
4 weeks of feeding (n=36). (A) Blood glucose levels during oral glucose tolerance tests (0GTT) before (0 min) and after glucose
gavage. Each dataset was analyzed by Two Way RM ANOVA and Holm-Sidak post-test. Asterisks indicate significant differences
between treatment groups at the indicated time points (*** p<0.001). (B) Total area under the curve (AUC) of blood glucose
levels measured during oGTTs. (C) Fasting blood glucose levels before glucose gavage. (D) Body, fat and lean mass.
Datasets (B-D) were analyzed by Two Way ANOVA and Holm-Sidak post-test (* p<0.05; ** p<0.01; *** p<0.001).
(E) Relationship between glucose tolerance (AUC) and fat mass, and (F) AUC and lean mass. The relationship between two

fat mass [g]

lean mass [g]

variables was analyzed in each group using the Pearson correlation coefficient. R%is indicated in figure legends.
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In contrast to glucose tolerance, fasting blood glucose was marginally affected by housing
temperature but predominantly influenced by strain-specific variation at both housing
temperatures (Figure 32C).

In line with previous observations (Figure 23), there were significant differences in body
composition between both strains (Figure 32D). Mice of the 129S6 strain exhibited a higher
amount of fat mass, whereas lean mass was elevated in BL6J mice. This phenotype was not
affected by housing temperature. Glucose tolerance (AUC) was not correlated with fat
(Figure 32E) or lean mass (Figure 32F), indicating that blood glucose clearance is not predictable
from body composition in this dataset.

Collectively, these data indicate that blood glucose clearance is affected by housing
temperature and genetic background in the context of differential NST capacity when mice are
fed with non-obesogenic LFCD. Elevated NST capacity of 12956 versus BL6J mice did not affect
attenuated blood glucose clearance induced by thermoneutral housing, but appeared to
benefit the improvement of glucose tolerance under mild cold-exposure. As an elevation of the
dietary fat content represents a challenge for glucose tolerance, differences in NST capacity
may as well play a role in the response to hypercaloric feeding.

3.4.2 Hypercaloric conditions

An elevation of the dietary fat content commonly results in body mass gain, body fat
accumulation and impairment of glucose tolerance in obesity-prone mouse strains. Considering
that BAT mediates DIT by dissipating excess energy from food [106], an improved ability for
adaptive thermogenesis may enhance blood glucose clearance attenuating the adverse effect
of a hypercaloric challenge. The significance of NST capacity in the development of DIO and
glucose intolerance was thus investigated.

After administration of LFCD at 30°C or 20°C (see previous section), 12956 and BL6J mice were
distributed into experimental groups stratifying differences in body mass, and switched to one
of three IFDs characterized by a moderate elevation of the dietary fat content. These IFDs
comprised fish oil, borage oil or palm oil and differed in fatty acid composition to alter the
dietary n6/n3 ratio. As demonstrated before (section 3.3), feeding of these IFDs at 30°C
modifies the eicosanoid pattern of iWAT and influences Ucp1l levels and adipocyte morphology
in 12956 and BL6J mice. Thus, IFD feeding was considered as ‘priming period’ that may affect
the propensity for DIO and impaired glucose tolerance. Such relationship was tested by
subsequent feeding of HFDs, characterized by a further elevation of fat content (compare
Table 3).

Mice of all treatment groups gained body mass over time (Figure 33). There were no significant
differences in body mass development between fish, borage and palm oil-fed mice in both
strains when mice were subjected to IFD-feeding. After transition to HFD-feeding, there was a
tendency for lower body mass gain in 12956 mice fed a palm oil-containing diet, whereas
fish oil-fed mice tended to gain most body mass. This phenotype was as well observed in
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BL6J mice at 20°C, where body mass of fish oil-fed mice evolved significantly different from
palm oil and borage oil-fed mice after 1.5 weeks (at day 66) of HFD-feeding.
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Figure 33: Body mass development of 12956 and BL6J mice during LFCD, IFD and HFD-feeding. At the age of 8 weeks, mice
were housed at 30°C and 20°C and gradually fed with LFCD, IFD and HFD. Each type of diet was fed for 4 weeks. Palm, fish and
borage oil were contained as alternative fat sources in IFD and HFD. Depicted data represent averaged body mass of treatment
groups at indicated time points (n=12). Standard deviations were omitted for reasons of clarity. Vertical dashed lines indicate
diet change. oGTTs were performed at the end of each feeding interval as indicated by arrows. Body mass over time was
analyzed by Two Way RM ANOVA and Holm-Sidak post-test in each of the 4 datasets. Asterisks indicate significant differences
(p<0.05) between fish oil-fed mice and mice from either one or both of the other diet groups. Significant differences between
borage and palm oil-fed mice were not identified.

In line with differences in body mass development, total body mass gain during HFD-feeding at
20°C was significantly different between fish oil and palm oil-fed BL6J mice, and largely
attributable to differences in fat mass gain (Figure 34B). Interestingly, cumulative energy intake
among BL6J mice housed at 20°C during HFD-feeding was slightly reduced in the fish oil-fed
group (Figure 34C), indicating that increased fat mass gain of these mice under HFD is not
explainable by sheer differences in energy intake.



RESULTS 70

A 129S6 129S6 129S6
101 3 30°C 101 = 30°C 257 O 30°C
* Em 20°C Em 20°C Em 20°C
= 81 — 8- — 2.0
= = 2
0 - 17}
& 61 9 64 @ 1.5-
S g IS
S 41 = 4- S 1.0
3 > >
<
< 24 2- < 0.51
0- 0- 0.0-
palm fish borage palm fish borage palm fish  borage
B BL6J BL6J BL6J
10 3 30°C 101 3 30°C 2571 « = 30°C
** Em 20°C ** Em 20°C Em 20°C
§ 81 88- * §2.0-
0 - %)
& 61 O 64 9 1.5
£ g =
3 4 = 4 £ 1.0
g S ¢
<
< 2- 24 < 0.5
0- 0- 0.0-
palm fish borage palm fish borage palm fish  borage
C 129S6 BL6J
© 30004 B 30°C palm -©- 20°C palm o 30004 B 30°C palm -©- 20°C palm
% -8 30°C fish -O- 20°C fish % -@ 30°C fish -@- 20°C fish
=1 2500- - 30°C borage -®- 20°C borage = 2500-4 -@- 30°C borage -@®- 20°C borage Kkk
3™ 2000 o BT 2000
o g kK o g
& = 15004 iy & ‘= 15004
o © K%k o @
= % 10004 o 2 2 1000
(_TS' i- *kk E ﬁ
2 s00{ , ‘& 2 500
= =}
© o T T T  © 0
0 7 14 21 28 0 7 14 21 28

days of HFD-feeding days of HFD-feeding

Figure 34: Body mass, body composition and energy intake in HFD-fed 12956 and BL6J mice. At the age of 8 weeks, mice were
housed at 30°C and 20°C and gradually fed with LFCD, IFD and HFD. Each type of diet was fed for 4 weeks. Palm, fish and borage
oil were contained as alternative fat sources in IFD and HFD (n=12). (A) Body, fat and lean mass gain of 12956 and (B) BL6J mice
between beginning (day 56) and end (day 84) of HFD-feeding. All datasets were analyzed by Two Way ANOVA and Holm-Sidak
post-test (* p<0.05; ** p<0.01). (C) Cumulative energy intake during HFD-feeding. Depicted data represent averaged values for
each individual diet group at indicated time points. Standard deviations were omitted for reasons of clarity. Datasets were
analyzed by Three Way ANOVA and Holm-Sidak post-test (* p<0.05; *** p<0.001). Asterisks indicate significant effect of
housing temperature.

Mice of the 12956 strain were previously shown to gain less body mass than BL6 mice when fed
a HFD [203]. Body mass gain on HFD was, however, not different between the strains
irrespective of dietary fat source and housing temperature (Figure 35A). Additionally, HFD-fed
BL6J mice had a constantly increased energy intake over time compared to 129S6 mice,
cumulating in significant differences in total energy intake after 4 weeks of HFD-feeding
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(Figure 35B). Consequently, estimated energy expenditure during HFD-feeding was consistently
higher in BL6J mice (Figure 35C).
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Figure 35: Strain-specific differences in the response to HFD-feeding. At the age of 8 weeks, 12956 and BL6J mice were housed
at 30°C and 20°C and gradually fed with LFCD, IFD and HFD. Each type of diet was fed for 4 weeks. Palm, fish and borage oil
were contained as alternative fat sources in IFD and HFD (n=12). (A) HFD-induced changes in body mass, depicted in Figure
34A and B, were regrouped to identify differences between mouse strains. (B) Total cumulative energy intake at the end of
HFD-feeding. (C) Energy expenditure during HFD-feeding was estimated according to [204] in consideration of energy intake
and changes in body composition.

Collectively, these data demonstrate that 12956 and BL6J mice exhibit similar diet-induced
body mass accumulation in response to a HFD. Interestingly, HFD-induced body mass gain of
BL6J but not 12956 mice was modifiable by the source of dietary fat when mice were mildly
cold-exposed. This phenotype was not observed when mice were housed at 30°C, indicating a
synergistic effect of fat source and reduced housing temperature affecting body mass
development in response to HFD-feeding. Glucose tolerance was repeatedly assessed
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throughout the experiment to investigate whether diet-induced characteristics in body mass
development are reflected in systemic glucose homeostasis.

As demonstrated before (compare Figure 32C), fasting blood glucose under LFCD-feeding was
considerably influenced by genetic background (Figure 36). After HFD-feeding, 12956 mice still
had significantly lower fasting blood glucose levels compared to BL6J mice, irrespective of
dietary fat source and housing temperature (Figure 36). Fasting blood glucose was prone to
changes of the dietary fat content in both strains. This diet-induced increase in fasting blood
glucose tended to be more pronounced in fish and borage oil-fed animals than palm oil-fed
mice, indicating an effect of extraordinary n6/n3 ratios on glucose homeostasis in the fasted
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Figure 36: Fasting blood glucose in 12956 and BL6J mice. At the age of 8 weeks, mice were housed at 30°C and 20°C and
gradually fed with LFCD, IFD and HFD. Each type of diet was fed for 4 weeks. Palm, fish and borage oil were contained as
alternative fat sources in IFD and HFD (n=12). Fasting blood glucose levels were measured during oGTTs at the end of each
feeding interval. Each dataset was analyzed by Two Way RM ANOVA and Holm-Sidak post-test. Asterisks indicate significant
effect of mouse strain (** p<0.01; *** p<0.001). Printed characters indicate significant difference (p<0.05) in fasting blood
glucose induced by differential fat content in the respective mouse strain.



RESULTS 73

Differences in fasting blood glucose were largely reflected in glucose tolerance when mice were
housed at 20°C (Figure 37). Feeding of IFD and HFD at 20°C caused a gradual impairment of
glucose tolerance in both strains. Differences in glucose tolerance between 129S6 and
BL6J mice under LFCD at 20°C were entirely maintained and partly amplified in response to IFD
and HFD.
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Figure 37: Glucose tolerance of 12956 and BL6J mice. At the age of 8 weeks, mice were housed at 30°C and 20°C and gradually
fed with LFCD, IFD and HFD. Each type of diet was fed for 4 weeks. Palm, fish and borage oil were contained as alternative fat
sources in IFD and HFD (n=12). Glucose tolerance (AUC of blood glucose levels) was assessed at the end of each feeding
interval. Each dataset was analyzed by Two Way RM ANOVA and Holm-Sidak post-test. Asterisks indicate significant difference
between 12956 and BL6J mice for the respective type of diet (** p<0.01; *** p<0.001). Printed characters indicate differences
in glucose tolerance induced by dietary fat content within the respective strain (p<0.05).

At 30°C, glucose tolerance of 12956 mice was not significantly affected by the dietary fat
content, whereas glucose tolerance of BL6J mice was impaired by palm and
borage oil-comprising HFD (Figure 37). Interestingly, this regulation led to a considerable
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difference in glucose tolerance between palm oil-fed 12956 and BL6J mice under HFD,
indicating this fat source to affect glucose tolerance in a strain-specific manner.

Taken together, 12956 and BL6J mice are two inbred mouse strains characterized by differential
NST capacity. Elevated NST capacity of 12956 mice may contribute to systemic energy
expenditure. Consequently, elevated NST capacity may be accompanied by an increased
capacity for glucose uptake into BAT and brite fat for enhanced Ucpl-mediated dissipation of
energy, thus affecting blood glucose clearance and body mass accumulation. Such phenotype
may be influenced by the source of dietary fat affecting Ucpl expression in BAT and WAT.
Indeed, body mass gain of BL6J mice fed a HFD at 20°C was modifiable by the source of dietary
fat, indicating a strain-specific, synergistic interaction of fat source and housing temperature.
Collectively, 12956 and BL6J mice exhibited similar body mass gain in response to HFD-feeding.
However, 12956 mice were characterized by a consistently improved glucose tolerance when
housed at 20°C, associating elevated NST capacity of this strain with a protective function in the
regulation of systemic glucose tolerance. This putative, protective function of elevated
NST capacity did not influence blood glucose clearance at 30°C under non-obesogenic
conditions. As 129S6 but not BL6J mice were, however, protected from HFD-induced
impairment of glucose tolerance at 30°C, elevated NST capacity of the first strain may provide a
reserve capacity for the maintenance of systemic glucose homeostasis under obesogenic
conditions. This effect was most pronounced when mice received a diet with intermediate
n6/n3 ratio. Collectively, these results point towards a beneficial role for the thermogenic
function of brown and brite adipocytes in the regulation of blood glucose clearance, which
requires validation in a mouse model of impaired NST.

3.5 Glucose tolerance of Ucp1-KO mice

The capacity for NST is conferred by the presence of Ucpl. Ablation of Ucpl in mice results in
impaired BAT function, primarily characterized by the severe inability to defend body
temperature in a cold environment due to the absence of NST [47]. As previous experiments
have demonstrated, NST capacity differed in the WT inbred mouse strains 12956 and BL6J and
was moreover adaptively influenced by housing temperature. A similar relationship was
identified for the regulation of glucose homeostasis: glucose tolerance was beneficially affected
by mild cold-exposure in both strains. Moreover, 12956 mice were less prone to an impairment
of glucose tolerance in response to hypercaloric feeding. To test whether this phenotype is
indeed dependent on NST, Ucp1-KO mice were employed. Among the three different mouse
models used, NST capacity was highest in 129S6, intermediate in BL6J and negligible in
Ucp1-KO mice. Thus, comparison of BL6J WT vs. KO mice not only mimicked the comparison of
12956 vs. BL6J mice in terms of NST capacity (high vs. low), but also served as direct evidence
for a role of BAT and brite fat function in the regulation of systemic glucose homeostasis.

At the age of 8 weeks, WT and Ucp1-KO mice bred on BL6J background were housed at 30°C
and 20°C and subjected to LFCD-feeding. After 4 weeks, mice were challenged with IFD and HFD
as described above (section 3.4.2). Importantly, only palm oil-comprising IFD and HFD was used



RESULTS 75

as the n6/n3 ratio in fish and borage oil-comprising IFDs and HFDs was extraordinary low and
high, respectively. In palm oil-containing diets, this ratio was intermediate and most similar to
the ratio of non-obesogenic LFCD, thus reducing the difference between different types of diets
basically to the difference in fat content.

In the previous experiment involving 12956 and BL6J mice, glucose tolerance of 12956 mice was
improved compared to BL6J mice when animals were housed at 20°C. This effect was consistent
under both obesogenic (IFD and HFD) and non-obesogenic (LFCD) conditions (compare
Figure 37). As expected, glucose tolerance in the present experiment tended to be gradually
impaired by elevated dietary fat content at 20°C (Figure 38B). Differences between WT and
Ucpl-KO mice were, however, not observed, indicating that glucose tolerance under mild
cold-exposure is not affected by the thermogenic function of BAT and brite fat. In line with
previous results (compare Figure 37), glucose tolerance of BL6J WT mice was impaired by
HFD-feeding at 30°C (Figure 38B). In KO mice, glucose tolerance at 30°C was impaired by IFD
and HFD, resulting in a significant difference in glucose tolerance between WT and KO mice
under these conditions (Figure 38A and B).
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Figure 38: Glucose tolerance of WT and Ucp1-KO mice. At the age of 8 weeks, mice were housed at 30°C and 20°C and
gradually fed with LFCD, IFD and HFD. Palm oil was used as fat source to increase the fat content of IFD and HFD compared to
LFCD. Each type of diet was fed for 4 weeks. Glucose tolerance was assessed at the end of each feeding interval (n=8-10).
(A) Blood glucose levels during oGTTs before (0 min) and after glucose gavage at the end of HFD-feeding. (B) Glucose tolerance
(AUC of blood glucose levels) of WT and Ucp1-KO mice. All datasets were analyzed by Two Way RM ANOVA and Holm-Sidak
post-test. Asterisks indicate significant difference between WT and KO mice (* p<0.05; *** p<0.001). Printed characters
indicate significant effect of fat source within the respective genotype (p<0.05).
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Insulin tolerance tests (ITT) were conducted during each of the three feeding intervals four days
prior to oGTTs to assess differences in glucose tolerance in the context of insulin sensitivity
(Figure 39). When mice were fed at 30°C, insulin sensitivity of WT mice was gradually impaired
(Figure 39B), whereas this regulation was attenuated in Ucpl-KO mice. Consequently,
insulin sensitivity under IFD was similar between WT and Ucp1-KO mice, whereas KO mice were
more insulin sensitive than WT mice under HFD.
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Figure 39: Insulin sensitivity of WT and Ucp1-KO mice. At the age of 8 weeks, mice were housed at 30°C and 20°C and
gradually fed with LFCD, IFD and HFD. Palm oil was used as fat source to increase the fat content of IFD and HFD compared to
LFCD. Each type of diet was fed for 4 weeks. Insulin sensitivity was assessed at the end of each feeding interval 4 days prior to
oGTTs. (A) Blood glucose levels during ITTs of HFD-fed mice measured before (0 min) and after administration of insulin
(n=8-10). Both datasets were analyzed by Two Way RM ANOVA and Holm-Sidak post-test. Asterisks (** p<0.01) indicate
significant effect of genotype at the indicated time points. (B) Insulin sensitivity (AUC of blood glucose levels) of WT and
Ucp1-KO mice. Single mice were not subjected to ITTs at the end of LFCD-feeding (LFCD: n=6-10; IFD and HFD: n=8-10). Data
were thus analyzed by Two Way ANOVA and Holm-Sidak post-test. Asterisks indicate significant difference between WT and
KO mice (** p<0.01). Printed characters indicate significant effect of fat source within the respective genotype (p<0.05).

Alterations in glucose tolerance at 30°C after transition from IFD to HFD were in WT and
Ucpl-KO mice similarly regulated by alterations in insulin sensitivity (Figure 40A). Relatively
improved insulin sensitivity of HFD-fed KO vs. WT mice likely prevented further exacerbation of
glucose tolerance in KO mice at 30°C. This difference in insulin sensitivity may be largely
explained by HFD-induced differences in adiposity (Figure 40B). However, independent from
insulin sensitivity, glucose tolerance of KO vs. WT mice was impaired in response to both IFD
and HFD-feeding at 30°C (Figure 40A). This indicates blood glucose clearance under hypercaloric
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conditions to be affected by an insulin-independent glucose transport mechanism that requires
the presence of Ucpl.
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Figure 40: Relationship between glucose tolerance, insulin sensitivity and fat mass gain in WT and Ucp1-KO mice. At the age
of 8 weeks, mice were housed at 30°C and 20°C and gradually fed with LFCD, IFD and HFD. Palm oil was used as fat source to
increase the fat content of IFD and HFD compared to LFCD. Each type of diet was fed for 4 weeks. Insulin sensitivity and glucose
tolerance were assessed within 4 days at the end of each feeding interval (n=8-10). (A) Relationship between glucose tolerance
(AUC oGTT) and insulin sensitivity (AUC ITT) in WT and Ucp1-KO mice. R? (determined from the Pearson correlation coefficient)
was calculated across IFD and HFD-fed mice of each genotype to investigate the influence of diet-induced alterations in
insulin sensitivity on alterations of glucose tolerance. (B) Relationship between insulin sensitivity at the end of HFD-feeding and
HFD-induced fat mass gain. In both datasets, R? (determined from the Pearson correlation coefficient) was calculated across all
groups to investigate the influence of differential fat mass gain on insulin sensitivity.

Since BAT mediates DIT [106], ablation of Ucpl may promote body mass gain in response to a
HFD caused by an impaired ability to dissipate excess energy derived from food [107, 108]. In
the present experiment, Ucp1-KO mice did not differ from WT mice in body mass development
during LFCD and IFD-feeding, although KO mice tended to exhibit lower body mass at both
housing temperatures (Figure 41A). In line with previous observations (compare Figure 33),
feeding of palm oil-comprising HFD to BL6J mice at 20°C did not alter the rate of body mass gain
compared to LFCD and IFD (Figure 41A), resulting in similar body mass development of WT and
Ucp1-KO mice under mild cold-exposure. In contrast, WT mice exhibited significantly higher
body mass accumulation than KO mice when the HFD was fed at 30°C. This differential body
mass gain under HFD was largely influenced by differential fat mass gain (Figure 41B).
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Figure 41: Effects of LFCD, IFD and HFD-feeding on body mass, body composition and food intake in WT and Ucp1-KO mice.
At the age of 8 weeks, mice were housed at 30°C and 20°C and gradually fed with LFCD, IFD and HFD. Palm oil was used as fat
source to increase the fat content of IFD and HFD compared to LFCD. Each type of diet was fed for 4 weeks (n=8-10). (A) Body
mass development throughout the feeding period. Vertical dashed lines indicate diet change. ITTs and oGTTs were performed
at indicated time points. Both datasets were analyzed by Two Way RM ANOVA and Holm-Sidak post-test. Asterisks indicate
significant difference between WT and Ucpl-KO mice at indicated time points (p<0.05). (B) Body, fat and lean mass gain
between beginning (day 56) and end (day 84) of HFD-feeding. Datasets were analyzed by Two Way ANOVA and Holm-Sidak
post-test (* p<0.05; *** p<0.001). (C) Cumulative energy intake during HFD feeding. Both datasets were analyzed by Two Way
RM ANOVA and Holm-Sidak post-test. Asterisks indicate significant difference between WT and KO mice at the indicated time
points (* p<0.05; ** p<0.01; *** p<0.001). (D) Energy expenditure during HFD-feeding was estimated according to [204] in
consideration of energy intake and changes in body composition. Data were analyzed by Two Way ANOVA and Holm-Sidak
post-test (** p<0.01; *** p<0.001).

Ucpl-KO mice exhibited constantly reduced energy intake throughout HFD-feeding at 30°C
(Figure 41C), cumulating in a total energy intake difference of 165 kJ between WT and KO mice
(Table 15). As the total energetic costs for fat mass accumulation differed by 128 kJ, this
difference in energy intake is sufficient to explain the observed differences in fat mass gain
(Table 15). In line with published observations [108], estimated energy expenditure of HFD-fed
WT and Ucpl-KO mice was increased by mild cold-exposure but similar between WT and
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KO mice under both housing conditions (Figure 41D). These data indicate that differential fat
mass accumulation of WT and Ucpl-KO mice in response to HFD-feeding at 30°C is
predominantly influenced by differences in energy intake.

Table 15: Comparison of total energy intake and energetic costs of fat mass accumulation during HFD-feeding.

WT 30°C KO 30°C WT 20°C KO 20°C
A fat mass [g]"* 4.1+2.0 1.5+0.7 1.8+0.9 1.0+0.6
Energy required for fat mass deposition [kJ]2 199.1+98.3 71.1+35.6 87 +45.9 49.4+29.2
difference WT vs. KO 128 37.6
Total energy intake [kJ] 1583 +125 1418 £179 1955 +551 1957 +£300
difference WT vs. KO 165 -2

Data represent mean t+ standard deviation (n=8-10). Fat mass gain between beginning (day 56) and end (day 84) of
HFD-feeding. ZAssuming portions of fat and protein of 90.8% and 0.79%, respectively, per g of adipose tissue [201], and
requirements of 53.4 kJ and 52.9 kJ of metabolizable energy for deposition of 1 g fat and protein, respectively [202].

In summary, these data corroborate a distinct role for NST capacity in the regulation of
systemic glucose tolerance. NST is provided by BAT, which dissipates energy as heat in response
to reduced ambient temperature or hypercaloric feeding. The capacity for NST may be
complemented by brite adipocytes in WAT. Since NST in BAT is supported by uptake of glucose
from the blood circulation, increased NST capacity may result in enhanced glucose uptake and
metabolization in BAT and brite fat, thus improving blood glucose clearance. The results
presented here provide direct and indirect evidence for such relationship using mouse models
of differential NST capacity. In this regard, NST capacity was found to be unaffected by
monogenic ablation of Cox7al, whereas the inbred mouse strains 12956 and BL6J were
identified as polygenic model of differential NST capacity. Under mild cold-exposure,
129S6 mice exhibited improved blood glucose clearance compared to BL6J mice. This effect was
observed under obesogenic and non-obesogenic conditions, not modifiable by the source of
dietary fat and associated with differences in strain-specific NST capacity. This phenotype was,
however, not observed in WT and NST-deprived Ucp1-KO mice, indicating glucose tolerance
under mild cold-exposure to be unaffected by NST capacity. At thermoneutral environment,
glucose tolerance of 12956 and BL6J mice was similar under non-obesogenic conditions, an
effect that was as well observed when WT and Ucpl-KO mice were compared.
Glucose tolerance of 12956 mice was unaffected by hypercaloric feeding, whereas glucose
tolerance of BL6J mice was conditionally impaired. This diet-induced impairment of glucose
tolerance was considerably more pronounced in Ucp1-KO mice. Impaired glucose tolerance of
Ucp1-KO vs. WT mice did not result from reduced insulin sensitivity of KO mice, suggesting the
existence of an insulin-independent glucose transport mechanism that benefits glucose
tolerance in the presence of Ucpl. This mechanism does not influence glucose tolerance under
non-obesogenic conditions but attenuates the impairment of glucose tolerance in response to
hypercaloric feeding. As Ucp1-KO mice exhibited lower body mass gain than WT mice at 30°Cin
response to HFD, these results indicate that NST capacity has a beneficial effect for systemic
glucose homeostasis but not for diet-induced body mass accumulation.
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4 DISCUSSION

4.1 Background of the present work

The recent rediscovery of functional brown adipose tissue (BAT) in humans [90-93] has revived
the interest in its function and physiology. Facing the burden of the global prevalence of obesity
and type 2 diabetes mellitus, its ability to dissipate energy by metabolization of lipids and
glucose renders BAT a target for weight loss and the improvement of metabolic health. In fact,
there is growing evidence that activation or recruitment of BAT in human subjects promotes
energy expenditure, whole-body insulin sensitivity and glucose disposal [113, 114, 142].
Moreover, transplanted human brite adipocytes derived from capillary networks are capable of
improving glucose tolerance in mice [205]. Thus, enhanced BAT function is hypothesized to
prevent or even cure pathologic states of hyperglycemia, although demonstration of direct
evidence for such relationship in humans has not yet been achieved. In mice, glucose uptake
into BAT is of fundamental importance to maintain normothermia in a subthermoneutral
environment [206]. Elevated mass of BAT and brite fat improves glucose tolerance [118, 119]
whereas it is impaired in mice with reduced thermogenic BAT function [207-209]. This suggests
a gradual effect of non-shivering thermogenesis (NST) capacity on glucose uptake and thus
blood glucose clearance. Cold-exposure is a strong stimulant of NST capacity in rodents and so
far the predominant method of choice for human interventions owing to the lack of sufficiently
characterized pharmacological or effective nutritional stimulants. The identification and
implementation of novel compounds for a widespread application requires characterization of
molecular pathways as well as the identification and targeted manipulation of components that
drive activation of BAT and brite adipogenesis. The present thesis therefore aimed to (1) clarify
the role of the cold-induced protein Cox7al in the recruitment of NST capacity to possibly
provide a novel target, (2) test the efficacy of a nutritional intervention in brite adipogenesis
and (3) augment and specify the current body of evidence for a direct relationship between BAT
function and glucose homeostasis by the use of mouse models with differential NST capacity.

4.2 Cox7al has no essential role for BAT function

Activation of BAT during cold-exposure is characterized by adaptive upregulation of proteins
involved in mitochondrial respiratory thermogenesis as the key molecular pathway that
discriminates white adipose tissue (WAT) and BAT [146]. The rate-limiting enzyme within this
system, cytochrome c oxidase (CCO), is capable of adjusting its activity on the qualitative level
by phosphorylation, allosteric regulation and the expression of isoforms for at least 5 of its
13 subunits [150]. The function of subunit 7a (Cox7a) can be fulfilled by Cox7al or Cox7a2. The
latter is ubiquitously expressed whereas Cox7al is particularly abundant in skeletal muscle and
heart. Ablation of Cox7al blunts CCO activity in these tissues [160, 161].

Cox7al is one of several genes, which are characterized by consistently enriched expression in
BAT vs. WAT as well as cold-induced upregulation in WAT during browning [162]. Thus, this set
of brown adipocyte marker genes serves as transcriptional fingerprint for the identification of
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both brown and brite adipocytes. Among these genes, uncoupling protein 1 [47], fatty acid
binding protein 3 [210], carnitine palmitoyltransferase 1b [211], type 2 iodothyronine
deiodinase [212], and acyl-CoA thioesterase 11 [213] affect BAT function in knockout mice, thus
extending their role from a sheer marker towards a protein with functional relevance within the
thermogenic molecular machinery. The role of Cox7al has not been investigated so far.
Interestingly, Cox7al is a cold-responsive protein of BAT whereas expression of its paralogue is
hardly affected by ambient temperature [146]. Moreover, the levels of Cox7al and Cox7a2
MRNA expression in BAT resembled those in heart (Figure 8A), indicating these isoforms to be
of similar importance for these two tissues characterized by exceptional oxidative capacity.
Upregulation of Cox7al in cold-activated BAT may thus contribute to NST by replacing Cox7a2
to adjust CCO activity to increased uncoupling protein 1 (Ucp1) mediated proton conductance.
Wildtype (WT) and Cox7al knockout (KO) mice were employed to test this hypothesis.

Mice were subjected to different temperature regimens and BAT function was characterized on
the molecular level focusing on CCO activity and Ucp1 protein levels in tissue homogenates. As
expected, Ucpl expression was lowest under thermoneutral conditions and followed a gradual
upregulation in response to decreased housing temperature (Figure 9C). The activity of CCO
was regulated in an identical manner (Figure 10), likely to compensate for increased
Ucpl-mediated proton leak. Upregulation of CCO activity during cold-acclimation may
principally be achieved by different physiological mechanisms: an increased abundance of
mitochondria per cell (mitochondrial biogenesis), an increased abundance of assembled CCO
per mitochondrial mass or regulatory features affecting CCO activity such as the expression of
subunit isoforms. Cox4i2 represents the lung-specific isoform of subunit 4, whereas Cox6a2 and
Cox7al represent the heart-type isoforms of subunits 6a and 7a, respectively, with enriched
expression in heart and skeletal muscle. Single ablation of these isoforms reduces CCO activity
in the mentioned tissues [160, 161, 214-216]. Despite its strong induction in cold-activated BAT,
ablation of Cox7al, however, did not affect CCO activity at any temperature acclimation state.
In heart, Cox7a2 protein is 5-fold upregulated to compensate for deletion of Cox7al despite
unaffected Cox7a2 mRNA levels, but this response fails to restore CCO activity [160]. Similarly,
Cox7a2 mRNA levels were not affected by Cox7al-KO in BAT (Figure 8B). Protein levels of
Cox7al and Cox7a2 were not measured due to a high sequence identity (about 65%) within the
mature peptides excluding the discrimination of both isoforms by standard analysis methods
such as Western Blot. A possible upregulation of Cox7a2 protein may thus be capable of
replacing Cox7al function in BAT but not in heart.

To investigate the effect of Cox7al ablation on the organismic level, NST capacity was
determined in WT and KO mice in response to a single high-dose injection of norepinephrine
(NE). Male and female mice were subjected to two consecutive measurements, which were
conducted in room temperature-acclimated state and after acute (4 days) or chronic (28 days)
housing at 4°C. In line with previous observations [188], both basal metabolic rate and
NST capacity were stepwise increased during cold acclimation (Figure 11B) to maintain body
temperature (Figure 11C). Since murine brite adipocytes represent an additional pool of
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thermogenic cells [20, 21], one may speculate whether increased NST capacity was the result of
Ucp1l expression in both BAT (Figure 9C) and WAT (Figure 14). None of the tested parameters
was, however, affected by the presence or absence of Cox7al, suggesting that Cox7al is not
required for the thermogenic function of brown and brite adipocytes.

Thermogenic BAT function was studied in adult mice of a constitutive knockout mouse model
and putative defects in NST may thus be compensated by counterregulatory mechanisms. In
mouse models with characterized BAT defect, increased browning of WAT may partially restore
thermogenesis [188, 217, 218]. Brite fat appeared, however, normal in Cox7al-KO mice
(Figure 13) and NE-stimulatable NST capacity did not differ between WT and KO mice, thus
guestioning the need for compensatory thermogenesis. Newborn mice, devoid of any
adaptively acquired counteractive function in other tissues, were subjected to a thermal
imaging approach to test this hypothesis. The method was validated using pups of a Ucp1-KO
mouse line characterized by complete absence of NST during adult life [47]. Skin surface
temperature in the interscapular region (iSST) was employed as measure for BAT-derived
heat production. In line with imaging experiments in adult Ucp1-KO mice [219], low iSST was
confirmed in KO pups compared to WT and heterozygous (HET) littermates (Figure 12C),
indicating the capability of this method to detect defective NST in an early stage of life. Cox7al
is first detectable on embryonic day 17 [159] and its ablation may thus similarly affect
thermogenesis. There were, however, no differences in iSST between WT, HET and KO animals
of neonate Cox7al litters (Figure 12E), indicating that Cox7al influences adaptive
thermogenesis neither in adult nor in newborn mice. Thus, Cox7al is dispensable for NST and
its ablation does not require the counteracting function of other tissues.

Beyond its classical role in the maintenance of body temperature, BAT is involved in
diet-induced thermogenesis (DIT) [106]. Irrespective of any thermoregulatory requirement, BAT
is stimulated by increased sympathetic activity in response to hypercaloric feeding to dissipate
excess energy from food [220]. Conversely, impaired BAT function is hypothesized to result in
excessive body mass accumulation. Such phenotype may be masked at room temperature
when adaptive thermogenesis is obligatory required irrespective of its origin. Indeed,
Ucp1-KO mice with impaired BAT function are lean at room temperature [108] but may become
obese when fed a high-fat diet (HFD) under thermoneutral conditions [107, 108]. To further
investigate BAT function in Cox7al-KO mice, animals were housed under thermoneutral
conditions and subjected to a feeding regimen known to promote diet-induced obesity (DIO)
and impaired glucose tolerance when fed at room temperature [199]. As expected, HFD-fed
mice gained more body mass than mice on low-fat control diet (LFCD) throughout the feeding
period (Figure 16B). Neither total body mass gain (Figure 16D) nor glucose tolerance (Figure 17)
at the end of HFD-feeding was, however, influenced by the presence or absence of Cox7al.
These results demonstrate that Cox7al is not required for the metabolic response to
HFD-feeding.

WT and Cox7al-KO mice were bred on C57BL/6J background. Mice of this strain are typically
prone to HFD-induced impairment of glucose tolerance when housed at room temperature
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[199, 221]. Thus unexpectedly, glucose tolerance was similar between LFCD and HFD-fed mice
housed at thermoneutrality (Figure 17B). As will be discussed below (section 4.5),
glucose tolerance in LFCD-fed state is reduced by thermoneutral housing temperature, possibly
as consequence of minimized NST capacity and thus BAT-mediated glucose uptake. Accordingly,
this phenotype probably resulted from impaired glucose tolerance in LFCD-fed mice rather than
an improved one in HFD-fed mice.

Taken together, Cox7al is a widely used brown and brite adipocyte marker gene and a
cold-responsive protein of BAT. Maximal CCO activity in heart and skeletal muscle requires high
Cox7al abundance in these tissues. However, Cox7al was not required for CCO activity in BAT,
for BAT-derived heat production in neonate and adult animals, for brite adipogenesis and for
the response to hypercaloric feeding. Thus, Cox7al is dispensable for BAT function. The
function of subunit 7a for CCO activity in BAT is likely exerted by Cox7a2 only, which in many
tissues throughout the body is the sole isoform for this subunit. Conditional knockout of either
one or the other isoform may help to clarify the role of this subunit for tissue-specific CCO
activity and its physiological consequences.

4.3 The capacity for NST differs between 12956 /SvEvTac and C57BL/6] mice
The function of BAT is widely hypothesized to influence systemic glucose homeostasis in mice
and men [113, 119, 222]. BAT provides NST, which is supported by the oxidation of glucose
taken up from the blood circulation. An increased potential for heat production in BAT may
augment glucose uptake into the tissue thus enhancing blood glucose clearance. Moreover, this
effect may be complemented by brite adipocytes representing an additional pool of
thermogenic cells. Two mouse strains, C57BL/6J (BL6J) and 129S6/SvEvTac (129S6), were
characterized with respect to their NST capacity constituting a polygenic approach to test this
hypothesis.

BL6J and 129S6 are two common inbred mouse strains widely used for a variety of scientific
purposes. The first is bred by the Jackson Laboratory since decades and represents one among
several substrains of the C57BL parent strain generated in 1921 by Clarence Cook Little [223].
The latter, 129S6, is one among various 129 substrains that is distinctly bred by Taconic since
1992 originating from a cross of two substrains of the 129/SvEv stock of Martin Evans, which is
itself derived from the stock of Leroy Stevens [224]. 129 strains differ from BL6 strains on the
whole-genome-level by exhibiting more than 800,000 indels and more than 4 million single
nucleotide polymorphisms resulting in at least 25,000 structural variants [225]. This genetic
diversity causes mice of the 129S6 strain to display an improved ability for brite adipogenesis
during postnatal development [226]. Brite adipocytes are functionally thermogenic [20, 21] and
their abundance may thus modulate adaptive heat production. Mice of the 12956 and BL6)J
strains were employed to study the nature of this browning phenomenon during adult life and
to investigate its relationship to NST capacity.

The capacity for NST was determined by means of a NE-test. Mice were acclimated to 30°C to
eliminate ambient temperature as important factor in the recruitment of NST. Mice of the
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129S6 strain exhibited an approximately 40% increased NST capacity (Figure 22). NE is the
physiological activator of NST and its administration in high dose results in a general activation
of adrenoreceptors throughout the body. As evident in Ucpl-KO mice, the general
pharmacological response evoked by NE is negligible [227, 228] and NE-induced
oxygen consumption can be interpreted as almost entirely Ucpl-dependent. Given that the
capacity for BAT-derived heat production at 30°C was likely similar in both strains as indicated
by Ucp1 protein levels and CCO activity (Figure 21), this strain difference in NST capacity may
originate from other Ucpl-competent tissues. In fact, 12956 mice display considerably higher
Ucpl expression in skeletal muscle resulting from intermuscular fat [229]. Moreover, the
abundance of multilocular cells in subcutaneous inguinal WAT was higher in 129S6 than
BL6J mice (Figure 19), indicating the higher postnatal predisposition for brite adipogenesis in
129S6 mice [226] to persist in adult life. This strain difference is even maintained in vitro in
differentiated primary inguinal adipocytes along with a higher Ucpl-dependent
oxygen consumption in cells derived from 12956 vs. BL6J mice [230]. Compensatory browning
of WAT in mouse models of specific BAT ablation is capable of restoring NST capacity [218].
Thus, the higher NST capacity in 12956 mice was likely caused by a higher abundance of brite
adipocytes and/or ectopic Ucpl expression in muscle. This phenotype renders the comparison
of both mouse strains at thermoneutral housing temperature a polygenic alternative to
monogenic gain- or loss-of-function models to distinctly investigate whether a differential
predisposition for brite adipogenesis is capable of modulating energy expenditure to affect
body mass development or glucose tolerance.

Housing at subthermoneutral ambient temperature physiologically recruits NST capacity in
mice. Mild cold-exposure consequently increases the capacity for NE-stimulatable heat
production in BL6J mice [188]. Mice of the 12956 and BL6J strains were acclimated to 20°C
representing a mild cold-challenge to investigate whether differences in NST capacity, which
were observed at 30°C, are influenceable by means of environmental stimulation. The capacity
for NST was not determined by NE-test when mice were housed at 20°C. Gene expression of
Ucpl (Figure 20) and the abundance of multilocular cells (Figure 19) in WAT as well as
Ucpl protein levels in BAT (Figure 21B) were, however, higher in 12956 than BL6J mice. Given
the higher NST capacity of 12956 mice at 30°C, the observed strain differences in BAT and WAT
at 20°C were likely sufficient to maintain or even amplify this magnitude of difference in
NST capacity.

Environmental effects on NST capacity can be mimicked by targeted activation of the
Bs-adrenergic receptor predominantly expressed by brown and white adipocytes [231, 232]. To
pharmacologically recapitulate the effect of mild cold-exposure, 12956 and BL6J mice were
subjected to CL-316243 (CL) treatment thus receiving a highly specific Bs-adrenergic agonist
[233]. Mice were acclimated to 30°C prior to treatment to minimize endogenous NST capacity.
CL was repeatedly administered over 7 days in four different doses to characterize the
strain-specific responsivity. As expected [19, 234], Ucpl expression was stimulated in BAT and
WAT by repeated CL-administration reaching maximal levels at 0.2 mg/kg/day in both tissues
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and both mouse strains (Figure 24A and Figure 25B). Higher Ucpl expression was observed in
129S6 mice under all conditions, supporting previous observations on their higher potential to
adaptively recruit NST. Of note, high-dose CL-administration (5 mg/kg) was detrimental to
129S6 but not BL6J mice within 24 hours after the first injection. As evident from experiments
with 2,4-dinitrophenol, overly acute stimulation of mitochondrial uncoupled respiration is
capable of inducing hyperthermia and death [235, 236]. In fact, a single CL-administration
acutely activates Ucpl-mediated thermogenesis [47, 237, 238]. Detrimental effects in
129S6 mice thus likely originated from acute hyperthermia that was promoted by hindered
heat loss at 30°C housing temperature in response to a single, high dose of CL, which stimulated
heat production by high basal levels of Ucpl in BAT and WAT. This phenotype underlines the
physiological significance of differential NST capacity.

In summary, 12956 and BL6J are two inbred mouse strains characterized by differential
NST capacity. Mice of the 129S6 strain had a higher NST capacity when acclimated to 30°C,
which may originate from their higher abundance of brite adipocytes in WAT. Moreover, this
strain had the ability to express Ucp1 at a higher level in BAT and WAT when these tissues were
environmentally or pharmacologically stimulated, indicating a higher potential for the adaptive
recruitment of NST. Thus, comparison of 12956 and BL6J mice constitutes a polygenic model to
investigate the systemic effect of differential BAT and brite fat function.

4.4 The dietary fatty acid composition affects the production of
browning-associated oxylipins in WAT of BL6] mice

Brite adipocytes are functionally thermogenic [20, 21] and their abundance in thermoneutral
environment likely caused 129S6 mice to exhibit a higher NST capacity than BL6J mice. This
phenotype may confer 12956 mice an improved capacity for blood glucose uptake, which may
in turn affect glucose homeostasis. Browning of WAT is dependent on the presence of
cyclooxygenase (COX) and associated with the COX-mediated production of prostaglandin E,
(PGE,) and prostaglandin |, (PGl,), two arachidonic acid (AA) derived prostaglandins of the
n6 series secreted by mature adipocytes to stimulate brite differentiation of precursor cells
[165, 166, 174-176]. Fatty acids of the n6 and n3 series compete to serve as substrate for COX
[179, 180], resulting in the production of different eicosanoid subtypes depending on the
particular precursor fatty acid (compare Figure 6). Mice of the 12956 and BL6J strains were fed
with diets characterized by differential fatty acid composition to investigate whether
strain-specific differences in brite adipocyte abundance are further modifiable by means of a
nutritional intervention thus affecting NST capacity.

Mice of both strains were housed under thermoneutral conditions and fed with LFCD or an
intermediate-fat diet (IFD) characterized by moderately elevated fat content via the addition of
an experimental oil. A diet rich in the AA-precursor y-linolenic acid (GLA) reduces body fat
accumulation in rats [239, 240], possibly promoted by increased Ucpl-mediated
energy expenditure in BAT [240]. Borage oil, a rich source of GLA [241], was used as one
experimental fat source to study the effects of an n6-enriched diet on Ucp1 expression in WAT,
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hypothesizing the increased formation of AA from GLA, which may favor the formation
AA-derived oxylipins to drive browning. Fish oil serves as rich source of the n3 fatty acids
eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) [241]. Fish oil consistently attenuates
body and fat mass accumulation when administered to rodents, an effect that is discussed to
involve Ucpl-dependent [242] or independent mechanisms [243-245] in WAT. Fish oil was used
as alternative experimental fat source to directly compare and evaluate the efficacy of n3 vs. n6
fatty acids in the recruitment of brite adipocytes. These effects were compared to an IFD
comprising palm oil, characterized by the complete absence of GLA, EPA and DHA (see Table 4).
All IFDs were fed for 4 weeks. Effects on Ucpl expression in BAT and WAT were faint and
subject to large variation. Although IFD-feeding consistently blunted Ucpl expression in WAT of
both mouse strains, borage-containing IFD was capable of attenuating this phenotype in BL6J
but not 12956 mice (Figure 27), indicating a strain-specific effect of dietary
GLA supplementation. Samples of WAT of IFD-fed mice were subjected to oxylipin analysis to
see whether this phenotype is related to differential eicosanoid production. In line with
previous observations [245, 246], supplementation of mice with n3 fatty acids via a fish
oil-comprising diet considerably increased the portion of n3-derived metabolites in WAT
compared to other diets (Figure 30). The percentage of n6 and n3-derived metabolites was
comparable between palm and borage oil-fed mice. Several individual oxylipins were, however,
particularly enriched in response to borage oil administration (Table 13). As these metabolites
were almost exclusively derived from AA, GLA supplementation via borage oil appears to
efficiently trigger the formation of AA and its downstream metabolites, and to selectively affect
brite adipocyte abundance in BL6J mice.

The potential of oxylipins in WAT browning is virtually unexplored. To date, PGE, and PGl, are
the best described candidates with putative browning potential in murine models [165, 166,
174, 176, 247]. Ambivalent results were obtained in a human cellular model of brite
adipogenesis where browning is inhibited by PGE, [194] and promoted by a PGl,-analogue
[248]. In the present study, Ucpl expression in WAT of BL6J mice was related to the abundance
of both PGE, and 6-keto-PGFy, (Table 14), representing a stable, inactive metabolite of PGl,
[168], supporting both compounds as putative, endogenous browning agents. Further
candidate compounds associated with Ucpl expression in BL6J mice were prostaglandin A;
(PGA1), thromboxane B, (TXB,), lipoxin A; (LxA;) and 8-iso prostaglandin A, (8isoPGA);)
(Table 14). Interestingly, all these compounds almost exclusively represent COX-derived
metabolites (compare Figure 6) partially enriched in WAT of borage-fed mice (Table 13), none
of which associated with Ucpl expression in WAT of 12956 mice. Brite adipogenesis is
promoted by COX, which is induced in WAT in a cold environment or upon Bs-adrenergic
stimulation [165, 166]. One may speculate whether dietary GLA specifically fuels this
COX-pathway in BL6J mice thus promoting brite adipocyte formation via AA-derived oxylipins.

In 12956 mice, Ucpl expression was associated with the abundance of
5-hydroxyeicosatetraenoic acid (5-HETE), 15-HETE, 5-oxo-eicosatetraenoic acid (5-oxo-ETE),
5,6-dihydroxy-eicosatetraenoic acid (5,6-DiIHETE) as well as epoxyeicosatrienoic acids (EETs)
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(Table 14). Except for 5,6-DIHETE, all these compounds were not specifically enriched in a
certain diet-group (Table 13) and exclusively obtained from COX-independent metabolization
(compare Figure 6). Given that Ucp1 expression was also higher in IFD-fed 12956 mice than in
BL6J mice (Figure 27), these respective compounds may contribute to the development and
maintenance of elevated basal levels of brite adipocytes in 12956 versus BL6J mice.
Mechanistically, PGA;, 5-oxo-ETE, 15-HETE as well as EETs have been shown to interact with
peroxisome proliferator-activated receptor (PPAR) y [249-252]. Activation of PPARy in WAT
stimulates the expression of Ucpl [10, 253, 254]. Consequently, these oxylipins may influence
brite adipocyte abundance in a PPARy-dependent mechanism thus complementing PGE, and
PGl, as oxylipin candidate compounds with possible browning effect. Additionally, browning of
WAT under cold-exposure was recently shown to depend on catecholamines secreted by
alternatively activated macrophages attracted to WAT via interleukin-4 (IL-4) secreted by
resident eosinophils [255, 256]. Moreover, IL-4-recruited macrophages promote browning of
WAT by secretion of 9-hydroxyoctadecadienoic acid (9-HODE) and 13-HODE, both of which are
oxylipin species serving as ligands for PPARy [257]. Since 5-oxo-ETE functions as very potent
eosinophil chemoattractant and activator [258, 259], one may speculate whether this
compound is capable of initiating a coordinated browning process via such eosinophil-IL-4-
macrophage-dependent pathway that may be potentiated by other compounds in a
PPARy-dependent manner.

Taken together, the oxylipin profile produced in WAT of mice is modifiable by dietary fatty acid
composition. A borage oil-comprising diet rich in GLA favored the production of AA-derived
compounds, some of which may contribute to browning of WAT in BL6J mice. In contrast, brite
adipocyte abundance in 12956 mice was not modifiable by the source of dietary fat and
associated with other AA-derived oxylipin species that may discriminate the browning potential
of these mouse strains. The present study supports the suggested roles of PGE, and PGl in
murine WAT browning and reveals several new candidate compounds that may drive
Ucpl expression. Their particular mechanism of action as well as their source (mature
adipocytes, endothelial cells or immune cells) and their actual browning potential remain to be
clarified in future studies. As 129S6 and BL6J mice represent mouse strains of differential
NST capacity, the modification of dietary fatty acid composition may influence their capability
for Ucpl-dependent heat production and thus metabolic effects related to energy expenditure.

4.5 129S6 mice have a better glucose tolerance than BL6] mice

Elevated mass of BAT and brite fat beneficially affects body mass development and glucose
tolerance in mice [118, 119, 260-262]. This effect may originate from enhanced energy
expenditure in these tissues, causing an increased uptake of glucose from the bloodstream to
support Ucpl-dependent heat production. Mice of the 129S6 strain were shown to exhibit a
higher NST capacity than BL6J mice, a phenotype that may consequently result in an improved
ability for glucose uptake into BAT and brite fat, which may in turn affect glucose homeostasis.
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Mice of the 12956 and BL6J strains were subjected to a feeding experiment to investigate the
systemic effect of differential NST capacity on body mass development and glucose tolerance.
Mice of both strains were initially fed with LFCD at 30°C or 20°C housing temperature.
LFCD-feeding was followed by the administration of IFDs characterized by differences in the
dietary fatty acid composition aiming at the modulation of brite adipocyte abundance via
fatty acid-derived oxylipins. Mice were challenged with HFDs to elucidate the effect on
diet-induced body mass accumulation. Mice of all diet-groups gained body mass at a similar
rate when HFDs were administered at 30°C. Interestingly, body mass accumulation of BL6J but
not 12956 mice was influenceable by the source of dietary fat when HFDs were administered at
20°C (Figure 33). This effect may originate from the uncommon experimental setup of the
present study, owing to the period of IFD-feeding. Indeed, the same type of palm oil-comprising
HFD induces a marked alteration in the rate of body mass gain in the same stock of
BL6J animals when LFCD-feeding directly precedes HFD-feeding at 23°C [199]. In the present
study, however, the rate of body mass gain of palm oil-fed BL6J mice housed at 20°C was quite
similar during LFCD, IFD and HFD-feeding. Similarly, fish oil administration is generally
considered to attenuate body and/or fat mass gain in rodents in a variety of settings [263]. Such
protective effect was not observed in the present study. Thus, differential body mass
development of BL6J mice may originate from a strain-specific ‘priming effect’ of IFDs that is
synergized by mild cold-exposure and preconditions the organism for body mass gain under
HFD-feeding.

Mice of the 12956 strain were previously shown to gain less body mass than BL6 mice when fed
a HFD [203]. In the present study, body mass gain under HFD was, however, largely comparable
between 12956 and BL6J mice at either housing temperature irrespective of the dietary fat
source (Figure 35A). In fact, the susceptibility of 12956 mice to DIO was recently shown to be
influenced by compositional changes of the gut microbiota evoked by accommodation in the
respective local environment [264]. Indeed, breeding of mice in different locations is capable of
generating striking differences in microbiota composition of the same mouse strain [265, 266].
Thus, similar body mass gain of mice in the present study may arise from a local environment
that abrogates differences between 12956 and BL6J mice previously observed in other facilities.
BAT mediates DIT [106] and elevated NST capacity may therefore attenuate diet-induced
body mass accumulation [107]. Mice of the 129S6 strain are characterized by elevated
NST capacity compared to BL6J mice, but mice of both strains exhibited similar body mass gain
in response to HFD (Figure 35A). Total energy intake and estimated total energy expenditure
was even reduced in 12956 mice (Figure 35B and C). In a hypothetical pair-feeding experiment,
in which mice of both strains receive the identical amount of energy from a HFD, BL6J mice are
expected to gain less body mass than 12956 mice. Thus, elevated NST capacity of 12956 mice
may either not contribute to a limitation of body mass accumulation, or reduced NST capacity
of BL6J mice may be compensated by means of other mechanisms such as increased activity.
The varying susceptibility of different mouse strains to the effects of hypercaloric feeding
represents a useful tool to investigate the underlying mechanisms. In this respect, 12956 and
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BL6J mice were previously shown to differ in glucose tolerance and insulin sensitivity [203,
267]. To further investigate putative differences in glucose tolerance in the context of
differential NST capacity, mice of both strains were periodically subjected to oral glucose
tolerance tests (0GTT) in the course of this feeding experiment.

Fasting blood glucose levels were consistently higher in BL6J mice, irrespective of diet or
housing temperature (Figure 36). This phenotype has been observed earlier in chow-fed mice
and was accompanied by comparable fasting insulin levels [267], indicative of increased hepatic
glucose output in BL6J mice contributing to elevated fasting glycaemia. A considerable impact
of housing temperature on glucose tolerance was observed during oGTTs performed at the end
of LFCD-feeding. Housing of mice at 20°C promoted glucose tolerance in mice of both strains
(Figure 32A and B), suggesting acclimation to a thermoneutral environment per se to reduce
blood glucose clearance. In fact, cold-exposure of rodents results in a notable upregulation of
glucose uptake into BAT in line with the need to fuel adaptive heat production [116, 268-271].
Moreover, the maintenance of body temperature in mice exposed to cold essentially relies on
glucose uptake and utilization in BAT [206]. This tissue is capable of absorbing glucose at a
much higher rate than other tissues in mice [116, 119, 247], indicating a considerable uptake
capacity despite its low mass. Accordingly, this effect of housing temperature on glucose
tolerance probably originated from a remodeling process as result of acclimation that conferred
mildly cold-exposed (20°C) mice the sustained ability for increased glucose uptake into BAT
during oGTTs performed at 23°C. In fact, the need for adaptive heat production at 23°C was
identical for all animals although mice of different acclimation state (30°C vs. 20°C) differed in
NST capacity. In mice acclimated to 30°C, NST capacity is estimated to suffice for the
maintenance of body temperature without shivering even when these are exposed to
environmental temperatures below 20°C [188]. Thus, differences in glucose tolerance between
mice of different acclimation state likely originated from a differential glucose uptake capacity
into BAT and brite fat as result of NST capacity rather from than acute effects of
ambient temperature.

In addition to this general protective effect of mild cold-exposure, glucose tolerance of
LFCD-fed 12956 mice was more promoted by housing at 20°C (Figure 32A and B) concomitant
with higher Ucpl levels in BAT and WAT under this condition (Figure 20 and Figure 21).
Moreover, this strain-specific difference in glucose tolerance was entirely maintained in the
further course of the experiment although glucose tolerance was gradually impaired by IFD and
HFD in both strains (Figure 37). This effect may originate from the chronic, B-adrenergic
stimulation during mild cold-acclimation since this phenotype was almost absent in mice
housed at 30°C. In fact, not the insulin-stimulated but the adrenergically-stimulated glucose
uptake into BAT is in vivo dependent on Ucpl [272]. Adrenergically-stimulated glucose uptake
into brown adipocytes is mediated in cyclic adenosine monophosphate (cAMP) and
protein kinase A (PKA) dependent manner via the insulin-independent glucose transporter
Glutl, which is expressed and translocated at higher levels in response to a B-adrenergic
stimulus [273-276]. Similarly, a recent study shows that even browning of WAT is capable of
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ameliorating blood glucose clearance in an insulin-independent manner influenced by
Glutl abundance [247]. Considering the common cAMP/PKA-dependent pathway in the
recruitment of Glutl and Ucp1, 12956 mice kept at 20°C may not only be more responsive than
BL6J mice on the level of adaptive Ucpl induction but also on the level of Glutl. This effect may
support thermogenesis during adrenergic stimulation thus benefitting blood glucose clearance
independent from potential differences in insulin sensitivity. This hypothesized mechanism
remains to be addressed in future experiments, comparing Ucpl and Glutl mRNA and/or
protein levels in BAT and WAT of mildly cold-exposed 129S6 and BL6J mice, for instance.
Glucose tolerance of LFCD and IFD-fed 12956 and BL6J mice was similar when animals were
housed at 30°C. Among the three different HFDs, administration of palm oil and borage oil
resulted in a significant impairment of glucose tolerance in BL6J mice, whereas this phenotype
was not observed in fish oil-fed BL6J mice (Figure 37). This indicates a beneficial effect of the
very low dietary n6/n3 ratio of the fish oil-comprising diets. In line with these results,
impairment of glucose tolerance tends to be attenuated in BL6J mice after 12 weeks of
HFD-feeding at 23°C when the HFD comprises fish oil instead of palm oil [277]. Concomitantly,
Ucpl mRNA levels are upregulated in BAT of fish oil-fed mice [277], indicating glucose tolerance
to be affected by an interaction of the fat source with NST capacity. In the present study,
fish oil-comprising IFD fed at 30°C did not increase Ucpl levels in BAT and WAT of BL6J mice
compared to other fat sources (Figure 27D and Figure 29A). Thus, fish oil-comprising HFD likely
maintained glucose tolerance in BL6J mice by means of other mechanisms, although neither
Ucpl levels nor NST capacity were assessed in HFD-fed state.

Interestingly, 12956 mice were completely protected from significant HFD-induced alterations
of glucose tolerance at 30°C (Figure 37). This strain-specific regulation resulted in a significant
difference in blood glucose clearance between 12956 and BL6J mice when the animals received
palm oil-comprising HFD. The n6/n3 ratio in this diet was intermediate compared to fish and
borage-comprising HFDs and similar to LFCD. Diet-induced alterations in glucose tolerance were
thus predominantly influenced by the difference in dietary fat content. Accordingly,
strain-specific differences in glucose tolerance in response to HFD were thus likely affected
either by differential insulin sensitivity, or an insulin-independent mechanism linked to
differential NST capacity providing circulating glucose as fuel for Ucpl-mediated
heat production. Elevated NST capacity of 12956 mice thus appears not to influence glucose
tolerance under non-obesogenic conditions (LFCD), but to protect from the diabetogenic
influence of hypercaloric feeding when mice are not challenged with extraordinary
n6/n3 ratios. Such a hypothetical mechanism can be tested by assessment of glucose tolerance
in a model devoid of NST capacity such as Ucp1 ablated mice.

Taken together, body mass accumulation and the development of impaired glucose tolerance
are diet-induced, phenotypic alterations dissentingly affected by differential NST capacity. Mice
of the 12956 and BL6J strains exhibited similar body mass gain in response to HFD, whereas
blood glucose clearance was improved in 12956 mice, which are characterized by elevated
NST capacity. Improved glucose tolerance of this strain may originate from an Ucpl-dependent
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mechanism promoting glucose uptake into BAT and brite fat. This mechanism is hypothesized
to account for strain-specific differences in glucose tolerance under mild cold-exposure and
may also protect 12956 mice from the diabetogenic effect of a HFD fed at 30°C. These effects
require validation in Ucpl-ablated mice, characterized by impaired NST capacity, to elucidate
the distinct role for BAT and/or brite fat in the regulation of glucose tolerance.

4.6 Diet-induced impairment of glucose tolerance is attenuated in the
presence of Ucp1l

The capability of elevated NST capacity to prevent and improve genetic and diet-induced
impairment of glucose tolerance is evident from mouse models with ectopic overexpression of
Ucpl [278-280]. The investigation of blood glucose clearance in 12956 and BL6J mice in the
previous experiment suggested BAT and brite fat as the physiological origin of this effect. In
turn, Ucp1-KO mice, devoid of intact thermogenic function in these tissues, are hypothesized to
exhibit a dysregulation of this system. WT and Ucp1-KO mice were used to validate previous
findings in 129S6 and BL6J mice and to corroborate a functional role for Ucpl in brown and
brite adipocytes in the regulation of systemic glucose tolerance.

Mice of both genotypes were subjected to a feeding experiment as previously described for
129S6 and BL6J mice, which was conducted at 30°C and 20°C and characterized by three
consecutive feeding periods to administer LFCD, IFD and HFD. The latter diets were increased in
fat content solely by supplementation of palm oil. Thus, the influence of extraordinary dietary
n6/n3 ratios was eliminated and differences between these three types of diets were basically
reduced to the difference in fat content. As discussed above (section 4.5), this fat source
appeared to particularly influence blood glucose clearance in the context of differential NST
capacity. Glucose tolerance was periodically assessed via oGTTs.

The preceding experiment with 12956 and BL6J mice suggested blood glucose clearance in
LFCD-fed state to be beneficially affected by mild cold-exposure in both strains. Housing at 20°C
had a stronger effect on blood glucose clearance in 12956 mice, corroborating the notion that
Ucpl in BAT and brite fat may be responsible for this difference. Glucose tolerance was,
however, similar in LFCD-fed WT and Ucpl-KO mice acclimated to 20°C. This phenotype
remained unaltered throughout the entire experiment (Figure 38B). Thus, these results are in
line with observations in primary brown adipocytes, indicating that adrenergically-mediated
glucose uptake does not require the presence of Ucpl [281]. In vivo, WT and Ucp1-KO mice
exhibit differential glucose uptake into BAT in unstimulated state (in the absence of exogenous
NE or insulin) when acclimated to 26°C [272]. However, WT but not Ucp1-KO mice are capable
of increasing their lower BAT glucose uptake in response to NE [272]. Moreover, in vivo
cold-stimulated glucose uptake of BAT is impaired in male Ucpl-KO vs. WT mice [282].
Accordingly, there are several possible mechanisms that may explain similar glucose tolerance
of WT and Ucpl-KO mice in the present experiment: (1) the presence or absence of
NST capacity causes putative differences in glucose uptake capacity of BAT and /or brite fat that
are insufficient to influence blood glucose clearance; (2) adrenergically-mediated glucose
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uptake into BAT is in vivo not dependent on Ucpl; (3) housing of mice at 20°C represents a
condition of adrenergic stimulation that adjusts BAT/brite fat glucose uptake in WT mice to the
elevated basal level of Ucp1-KO mice; (4) WT mice exhibit higher glucose uptake into BAT/brite
fat affecting glucose tolerance, an effect that is compensated in KO mice by glucose uptake into
other tissues. From the physiological perspective, the latter mechanism may play an important
role since WT and Ucp1-KO mice were reared and housed in subthermoneutral environment.
This housing condition requires the recruitment and constant supply of alternative
heat-producing mechanisms for the maintenance of body temperature in KO mice.
NE-stimulatable HP in Ucpl-KO mice acclimated to 18°C is sufficient to maintain body
temperature up until 20°C [188], indicating marginal shivering during acclimation. Maximal
shivering enables these mice to survive an ambient temperature as low as -0.9°C [188].
Accordingly, shivering thermogenesis of mildly cold-exposed (20°C) Ucpl-KO mice of the
present study is likely insignificant and evokes increased glucose turnover in skeletal muscle
probably to a minor extent. Instead, thermogenic futile cycles have repeatedly been
hypothesized to exist in skeletal muscle and WAT to partially restore NST in the absence of
Ucpl [188, 217, 227, 283-285]. Moreover, mildly cold-exposed Ucp1-KO mice exhibit increased
serum levels of BAT-derived fibroblast growth factor 21 [286], an endocrine factor that
stimulates glucose uptake into adipocytes [287, 288] thus lowering blood glucose levels [289].
Given these alternative sites of increased glucose uptake in Ucpl-KO mice, the actual
significance of Ucpl-dependent NST capacity for glucose tolerance under mild cold-exposure
remains currently unresolved. Additionally, the phenotype observed in this experiment
represents a clear discrepancy to a previous study reporting impaired blood glucose clearance
in Ucpl-KO mice fed a HFD for 3 months at 23°C [207]. Differences in study design may
contribute to this contrasting observation. Thus, blood glucose clearance at subthermoneutral
environment requires further clarification on the molecular and physiological level that could
be complemented by the use of a conditional Ucp1-KO model.

Housing of mice at 30°C eliminates the need for thermoregulation and excludes compensatory
glucose consumption of other tissues. Thus, the effect of NST capacity on the regulation of
glucose tolerance is more specifically assessable in mice acclimated to thermoneutral
environment. In the previous experiment involving 12956 and BL6J mice, glucose tolerance at
30°C was similar in LFCD-fed state. In the further progress, 12956 but not BL6J mice were
protected from a significant impairment of glucose tolerance under HFD, an effect that is
hypothesized to originate from a differential glucose uptake capacity into BAT and/or brite fat
related to NST. Equivalently, WT and Ucp1-KO mice had similar glucose tolerance in LFCD-fed
state, indicating that Ucpl does not contribute to blood glucose clearance under
non-obesogenic conditions. As observed earlier in BL6J mice, glucose tolerance of WT mice was
impaired by HFD but not IFD. In line with the hypothesized function of Ucpl in the regulation of
glycaemia, glucose tolerance was significantly impaired in KO mice at the end of IFD-feeding
(Figure 38B) despite comparable insulin sensitivity (Figure 39). This result indicates that a
moderate elevation of the dietary fat content is sufficient to affect blood glucose clearance in
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the absence of NST. Moreover, these results complement evidence from a recent study in
thermoneutral environment demonstrating a marked difference in glucose tolerance between
WT and Ucp1-KO mice in response to 9 weeks of HFD-feeding [208].

In the present study, the IFD-induced impairment of glucose tolerance in Ucp1-KO mice was not
further exacerbated by the HFD (Figure 38B). This effect likely originated from a relatively
improved insulin sensitivity of KO vs. WT mice under HFD-feeding (Figure 39 and Figure 40A),
which was probably the result of reduced adiposity in Ucp1-KO mice (Figure 40B). Irrespective
of this improved insulin sensitivity, glucose tolerance of KO mice was consistently impaired
under conditions of hypercaloric feeding, indicating the existence of an insulin-insensitive
component that enhances glucose disposal in the presence of Ucpl. Considering its function for
glucose uptake upon adrenergic stimulation of BAT [273-275], one may speculate whether this
component is Glutl, induced by the adrenergic effect of IFD and HFD [220] to deliver excessive
circulating glucose for Ucpl-mediated dissipation. Thus, these results strongly suggest that the
thermogenic function of BAT renders this tissue a sink for excessive circulating glucose,
attenuating diet-induced impairment of glucose tolerance. Moreover, BAT is an endocrine
tissue, secreting factors (‘batokines’) that affect glucose uptake in autocrine/paracrine manner
[290], or act in endocrine manner on other tissues mediating the beneficial effect of BAT
transplantation on glucose homeostasis [119, 291]. Further molecular analyses are thus
required to clarify whether differences in glucose tolerance between WT and Ucp1-KO mice are
solely due to differences in NST capacity, or whether this phenotype is influenced by putative
differences in the endocrine function of BAT. Similarly, putative differences in insulin secretion
in response to a glucose challenge must be excluded. Collectively, these data substantiate and
complement results of the previous experiment involving 12956 and BL6J mice (section 4.5),
thus providing direct evidence for BAT function to influence systemic glucose homeostasis.

BAT mediates DIT [106] and its thermogenic function is therefore hypothesized to limit
excessive body mass gain in response to hypercaloric feeding by dissipating excess energy. In
line with this concept, Ucpl ablation was found to promote DIO development particularly in
thermoneutral environment, an effect ascribed to the abrogated need to recruit and fuel
alternative mechanisms of heat production [107]. In the present study, Ucp1-KO mice housed
at 30°C gained less body mass than WT mice when fed a HFD (Figure 41B), which was fully
explainable by reduced energy intake. The origin of this reduced energy intake remains elusive,
but may be related to the period of IFD-feeding causing an organismic adaption to attenuate
the adverse metabolic effects of HFD-feeding. A similar effect can be observed in the response
to changes in ambient temperature, where pre-acclimation to mild cold (18°C) enables
Ucp1-KO mice to survive a longer period of severe cold-exposure (4°C) [188, 228], whereas
acute exposure to 4°C has a lethal effect for Ucpl-KO mice within hours without
pre-acclimation [47]. Thus, the results of the present experiment do not support earlier
observations that ablation of Ucp1 results in increased body mass accumulation. Furthermore,
such a relationship was as well not identified by other studies demonstrating similar body mass
gain of HFD-fed WT and KO mice under thermoneutral housing conditions [108, 208].
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Ucpl-mediated thermogenesis therefore appears to attenuate diet-induced impairment of
glucose tolerance but not body mass gain.

Taken together, thermogenesis as the key function of BAT and brite fat influences blood
glucose clearance and thus affects systemic glucose homeostasis in mice. Unexpectedly,
constitutive ablation of Ucp1 did not influence blood glucose clearance in mice housed at 20°C
representing an environment that enforces adaptive heat production supported by the
turnover of glucose. As Ucp1-KO mice are devoid of BAT-derived NST, mild cold-exposure likely
recruited alternative thermogenic mechanisms thus compensating reduced dissipation of
energy from glucose in BAT. This need is abrogated in thermoneutral environment where
Ucp1-KO mice became glucose intolerant in response to hypercaloric feeding, an effect that
was prevented from further exacerbation by a relatively improved insulin sensitivity. This
phenotype strongly suggests the interaction of Ucpl with an insulin-independent glucose
transport mechanism, which is hypothesized to mediate a beneficial metabolic effect in the
context of DIT uncoupled from an influence on body mass development.

4.7 Conclusion

The extensive study of BAT physiology and function during the past decades led to a gradual
shift from its original notion as ‘heater organ’ of small mammals towards a tissue with
considerable potential to improve metabolic health. The rediscovery of functional BAT in
humans and the identification of brite adipocytes as additional, inducible pool of thermogenic
cells therefore boosted the interest in the function of this tissue as a potential target to combat
obesity and associated disorders. This concept constituted the formation of the European
DIABAT consortium thus promoting basic research on brown and brite adipocytes as basis to
develop targeted treatment strategies for human subjects focusing on the prevention and
treatment of type 2 diabetes mellitus.

There is accumulating evidence in mice and humans that an increase in the abundance of BAT
and brite fat beneficially affects blood glucose clearance. The characterization of NST capacity
in different mouse models proved to be a useful tool to investigate this relationship in more
detail. Using a monogenic and a polygenic approach in two independent experiments, the
present thesis provides both direct and indirect evidence consistently supporting the
thermogenic function of BAT and brite fat to contribute to systemic blood glucose clearance.
The present study expands current knowledge by demonstrating that under thermoneutral
housing conditions (1) minimized NST capacity in BAT and brite fat does not affect glycaemia
under non-obesogenic conditions, (2) a moderate increase in dietary fat content is sufficient to
dysregulate blood glucose clearance in the absence of NST capacity, and (3) diet-induced
impairment of glucose tolerance in the absence of NST capacity occurs independent from
insulin sensitivity. Collectively, these data suggest that the regulation of glucose tolerance
involves an Ucpl-dependent glucose transport mechanism that uncouples blood glucose
clearance from insulin signaling and likely renders BAT and/or brite fat a sink for excessive
circulating glucose. The present thesis corroborates a distinct role for NST to serve as reserve
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capacity against metabolic impairment under hypercaloric conditions, which is hypothesized to
represent the actual benefit of DIT rather than the control of body mass gain. The detailed
characterization of this phenotype on the molecular level as well as its manipulability by
targeted nutritional or pharmacological approaches remains an issue for future experiments.
Given the considerable prevalence of obesity-associated diabetes, these findings are of
particular importance in a translational context and will encourage future research on the
recruitment and metabolic role of BAT and brite fat for the prevention and treatment of human
disease.
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