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Abstract

Obesity and type 2 diabetes (T2D) are on the rise globally. As obesity is one of the major risk
factors for T2D, the two diseases are irrevocably connected with each other. Two organs that play
a central role in the disease etiology of obesity and T2D are the adipose tissue and the gut. Both
are essential in orchestrating metabolic processes throughout our body. The adipose tissue is the
safe storage place in our body for excess energy, but once we exceed its capacity a deteriorating
process of metabolic complications starts. Through ectopic lipid accumulation as well as fibrotic,
inflammatory adipose tissue expansion, the development of T2D is promoted. A promising target
to combat metabolic diseases is a special sub-set of adipocytes, the brown adipocytes. They have
the capability of uncoupling the mitochondrial membrane via Uncoupling protein 1 (Ucp1).
Through this they burn glucose and lipids for heat production. The gut is the entry point of all the
nutrients into the body. However, the gut does not solely digest and absorb nutrients; via
enteroendocrine hormones and the gut-brain axis the gut is also in close contact with further
distant metabolic organs. Through these connections, the gut plays a central role in the regulation

of blood glucose levels, food intake, and satiety.

The first project of this thesis focused on the quantification of adipocytes. Transgenic mouse lines
allowed us to trace and quantify Adiponectin+ and Ucp1+ cells in a manner unbiased by size or
spatial location. Along with obesity, changes in the ambient temperature can remodel the adipose
tissue tremendously. We used our mouse models to observe the kinetics of remodeling in
response to thermoneutral and cold housing temperatures. In a thermoneutral environment, the
number of Ucp1+ cells in the brown adipose tissue (BAT) decreased and the tissue developed a
white adipose tissue-like morphology. However, physiologically it remained fully responsive and
beta3-adrenergic stimulation could completely recover all Ucp1+ cells back to levels observed at
room temperature. In response to cold housing, the number of Ucp1+ cells in the interscapular
BAT (iBAT) peaked after one week. This peak was primarily derived from pre-existing adipocytes.
In the inguinal white adipose tissue (ingWAT), the presence of Ucp1+ cells, named brite/beige
adipocytes, plateaued only after three weeks of cold housing. Lastly, we determined the
regenerative potential of the iBAT. By utilizing an Ucp1-DTR construct we could ablate all Ucp1+
cells with diphtheria toxin and study the kinetics of regeneration. One week of cold exposure
could fully recover all Ucp1+ cells in the iBAT, and we were able to show that the recovery was
driven mainly by precursor cells. The quantification of the adipose tissue remodeling gave us a

measureable insight into its remodeling potential and the underlying processes. This knowledge



will hopefully help us to be able to use the remodeling of the adipose tissue to our advantage for

the treatment of metabolic diseases.

The second project of the presented thesis centered around the gut secreted protein FAM3D and
its metabolic function in the context of T2D. It is now widely recognized that gut-secreted proteins
are powerful in regulating the metabolism in our body. Today, two classes of approved T2D drugs,
namely GLP-1 receptor agonist and DPP4 inhibitors, are based on the function of gut-secreted
proteins. FAM3D is another promising drug candidate. Upon adeno-associated virus (AAV)
mediated overexpression of FAM3D in diet-induced obese mice an improvement in
glucometabolic parameters, namely fasting blood glucose levels or glucose and insulin tolerance,
could be observed. We identified FAM3D as insulin sensitizer, which increased glucose uptake
into various tissues. Further, reduced hepatic lipid deposition and an amelioration of hepatic
steatosis markers were detected, suggesting additional potential of FAM3D for the treatment of
non-alcoholic fatty liver disease (NAFLD). We have first indications, that the positive metabolic
phenotype of FAM3D is mediated by receptor tyrosine kinase signaling. However, the exact

underlying molecular mechanism remains elusive.

In summary, this thesis provided insight into the vast remodeling potential of the adipose tissue
and characterized the potential of a novel gut secreted protein for the treatment of T2D and
NAFLD. This combination allowed us to examine metabolic processes from different perspectives

and thus find new solution approaches to resolve obesity and T2D.



Zusammenfassung

Ubergewicht und Typ 2 Diabetes (T2D) sind weltweit auf dem Vormarsch. Ubergewicht ist einer
der grossten Risikofaktoren fiir T2D und folglich sind diese zwei Krankheiten eng miteinander
verbunden. In der Krankheitsitiologie von Ubergewicht und T2D spielen zwei Organe eine
zentrale Rolle, das Fettgewebe und der Darm. Beide Organe koordinieren metabolische Prozesse
in unserem Korper. Das Fettgewebe ist ein sicherer Speicherplatz fiir Energie, wenn wir allerdings
seine Kapazitdten (Uberschreiten, dann startet eine Abwartsspirale von metabolischen
Komplikationen. Durch ektopische Lipidakkumulation und eine fibrotische entziindliche
Expansion des Fettgewebes wird die Entstehung von T2D unterstltzt. Ein vielversprechendes Ziel
im Kampf gegen metabolische Krankheiten ist eine spezielle Untergruppe von Adipozyten, die
braunen Adipozyten. Diese habe die Eigenschaft die Mitochondrien Membran (ber das
Uncoupling protein 1 (Ucp1) kurzzuschliessen und so Zucker und Fett zur Generation von Warme
zu verbrennen. Der Darm ist nicht nur dafiir zustandig Nahrung zu verdauen und zu absorbieren.
Er steht Gber die enteroendokrinen Hormone und die Darm-Gehirn Achse in engem Kontakt mit
weiteren metabolischen Organen. Mittels diesen Verbindungen spielt der Darm eine zentrale Rolle

in der Regulation des Blutzuckers, der Nahrungsaufnahme und der Sattigung.

Der erste Teil dieser Arbeit fokussierte sich auf die Quantifizierung von Fettzellen. Dank transgener
Mause konnten Adiponectin+ und Ucp1+ Zellen, unabhangig von ihrer raumlichen Position oder
ihrer Grosse, verfolgt und quantifiziert werden. Neben Ubergewicht kann vor allem die
Umgebungstemperatur das Fettgewebe nachhaltig verandern. Mit den Mausmodellen haben wir
die kinetische Antwort auf thermoneutrale oder kalte Umgebungstemperaturen verfolgt. In
thermoneutraler Umgebung reduzierte sich die Anzahl von Ucp1+ Zellen im braunen Fettgewebe
der Tiere und die Morphologie des Gewebes dhnelte der des klassischen weissen Fettgewebes.
Dennoch, blieb das braune Fettgewebe auf physiologischer Ebene voll reaktionsfahig. Durch eine
beta3-adrenergische Stimulation konnte das Level der Ucp1+ Zellen wieder, auf das bei
Raumtemperatur beobachtete Niveau, zuriickgefiihrt werden. Wenn die Tiere in die Kalte
transferiert wurden, zeigte sich nach einer Woche der maximale Hochstwert von Ucp1+ Zellen im
interscapularen Braunen Fettgewebe (iBAT). Wir konnten zeigen, dass das gefundene Maximum
von Ucp1+ Zellen mehrheitlich von schon bei Raumtemperatur existierenden Adipozyten
generiert wurde. Die im weissen Fettgewebe entstehenden Ucp1+ Zellen, auch genannt beige
Adipozyten, benétigten im Gegensatz dazu drei Wochen in der Kalte bis sie ein Plateau erreichten.
Abschliessend wurde das regernative Potenzial des iBATs bestimmt. Dank einem Ucp1-DTR

Konstrukts konnten alle Ucp1+ Zellen durch Diphtherietoxin eliminiert und so die Kinetik des



Regenerationsprozesses untersucht werden. Es zeigte sich, dass bereits nach einer Woche in der
Kalte, das iBAT wieder komplett hergestellt war und dariiber hinaus, dass die Regeneration primar
durch Vorlauferzellen geschehen ist. Die Quantifizierung des Umbaus von Fettgewebe hat uns
nicht nur einen messbaren Einblick in das Umbaupotenzial des Gewebes gegeben, sondern auch
in die zugrundeliegenden Prozesse. Dieses Wissen hilft den Umbau von Fettgewebe besser zu

verstehen und so zu unserem Vorteil zur Behandlung von metabolischen Krankheiten zu nutzen.

Der zweite Teil dieser Arbeit drehte sich rund um das darmsekretierte Protein FAM3D und seine
metabolische Funktion im Zusammenhang mit T2D. Es ist allgemein anerkannt, dass
darmsekretierte Proteine sehr wirksam sind metabolische Funktionen in unserem Korper zu
regulieren. Entsprechend basieren die heutzutage zugelassenen T2D Medikamente aus der Klasse
der GLP-1 Rezeptor Agonisten und der Klasse der DPP4 Inhibitoren, auf der Funktion von
darmsekretierten Proteinen. FAM3D ist ein neuer vielversprechender Medikamenten Kandidat.
Wir konnten zeigen, dass FAM3D Uberexprimiert ber einen adeno- assoziierten Virus (AAV), den
Glukosemetabolismus in Gbergewichtigen Mausen positiv beeinfluss. Speziell die Glukose Werte
im nlchternen Zustand, sowie die Glukose- und Insulin-Toleranz waren deutlich verbessert. Des
Weiteren, konnten wir zeigen, dass FAM3D die Insulinsensitivitat verbessert und so die Aufnahme
von Glukose in unterschiedlichen Geweben stimuliert. Zudem nahmen hepatische Fett
Einlagerungen ab und die Steatosis Marker der Leber waren ebenfalls verbessert. Das suggeriert
fir FAM3D ein zusatzliches Potenzial zur Behandlung von nicht-alkoholischer Fettleber (NAFLD).
Erste Anhaltspunkte aus dieser Arbeit zeigten, dass FAM3D seinen positiven metabolischen
Phénotyp Uber Rezeptor Tyrosine Kinase Signaling austbt. Der exakte molekulare

Wirkungsmechanismus ist allerdings noch nicht erforscht.

Am Ende bietet diese Arbeit zum einen, einen quantitativen Einblick in die Fahigkeit des
Fettgewebes sich umzubauen und an klimatische Verdanderungen anzupassen. Zum anderen,
charakterisiert die Arbeit FAM3D, ein neuartiges darmsekretiertes Protein, mit Potential zur
Behandlung von T2D und NAFLD. Die beiden Themen erlaubten es metabolische Prozesse aus
unterschiedlichen Perspektiven zu betrachten und so neue Ldsungsansétze fir zur Behandlung

von Ubergewicht und T2D zu finden.
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1.1 The adipose tissue

CHAPTER 1

General Introduction

1.1 The adipose tissue

For a very long time, the adipose tissue was solely seen as an organ for energy storage and
insulation. This constricted view has widened over the last decade, and has resulted in people
starting to appreciate the manifold physiological function as well as the variety of cell types
present in adipose tissue. Besides white, brown, and brite/beige adipocytes, also immune cells,
endothelial cells, fibroblasts, neurons, and stem cells are present in the adipose tissue. In terms of
volume, most of the adipose organ is made up of white adipocytes, which store energy in the
form of triglycerides. Triglycerides cannot cross the cell membrane and are thus hydrolyzed by
circulating very low-density lipoprotein (VLDL) particles or chylomicrons through the lipoprotein
lipase (LPL). The resulting free fatty acids (FFA) are absorbed by the underlying tissue and re-
esterified into triglycerides inside the adipocytes. Additionally, FFA can be generated from glucose
through the process of lipogenesis. If energy is needed, triglycerides are hydrolyzed by a set of
lipases (adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), monoacylglycerol
lipase (MGL)) to FFA and glycerol, which are subsequently released and can be metabolized either
in the adipose tissue itself or in other organs. The morphology of white adipocytes, attributable
to their function as a location for energy storage, is characterized by a large lipid droplet that
pushes the nucleus and the other cell organelles to the site and brings them into close contact
with the plasma membrane, giving the cell a unilocular shape. In mice and men, adipose tissue is
scattered throughout the whole body, but for simplicity it is often classified into just two main
depots: The visceral adipose tissue, which surrounds the inner organs, and the subcutaneous
adipose tissue, which is located beneath the skin [1]. In contrast to white adipocytes, brown
adipocytes dissipate energy by generating heat from free fatty acids and glucose. Key for this
process is the Uncoupling protein 1 (Ucp1). Ucp1 leaks the inner mitochondrial membrane, thus
uncoupling the inner mitochondrial respiration from adenosine triphosphate (ATP) synthesis. The
generated energy is dissipated as heat instead, therefore the process is called non-shivering
thermogenesis. One of the strongest stimuli that activates this highly energy-demanding process

is norephinephrine released from the sympathetic nerves in response to cold. However, other
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activators are also known. For example, synthetic adrenergic agonists, cardiac natriuretic peptides,
exercise, or a meal can all induce brown fat activity [2-4]. Upon the activation of brown adipose
tissue, the transcription of thermogenic genes is induced, FFA are released from lipid droplets,
and Ucp1 is activated [5]. Again, the highly specialized task defines the morphology. Brown
adipose tissue is highly vascularized to ease the transport of substrates and heat. The high
abundance of mitochondria gives the brown adipocytes a brownish appearance. Furthermore,
brown adipocytes have many small multilocular lipid droplets which allow for the process of
thermogenesis to be rapidly fueled [1]. In mice, the biggest depot of brown adipose tissue is found
in the intarscapular region. However, smaller depots can be also found in the cervical, axillary, or
perirenal regions [6] The presence of brown adipose tissue in adult humans was not discovered
until 2009. Only after, brown adipose tissue was localized in the supraclavicular, neck, and
perirenal regions [7-9]. If animals are either cold exposed or exposed to beta3-adrenergic receptor
agonists, a subset of Ucp1 positive cells arises, especially within the subcutaneous white adipose
tissue depot. These are called brite or beige adipocytes. Brite/beige adipocytes have a similar
morphology to brown adipocytes; they are also rich in mitochondria that express Ucp1 and have
many multilocular lipid droplets [1]. A unique feature of brite/beige adipocytes is their inducible
and reversible thermogenic capacity in response to environmental stimuli. Upon stimulation,
brite/beige adipocytes can either differentiate de novo from precursors [10,11] or
transdifferentiate from existing white adipocytes [12,13]. Nonetheless, when the cold stimulus is
removed, the brite/beige adipocytes gradually change their morphology back into unilocular, lipid
droplet filled white-like adipocytes, only to become brite/beige again if exposed to a second cold
stimulus [14]. Besides the three types of adipocytes, the majority of cells in the adipose tissue are
other cell types, such as fibroblasts, endothelial, or immune cells. They can be found in the so-
called stromal vascular fraction (SVF) of adipose tissue. They are all in close contact with the
adipocytes, and together they are orchestrating the role of adipose tissue as one of the key

metabolic organs in the body.
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Figure 1: Characteristics and morphology of brown, brite and white adipocytes, adapted from Sanchez-
Gurmaches et al., 2016 [15]

1.2 The gut

The Gastrointestinal (Gl) tract plays a tremendous role in our daily life, seeing as the absorption
of nutrients is a key vital function of our body. When we eat, our food travels from the pharynx
into the stomach via the esophagus. From there, the journey continues through the small and
large intestine before everything not yet absorbed by the body is excreted from the rectum. In
the focus of this thesis are the small and large intestine, which are jointly referred to as the gut.
The gut is where the majority of nutrient absorption takes place. In order to maximize absorption,

the surface of the gut is characterized by a villus structure.
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Figure 2: Cellular structure of the gut adapted from Leushacke and Barker, 2014 [16]
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The villi are covered by an epithelial layer comprised of multiple different cell types. The stem
cells, which give rise to new cells, are localized in the crypts, from where the cells differentiate on
their way up to the villus. Also found in the crypts are the paneth cells, which, on the one hand,
secrete factors that help to maintain the cellular fate of the stem cells. On the other hand, they
also secrete multiple antimicrobial peptides that protect the host from pathogens [17]. Goblet
cells secrete a thick mucus which not only facilitates the journey of the digested food through the
gut, but also serves as the first line of defense against microbial, chemical, or physical hazards
coming from digested food. Furthermore, the mucus traps the microbiome in the gut and
prevents its excretion through the peristaltic [18]. The majority of the gut epithelium is made up
of enterocytes. These are firmly connected by tight junctions and form an epithelial barrier which
separates our body from the external environment. Enterocytes are further specialized for the
absorption of nutrients. In order to fulfill this task they are highly polarized. The apical site is
characterized by a brush of microvilli, which further maximizes the absorption surface of the gut.
Small molecules can enter the enterocytes via transporters, while bigger macromolecules get
absorbed via endocytosis. Inside of the enterocytes, the nutrients are either metabolized or further
transported to the basal site of the enterocytes, where they are delivered into the systemic
circulation either with or without prior absorption by the lymphatic system. Enterocytes are also
antigen-presenting cells. They internalize and process antigens to present them via MHC class I
molecules to CD4+ T-cells at the basolateral membrane of the enterocyte [19]. Lastly, we have the
enteroendocrine cells (EEC), which are scattered throughout the epithelium and function as the
chemosensors of the gut. EECs also have the apical site covered with microvilli to increase the
surface for nutrient sensing by nutrient transporters and G-protein coupled receptors (GPCRs). In
response to the luminal content, enteroendocrine hormones are released from the basolateral
membrane of the EECs. From there, the enteroendocrine hormones can either enter the systemic
bloodstream to act on distant organs or act in a paracrine manner on the neighboring cells.
Alongside with the enteroendocrine hormones, EECs also release other small molecules (e.g.
glutamate, ATP) at their basolateral membrane. They can activate the local endings of the afferent
vagal neurons, thereby mediating information from the gut to the brain [20,21]. Thus, the
enteroendocrine hormones and small molecules can act within the Gl tract as well as outside of it
to regulate many physiological and metabolic functions throughout the body. The bidirectional
cross talk between the brain and the gut is essential in regulating homeostasis of the body. The
gut sends information to the brain via vagal and spinal afferent neurons, gut hormones, immune
mediators and microbiota-related signaling molecules. The reverse informative flow from the
brain to the gut occurs via autonomic neurons and neuroendocrine factors [22]. As mentioned

before, a last key part of the gut is the microbiome. The human gut hosts a complex assembly of
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microorganisms that have a sustaining impact on nutrient uptake, metabolism, immune defense,

and behavior [23].

In conclusion, the gut is not only the entry point of food into the body; it also plays a significant
role in the regulation of many metabolic processes, through the EECs, through its central role in

the immune system, and through its very close connection to the brain.

1.3 The metabolic syndrome

The adipose tissue and the gut are two organs that have a big impact on the metabolism of the
body. Both are key in managing energy uptake, storage, and expenditure. If the tightly controlled
metabolic system of the body becomes misbalanced, several diseases start to manifest. The
association between obesity, type 2 diabetes (T2D) and cardio vascular diseases (CVD) has been
accepted for a long time. However, the first definition of the metabolic syndrome was not made
until 1998 [24]. Today, the metabolic syndrome is defined by the International Diabetes Federation

as the following [25]:

Central obesity (waist circumference > ethnic specific values or BMI > 30 kg/m?)
along with two of the following

Raised triglycerides (> 50 mg/dl or specific treatment for this lipid abnormality)

Reduced HDL cholesterol (< 40 mg/dl in males; < 50 mg/dl in females or specific treatment
for this lipid abnormality

Raised blood pressure (systolic > 130 mmHg or diastolic: > 85 mmHg or treatment of
previously diagnosed hypertension)

Raised fasting plasma glucose (> 100 mg/d| or previously diagnosed type 2 diabetes)

Table 1: Definition of the Metabolic Syndrome; adapted from Zimmet, 2005 [25]

The metabolic syndrome has various facets and many underlying interactions. In the context of
this thesis, obesity and increased fasting plasma glucose/T2D in relation to adipose tissue and the

gut will be discussed in more detail.

1.4 Obesity

What are we talking about when we talk about obesity? Obesity is defined as abnormal or
excessive fat accumulation that presents a risk to health [26]. Obesity is generally measured by
the body mass index (BMI), defined as BMI = weight (kg) / (height (m))2. According to the World
Health Organization (WHO), people with a BMI > 25 are overweight, and people with a BMI > 30

are obese [26]. Alongside the BMI, many other measurements are available, ranging from very
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simple hip-to-waist ratio measurement to very sophisticated Dual Energy X-ray Absorptiometry
(DEXA) [27]. None of the measurements can deny that obesity has reached the dimension of a
global epidemic. In the year 2016, ~ 2 billion adults worldwide were overweight, and among them
650 million were obese. In the same year, 340 million children aged 5-19 were overweight or
obese [26]. Currently, more people die globally from obesity than from undernutrition [26].
Starting off as a disease of affluence in the United States of America (USA) and Europe, many low-
and middle-income countries underwent a drastic shift from undernutrition to overnutrition
during the last few years. In the USA and Europe, where the global epidemic started, the
continuous rise seems to have flattened a bit at a prevalence of ca. 35% [28,29]. However, in
regions like Central/Latin America or China, the curves are still on the rise [30]. Thus, it is not
surprising that trends are predicting that 38% of the global adult population will be overweight
and 20% will be obese by 2030 [31]. This begs the question: Why are so many people gaining too
much weight? At first glance, it seems to be a simple misbalance between too much energy
income and too little energy expenditure, resulting in an excessive storage of energy in the body
in the form of fat. However, this simple equation has many underlying traits; bodyweight

regulation is a complex interaction between genetic, environmental, and socioeconomic factors.

The idea that obesity is heritable was suggested by twin studies. According to these studies, 40%-
70% of the bodyweight is determined by genetic factors [32,33]. In very rare cases, monogenic
mutations in central parts of the energy metabolism pathway are responsible for the development
of obesity. However, a polygenic predisposition to become obese is far more common. If we look
back at our ancestors, food was not always readily available, and populations tended to experience
periods of feast and famine. Based on this, Neel proposed the “thrifty” gene hypothesis in 1962.
Natural selection would favor carriers of the “thrifty” genes that would be able to store more
energy during periods of feast and thus have better survival rates during periods of famine. Over
the decades, humans subsequently acquired a set of genes which is detrimental to the modern
setting, where food is constantly available [34]. Through evolving techniques, more sophisticated
studies of the human genome became possible. Many groups tried to identify positively selected
loci or SNPs which would favor fat accumulation; however, limited empirical evidence for the
“thrifty” gene hypothesis was found [35,36]. Further, genome-wide association studies (GWAS)
could identify 97 BMl-associated loci. However, they only account for roughly 20% of the BMI
variation [37]. Thus, no polygenetic score can so far entirely and satisfactorily predict the risk of
obesity. In conclusion, a strong gene-lifestyle interaction is proposed by the scientific society. It is
hypothesized that certain sets of genes make an individual more susceptible to gain weight when

exposed to an obesogenic environment [38,39].
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Key factors of an obesogenic environment are eating and drinking behaviors as well as the activity
profile. The first question is, do people simply eat too much or do they eat the wrong things? Both
answers are actually correct, with the start of the industrialization food processing evolved,
resulting in easy to access highly processed, and highly caloric meals. Fast food and highly sugary
drinks became staples of many people’s daily meal plan, with the portion sizes being drastically
increased [40]. Additionally, industrialization changed our daily life by drastically promoting a
more sedentary lifestyle where many physically demanding tasks and jobs are now performed by
machines instead of humans. Due to the global popularity of televisions and computers, many
people have also become less active during their leisure time [41,42]. Further, socioeconomic
factors can influence obesity. It was demonstrated that, especially in developed countries, paternal
education inversely correlates with childhood obesity [43]. In households with lower
socioeconomic standing, both knowledge and financial constraints exacerbate the access to
healthy food and physical activity [39]. Many more environmental and socioeconomic factors
could be listed here. However, the next question | would like to answer is how can we get rid of

the excess kilograms if we are overweight or obese?

Losing weight requires a multidisciplinary approach including strict caloric restriction, increasing
energy expenditure through exercise, and modification of the patient’s behavior. The diet and the
exercise plan need to be adjusted to the patient’s preconditions and preferences. Otherwise, the
patient’'s compliance will be limited [44]. A lot of effort was made to find the ideal macro- and
micronutrient composition for maximizing weight loss. Various dietary programs are available
nowadays. However, the key to success for all of these programs is caloric restriction and not a
special combination of macronutrients [45]. In obese patients, exercise without accompanied
caloric restriction has only limited effects on weight loss. Even though, exercise plays a
tremendous role in preventing weight regain after weight loss [46,47] and the positive effects of
exercise in preventing the loss of lean body mass and improving cardiovascular fitness are
undeniable [48]. Behavioral intervention aims to improve self-monitoring and stimulus control, it
should give the patient clear goals, and accompany the patient on the way to reach his goals [49].
However, in many cases, lifestyle interventions are not sufficient and need support from other
adjuvant therapies, such as pharmaceuticals or even surgical interventions. Currently, six anti-
obesity drugs are approved by the FDA, namely Orlistat, Lorcarserin, Phentermine/Topiramate,
Naltrexone/Bupropion, and Liraglutide. Most of them act on the serotonergic, dopaminergic, or
noradrenergic pathways, where they regulate appetite. The exception is Orlistat, which inhibits the
absorption of fat by inhibiting lipase, the key enzyme for breaking down triglycerides into FFA. All

drugs often have significant side effects and many contraindications, thus the matching drug for
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each patient should to be chosen wisely [50,51]. The ultimate but most effective treatment against

obesity is bariatric surgery, which will be discussed later in detail.

In conclusion, the global obesity pandemic is not only challenging patients throughout the world
but is also challenging our economies and health care systems. Thus, it is of great interest to
understand the disease of obesity with its multiple facets more deeply in order to combat

excessive weight gain and the associated comorbidities.

1.5 Type 2 diabetes

In a healthy human being, glucose is cleared from the systemic blood flow through insulin-
stimulated uptake in the muscle, liver, and adipose tissue, where it is stored in the form of
glycogen or triglycerides. However, if there is a constant nutritional overload, which is commonly
seen during obesity, it is hypothesized that the storage cells become exhausted and start to
protect themselves by becoming insulin resistant. In the first phase, the pancreatic beta cells try
to counteract by expanding and producing more insulin until they can also no longer cope with
the detrimentally high levels of glucose and FFA in the blood. If the beta cell function is impaired,
insulin secretion is reduced, blood glucose levels rise, and the disease T2D is manifested [52]. The
WHO defines the diagnosis criteria for diabetes as the following: Fasting blood glucose levels >
7.0 mmol/L or a plasma glucose of > 11.1 mmol/L in an oral glucose tolerance test or glycated

hemoglobin (HbA1c) > 6.5% [53].
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Figure 3: Development of type 2 diabetes, taken from Moini, 2019 [52]



1.5 Type 2 diabetes

T2D is a very silent disease and often remains undiagnosed for many years. Until then, irreversible
damage resulting from the consistently high blood glucose levels might have already occurred.
Primary symptoms hinting at T2D can be frequent urination and/or sweet-smelling urine, which
occurs when the kidney is no longer capable of completely reabsorbing the excess glucose. The
frequent urination might also cause the patients to feel thirstier. Despite the fact that there is a
lot of glucose in the blood, the insulin-resistant cells might not be able to take it up. Thus, they
enter into an energy deficit, which can cause fatigue or hunger [52]. However, T2D is most
frequently diagnosed by secondary symptoms. Excessively high blood glucose levels are closely
associated with microvascular complications, namely, retinopathy, which impairs the vision of the
patient, neuropathy, which causes numbness especially in the extremities, nephropathy, or
dramatically impaired wound healing. Moreover, T2D causes macrovascular complications that
drastically increase the risk of cardiovascular disease or stroke [54]. Thus, it is extremely important
that people who are at high risk of developing T2D are examined frequently in order to treat the
disease before it is too late. The disease is still completely reversible through lifestyle
modifications and pharmacological treatment, especially in the early stage of insulin
resistance/pre-diabetes. However, untreated up to 70% of prediabetic patients will eventually
become diabetic [55]. Overweight and obesity are the most important modifiable risk factors; a
weight loss of just 7% sustainably reduces the risk of developing T2D and CVD [45]. Further risk
factors for T2D are age, family history, and ethnicity. According to the American Diabetes
Association (ADA) and the American Association of Clinical Endocrinologists (AACE), people above
45 years of age should be regularly screened for diabetes [56]. Having a first degree relative with
T2D is associated with a ca. 2.5-fold higher risk of developing T2D. However, various studies
demonstrated that the increased risk is only partly mediated through the genes, with part of the
risk also stemming from non-genetic familial behaviors and norms [57,58]. Lastly, being Asian,
African-American, Hispanic, Native American, or Pacific Islander increases an individual's risk of
developing T2D. Again, the presence of genetic risk alleles was found to be similar across
ethnicities, so it is rather an environmental and cultural component which is increasing the T2D
risk for these ethnicities. All of them show a higher prevalence of obesity, a major risk factor for
T2D [59]. Additionally, they often live with inferior or no health insurance, meaning that glucose

monitoring and glucose control are more difficult to achieve [60].

From a global perspective, alongside the global pandemic of obesity, the numbers of T2D are also
on the rise. In the year 2019, 463 million people were diabetic, or one out of every eleven people
on the planet. The majority of diabetics (79%) live in low- and middle-income countries.

Approximately 4.2 million adult deaths worldwide were credited to T2D and its complications in
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the year 2019. In the same year, the cost of health care attributed to T2D and the concomitant

complications were estimated to be 760 billion US dollars [61].

What treatment options are available to combat this disease? The most effective method is
prevention. Prevent obesity and monitor people at high risk closely. Alongside with lifestyle
interventions focusing on nutrition and exercise, the ADA and the AACE recommend
pharmacological therapeutics to support blood glucose control. They suggest to follow a stepwise
therapy plan which combines lifestyle management and up to three different pharmaceutic
therapeutics based on the measured Hb1Ac levels [62]. The recommended first line of therapy is
Metformin, which is the most prescribed T2D drug worldwide. Despite this fact, Metformin’s
mechanism of action is still not fully understood. It is suggested that it acts in a pleiotropic manner
resulting in various underlying mechanisms depending on the organ of action. In the liver,
Metformin inhibits the mitochondrial respiratory chain complex 1, which leads to a decrease in
ATP production. This decrease in cellular energy production is sensed by the AMP-activated
protein kinase (AMPK), which conversely inhibits gluconeogenesis. Additionally, independent of
AMPK, Metfomin also decreases hepatic glucose production via the modulation of the intracellular
redox status or the inhibition of adenylate cyclase and fructose 1,6-bisphosphatase (FBP1) [63].
Besides the inhibition of hepatic glucose production, Metformin performs multiple actions in the
gut. It increases the glucose utilization in enterocytes, it increases the secretion of the gut incretin
hormone glucagon-like peptide 1 (GLP-1), and it modulates the composition of the gut microbiota
[63]. Furthermore, Metformin was shown to ameliorate the chronic low-grade inflammation
associated with obesity [63]. If Metformin and lifestyle modifications alone do not sufficiently
lower Hb1Ac levels below 9%, dual or triple therapy with a second or even a third drug is endorsed.
The mechanism of action and the physiological response of the most prevalent T2D drug types is

summarized in the following table.
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Drug class Mechanism of action Physiological effects
(Examples)
Biguanides Activate AMPK Reduce hepatic glucose output

(Metformin)

Improve cellular insulin
signaling

Reduce respiratory chain
activity

Alter gut glucose—lactate
metabolism

Improve insulin sensitivity

Increase GLP-1 levels

Sulfonylureas Bind to SUR1 on 3 cells, Increase insulin secretion
(GleIZIde resulting in closure of Karp

Glimepiride channels, depolarization, and

Glyburide) calcium influx

Thiazolidinediones PPAR-y agonists Increase insulin sensitivity

(Pioglitazone
Rosiglitazone)

Reduce free fatty acid release

DPP4 inhibitors Inhibit DPP-4 activity, increase | Glucose-dependent increase in
(Sitagliptin endogenous incretin levels insulin secretion and inhibition of
Saxagliptin glucagon secretion

Linagliptin

Alogliptin)

SGLT2 inhibitors Inhibit SGLT2 transporters in Increase urinary glucose excretion

(Canagliflozin
Dapagliflozin
Empagliflozin)

proximal renal tubules

GLP-1 Receptor

Activate the GLP-1 receptor

Glucose-dependent increase in

Agonist insulin secretion and inhibition of
(Exenatide glucagon secretion

Liraglutide Reduce postprandial glucose
Lixisenatide excretion

Albiglutide Increase satiety

Dulaglutide)

Insulin Directly activate the insulin Increase glucose disposal

Rapid, short, receptor Reduce hepatic glucose output

intermediate, and long
acting

Decrease lipolysis

Table 2: Summary of T2D drugs. Adapted from Tahrani et al; 2016 [64] AMPK=AMP-activated protein
kinase; DPP-4=dipeptidyl peptidase 4; GLP-1=glucagon-like peptide 1;PPAR-y=peroxisome proliferator-
activated receptor y; SGLT2=sodium/glucose cotransporter 2; SUR1=sulfonylurea receptor 1

11




CHAPTER 1
General Introduction

Start with Monotherapy unless:

HbA1c is greater than or equal to 9%, consider Dual Therapy.

HbA1c is greater than or equal to 10%, blood glucose is greater than or equal to 300 mg/dL,

or patient is markedly symptomatic, consider Combination Injectable Therapy.

Monotherapy

EFFICACY
HYPO RISK
WEIGHT

SIDE EFFECTS
COSTS

Metformin

Lifestyle Management

high

low risk
neutralfloss
Glilactic acidosis
low

If HbA1c target not achieved after approximately 3 months of monotherapy, proceed to 2-drug combination (order not
meant to denote any specific preference — choice dependent on a variety of patient- and disease-specific factors)

Dual Therapy

EFFICACY
HYPO RISK
WEIGHT

SIDE EFFECTS
COSTS

A,

Triple Therapy

¥

Combination Injectable Therapy

Metformin +

Lifestyle Management

! Th
high high
moderate risk low risk
gain gain
hypoglycemia edema, HF, fxs

low low

DPP-4 Inhibitor
intermediate

low risk

neut:
rare
high

ral

SGLT2 Inhibitor
intermediate
low risk
loss

GU, dehydration, fxs Gl

high

If HbA1c target not achieved after approximately 3 months of dual therapy, proceed to 3-drug combination (order not
meant to denote any specific preference — choice dependent on a variety of patient- and disease-specific factors)

GLP-1 Receptor Agonist Insulin (basal)

high highest

low risk high risk

loss gain
hypoglycemia

high high

Metformin +
ylurea + Thiazolidinedione+ = DPP-4 Inhibitor + SGLTZ Inhibitor +  GLP-1 Receptor Agonist + [ Ll
TZ2D suU su su su TZD
or DPP-4i or DPP-4i or TZD or TZD or TZD or DPP-4i
or SGLT2i or SGLT2i or SGLT2i or DPP-4i or SGLT2i or SGLT2i
or  GLP-1RA or  GLP-1RA or or  GLP-1RA or or  GLP-1RA
o IIIETEE o By insuin |

If HbA1c target not achieved after approximately 3 months of triple therapy and patient: (1) on oral combination, move to
basal insulin or GLP-1 RA, (2) on GLP-1 RA, add basal insulin, or (3) on optimally titrated basal insulin, add GLP-1 RA or
mealtime insulin. Metformin therapy should be maintained, while other oral agents may be discontinued on an individual
basis to avoid unnecessarily complex or costly regimens (ie, adding a fourth antihyperglycemic agent).

Figure 4: Stepwise therapy plan of ADA, taken from Thrasher; 2017 [62] DPP-4i = dipeptidyl peptidase-4
inhibitor; fxs = fractures; Gl = gastrointestinal; GLP-1 RA = glucagon-like peptide-1 receptor agonist; GU
= genitourinary; HbA1c = glycated hemoglobin; HF = heart failure; HYPO = hypoglycemia; NPH = neutral
protamine Hagedorn; SGLT2i = sodium glucose cotransporter 2 inhibitor; SU = sulfonylurea; T2DM = type
2 diabetes mellitus; TZD = thiazolidinedione.

In addition to lifestyle interventions and pharmacological treatments, bariatric surgery is a

powerful treatment that resolves T2D in 78 % of all patients [65]. The details of bariatric surgery

will be discussed later.

In summary, insulin resistance and the concomitant failure of insulin-secreting beta cells drives

the development of T2D. As the disease develops in silence, people at high risk should be screened

regularly in order to treat T2D before accompanying micro- and macrovascular complications

emerge. Only if blood glucose levels are monitored and regulated tightly the dwindling spiral of

the disease can be stopped and global rise of the disease is stemmed.

1.6

The adipose tissue in the context of metabolic disorders

In the context of metabolic disorders, white adipose tissue is often seen as the bad guy. It is true

that the adipose tissue is a starting point for obesity and the associated diseases, but only if we
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overstrain the safe storage space in our body. The adipose tissue is the warehouse of our body
and protects us from detrimentally high levels of glucose and fat in the blood and other organs.
However, if we exceed the storage space, the declining path of metabolic disorders starts. Animals
or people who have no adipose tissue or are unable to maintain adipose tissue start to ectopically
accumulate lipids, especially in the liver or the muscle. This leads to insulin resistance,
hypertriglyceridemia, and non-alcoholic fatty liver disease (NAFLD), resulting in an early onset
death mostly due to liver failure [66]. This nicely demonstrates the importance of the adipose
tissue as a safe storage space of which we should neither have too little nor too much. Upon
overnutrition, the adipose tissue can drastically remodel and expand its storage capacity through
either hypertrophy or hyperplasia. During hypertrophy, the size of the adipocytes increases, while
during hyperplasia the number of adipocytes increases. In earlier times, it was thought that the
adipocytes first expand until they reach a threshold of ca. 0.7-0.8 pg/cell and start to proliferate
after this point [67]. More recently, it was suggested that the mechanism of expansion and the
temporal order is rather depot specific. In male and female mice, the visceral adipose tissue depot
first undergoes hypertrophy, while in parallel precursors starts to proliferate. Upon prolonged
high fat diet (HFD) feeding the precursors, mature and the visceral adipose tissues also expands
through hyperplasia. In the subcutaneous adipose tissue of males, predominantly hypertrophy
and only very minimal precursor proliferation was observed. In contrast, hypertrophy and de novo
adipogenesis was observed in the subcutaneous depots of females [10,68,69]. This is in accordance
with the sex-dependent distribution of fat. Males tend to accumulate fat predominantly in the
visceral region, resulting in a rather apple shaped silhouette, in contrast to females, where the
deposition of fat in the subcutaneous lower body region results in a rather pear shaped contour.
This is not only due to hormonal differences; the neuronal input and genetic make-up also differ
between the sexes [70]. Epidemiological and clinical studies could clearly demonstrate that the
accumulation of fat in the visceral region is associated with a higher risk of metabolic diseases
[71,72]. Various not mutual exclusive pathways have been proposed for this, with the first being
the differential nerval innervation and venous drainage. The visceral depot drains directly into the
portal vein, thus sending a lot of FFA and other signaling molecules directly to the liver. Second,
cell-autonomous mechanisms create depot-specific metabolic differences [73]. In general, it is
thought that having many small adipocytes is metabolically healthier than having a few

overstuffed large adipocytes.

If the adipose tissue expands during obesity and the adipocytes become hypertrophic, the blood
supply of the tissue must also expand. The adipose tissue can promote blood vessel outgrowth

by secreting pro-angiogenic factors. It was demonstrated by several groups that increased

13



CHAPTER 1
General Introduction

angiogenesis can protect against pathologic adipose tissue expansion and fellow insulin
resistance [74-76]. Nonetheless, hypoxia is often found in obese adipose tissue. This in turn
activates the master regulator of oxygen homeostasis HIF-1. The transcription factor HIF-1 directly
regulates hypoxia-associated genes like vascular endothelial growth factor A (VEGF-A), but it also
initiates adipose tissue fibrosis [77]. During the expansion of adipose tissue, several adipocytes
undergo necrosis or apoptosis, increasing together with the hypoxia-induced fibrosis, the

infiltration of immune cells into the adipose tissue, thus generating an inflammatory response.

Pathological expansion
9 / \ Hypoxia \ 24
% O —_—
N k ’ \J

M1 macrophages

a \
) 4

r i
4Inflammation

Adipocyte
death

/

o

- . @ \ Fibrosis

M2 macrophages l

Insulin resistance

Figure 5: Pathological adipose tissue expansion, adapted from Sun et al. 2011 [78]

Around the dying adipocytes, a cluster of macrophages can be observed building so-called crown-
like structures [79]. These macrophages are from the activated type M1, which is known to be pro-
inflammatory and can be distinguished from the residing adipose tissue macrophages type M2,
which are characterized by their anti-inflammatory and homeostatic functions. M1 macrophages
express CD11c as a surface marker and secrete pro-inflammatory cytokines like TNF-g, IL-6, and
IL-1B [73]. These cytokines can either directly interfere with the insulin signaling through
phosphorylation of the inhibitory serine residue of the insulin receptor substrate (IRS) or they
activate other signaling pathways (c-Jun N-terminal kinase (JNK) pathway and |-kappa B kinase 3
(IKKB)/NFkB pathway) that disrupt the insulin signaling [80]. Additionally, pro-inflammatory
cytokines can stimulate lipolysis, thus increasing the levels of FFA in the blood, another hallmark
of the metabolic syndrome [81]. Furthermore, inflammatory signals can inhibit the nuclear
receptor peroxisome proliferator-activated receptor y (PPARy), the master regulator of
adipogenesis and adipocyte maintenance. Through this, adipocyte function is further
compromised, resulting in less storage capacity [82]. Thus, the viscous cycle is established. The
aforementioned residing M2 macrophages are characterized through their surface receptors
CD206 and CD301 [73]. They support the adipose tissue homeostasis through the secretion of

anti-inflammatory factors like IL-10, which potentiates insulin signaling [83], or arginase, which
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blocks iINOS activity and the associated the profibrogenic response [84]. Upon diet induced
obesity, macrophages infiltrate and residing adipose tissue macrophages undergo phenotypic
switch from M2 to M1. However, not only the macrophages are involved; other immune cells like
neutrophils or B- and T-lymphocytes are also attracted by the pro-inflammatory cytokines and
contribute to the inflammatory response [85]. In summary, the inflammation and the affiliated
pro-inflammatory cytokines significantly impair the insulin sensitivity of the adipose tissue.
Unfortunately, this low-grade adipose tissue inflammation also affects further distant tissues such
as the liver or muscle, establishing one major link of how obesity is associated with insulin

resistance and T2D.

As illustrated in the previous section, adipocytes are not alone in the adipose tissue. Therefore,
the adipocytes secrete a wide range of factors, generally named adipokines. They allow the
adipocytes to communicate with other cell types present in the adipose tissue, but also allow for
crosstalk with further distant organs. With the discovery of leptin in 1994 [86] and adiponectin in
1995 [87], the adipose tissue started to be appreciated as an endocrine organ and more than 600
different secretory proteins have been identified until today [88,89]. Thus, lots of hope regarding
the combat against obesity and T2D lies within the adipokines. Leptin is secreted by adipocytes
in proportion to the size of their triglyceride stores [90]. Its main function was initially described
as regulating appetite via the leptin receptors, being expressed mainly in brain regions regulating
energy metabolism. Patients with mutations in the leptin gene or the leptin receptor suffer from
severe hyperphagia and decreased energy expenditure, resulting in serious obesity and metabolic
disease [91]. In the context of obesity, leptin levels rise. It was demonstrated that patients become
leptin resistant, probably due to fact that leptin can no longer cross the blood-brain barrier [92].
Hence, people who are already lack their satiety signal and continue eating. Albeit that the
majority of leptin’s function is mediated centrally, it also has various effects on the periphery.
Through its pro-inflammatory properties on innate and adaptive immune cells, leptin promotes
the chronic low-grade inflammation associated with T2D. In the adipose tissue, leptin is
stimulating lipolysis in an autocrine manner as well as in a centrally mediated manner [93,94]. The
other probably most described adipokine is adiponectin. Adiponectin receptors are expressed
throughout the body, and therefore have a variety of functions. In the context of the metabolic
syndrome, adiponectin can be described as insulin-sensitizing, anti-inflammatory, and
antioxidant. It is abundantly but exclusively secreted by adipocytes. The positive effect of
adiponectin on glucose metabolism is mostly mediated by the liver and skeletal muscle.
Adiponectin sends signals via AMPK to reduce hepatic gluconeogenesis, and increase glucose

uptake into the muscle. Additionally, it stimulates fatty acid oxidation in both tissues, resulting in
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lower ectopic fat deposition, which in turn increases insulin sensitivity [95]. Furthermore,
adiponectin promotes adipogenesis, which allows for a healthy expansion of the adipose tissue
and prevents ectopic lipid accumulation [96]. Finally, adiponectin is also widely anti-inflammatory,
e.g. through the inhibition of TNF-a secretion by adipocytes or through the upregulation of anti-
inflammatory IL-10 from macrophages. Adiponectin expression is increased by the T2D drug class
of Thiazolidinediones and it is suggested that the insulin-sensitizing effect of these drugs is
mediated by the anti-inflammatory effect of adiponectin rather than by the direct insulin-
sensitizing effect [97]. Many other adipokines have been identified and described. However,

discussing all of them would go beyond the constraints of this thesis [98].

This leads us to the question, are the brown and brite/beige adipocytes the solution to the entire
metabolic problem? Can we utilize them to cure obesity and T2D? Since the discovery of active
brown fat in humans in the year 2009, more and more attention has been drawn towards the
therapeutic potential of brown adipose tissue (BAT). As human brown adipose tissue is still a very
recent research field, the majority of studies designed to understand brown adipose tissue
function are performed in rodents. In the beginning, the main function of BAT was described as
producing heat by burning glucose and fat, hence increasing energy expenditure. This was the
starting point of the idea of using BAT activation to cure obesity. With the time and a better
understanding of BAT function, it became more and more clear that the role of BAT goes beyond
heat generation and that it plays a significant role as a “metabolic sink” for glucose and lipids in
the body [99,100]. Thus, it has great potential to combat obesity and T2D, especially since it was
shown that the amount of brown adipose tissue in humans inversely correlates with BMI and body
fat mass [7,101]. Furthermore, the activation of human BAT improves insulin sensitivity and
accelerates lipid metabolism [102,103]. However, until today, the hunt for a BAT activating drug is
still ongoing, with one highly promising candidate being Mirabegron. It was shown that acute as
well as chronic treatment of humans with Mirabegron stimulates BAT activity and increases BAT
glucose uptake while having only minimal effects on the cardiovascular system [104,105]. Until
now, Mirabegron was only tested chronically in a small group. However, based on the initial
promising results, larger trials are expected. In parallel, research in the human BAT field is ongoing.
The fact that BAT activity in humans is negatively regulated by age opens an evolutionary point
of view from which one could try to find new treatment strategies to potentially reactivate BAT.
The cross talk with other organs via BAT specific adipokines, named BATokines, might also open

up new therapeutic potentials [106].

In conclusion, it is not about the amount of adipose tissue; it is about the healthiness of the

adipose tissue. As soon as the white adipose tissue expands in a pathological manner, things take
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their course. Fibrosis, Inflammation, and dysregulated adipokine release accelerate the
progression of metabolic diseases. In rodents, the activation of brown and brite/beige adipose
tissue can tackle a lot of the harmful metabolic processes. Translating this knowledge into humans
is an ongoing process which will hopefully enable us to stop the pandemics of obesity and T2D

in the near future.

1.7 The gut in the context of metabolic disorders

In research to combat obesity and T2D, many have focused on the effector organs like the adipose
tissue, skeletal muscle, or pancreas. However, one should perhaps tackle the problem at its root.
The gut is the entry point for food into the body. Gut cells sense and absorb nutrients and then
they communicate and dissipate the information about the nutrients, as well as the nutrients

themselves, to the body, thereby integrating them into the metabolic network.

Currently, the most effective treatment against obesity and T2D is bariatric surgery. Presently, the
four most popular bariatric surgery techniques are Roux-en-Y gastric bypass (RYGB), vertical
sleeve gastrectomy (VSG), adjustable gastric banding (AGB), and biliopancreatic diversion with or
without duodenal switch (BPD and BPD-DS) [107]. RYGB and VSG are the most commonly
performed procedures, thus they are also studied most extensively. Originally, bariatric surgery
aimed to restrict food intake by reducing the stomach volume and promoting the malabsorption
of nutrients by rearranging the intestines. Over the years, it became clear that bariatric surgery
achieves more than this; it changes the metabolism of the gut and the signaling to many other
organs. Complex changes in gut hormones, gut microbiota, afferent and efferent signaling of the
enteric nervous system, and bile acid secretion mediate the positive metabolic effects of the

bariatric surgery. As a result, it is also called metabolic surgery nowadays.

Figure 6: Bariatric surgery techniques, adapted from Neff et al., 2013 [107], continued on the following
page
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published under the creative commons licence, images are the property of Johnson and Johnson and
Ethicon Endo-Surgery (Europe). (A) RYGB: a gastric pouch out of the upper part of the stomach is created
and anastomosed to the distal part of the jejunum. The excluded biliary limb is connected back to the
jejunum distal to the gastrojejunostomy. (B) VSG: the majority of the stomach is excised leaving a ca. 150
ml stomach pouch behind. (C) AGB: an inflatable band is placed around the very proximal part of the
stomach. The tightness of the band can be adjusted accordingly. (D) BPD: a sleeve gastrectomy is
performed and a biliopancreatic limb is created and anastomosed to the distal ileum.

Manipulating the gut’s structure through bariatric surgery is highly efficient; patients lose 20 -
30% of their body weight and, more importantly, maintain this weight loss over the years [108,109].
Moreover, other metabolic diseases like dyslipidemia or hypertension can be improved or
resolved with bariatric surgery [109]. In 87% of the patients, T2D is improved or resolved. The most
effective resolution of T2D is observed in patients undergoing BPD-DS, followed by patients
undergoing RYGB [65]. Interestingly, the remission of T2D can already be observed a few days
after the surgery, which is before the patients even begin to lose weight. This suggests that there
is also a weight-independent component of T2D remission [110]. The improvement in glucose
levels immediately after the surgery is most likely due to the caloric restriction caused by the
surgery itself. This stimulates the loss of ectopic fat in the liver, which dramatically improves
hepatic insulin resistance [111]. Further on, the improvements in T2D are suggested to be
mediated by changes in glucose absorption, gut hormones, microbiota, and ultimately weight
loss. However, until today, the exact underlying mechanisms mediating the T2D resolution are not

completely understood [112].

The gut-secreted hormones are another reason why the gut has great power over our metabolism.
As mentioned before, they are secreted by the EECs in response to nutritional stimuli. Depending
on the location and the type of EECs, different hormones are secreted. They have various
physiological roles in relation to obesity and T2D. Glucagon-like peptide 1 (GLP-1) and gastric
inhibitory polypeptide (GIP) mediate the incretin effect. This describes the phenomenon where, if
a glucose bolus is administered orally, more insulin is secreted than if the same amount of glucose
is administered intravenously [113]. They provide a gut-derived signal which augments glucose-
dependent insulin secretion. GLP-1 and GIP endorse insulin secretion, islet beta cell survival, and
insulin biosynthesis. Moreover, GLP-1 inhibits glucagon secretion directly and indirectly via the
promotion of somatostatin. Both GLP-1 and GIP are inactivated by dipeptidyl peptidase-4 (DPP4)
[114]. Besides GLP-1 and GIP, cholecystokinin (CCK) acts on the pancreas and induces the secretion
of pancreatic enzymes for lipid digestion when a fat-rich meal is eaten [20]. Further gut secreted
hormones play an important role in food intake control. GLP-1, GIP, CCK, and GLP1-
oxyntomodulin—peptide YY (PYY) all function as anorexigenic hormones and induce postprandial
satiety. However, their exact mechanism of action is still under investigation. Receptors for all of

them are located on the afferent vagus but also in in the appetite-regulating regions of the central
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nervous system, the hypothalamus, and the brainstem [20]. On the other side, there are also
orexigenic hormones, namely Ghrelin and insulin-like peptide 5 (INSL5). Ghrelin is secreted from
the EECs located in the stomach in anticipation of a meal, although Ghrelin secretion is suppressed
as soon as food is ingested [20]. INSL5 is produced by colonic and rectal L-Cells and, surprisingly,
is co-released with the anorexigenic hormones PYY and GLP-1 [115]. Nonetheless, the
administration of INSL5 significantly increased food intake in mice, although the underlying
physiological roles are still poorly understood [116]. Regulation of the gastric emptying is another
factor that greatly influences the digestion and absorption of food. Thus, this process is tightly
regulated by a set of hormones. CCK, GLP-1, GIP, and PYY regulate the food passage through the

gut. Thus, they can determine the amount and frequency of nutrients getting absorbed [20].

Pancreatic Appetite Gastric emptying
Hormone Regulation &
Release Absorption
GLP1, GIP, CCK Orexigenic: CCK, GLP1, GIP, PYY
Ghrelin, INSL5

Anorexigenic:
CCK, GLP1, GIP, PYY

Figure 7: Gut hormones in the context of T2D and obesity, based on Gribble and Reimann, 2019 [20].
Glucagon-like peptide 1 (GLP-1); gastric inhibitory polypeptide (GIP); cholecystokinin (CCK); GLP1-
oxyntomodulin—peptide YY (PYY); insulin-like peptide 5 (INSL5)

The powerful action of gut hormones regarding metabolism was also recognized by the
pharmaceutical companies. GLP-1 receptor agonists and DPP4 inhibitors successfully made it to
the market and are becoming more and more popular for the treatment of T2D and obesity. GLP-
1 receptor agonists improve blood glucose levels, induce weight loss, and further display cardio
protective effects. However, dose dependent side effects like nausea, diarrhea, or vomiting limit
the use of higher doses of GLP-1 receptor agonist, which would drive a greater weight loss
[117,118]. DPP4 inhibitors also display great effects in the glycemic control with limited side
effects. However, no effect on bodyweight was observed [119]. GIP receptor agonists alone turned
out to be almost ineffective in T2D patients [120]. However, GLP-1-GIP dual agonists
demonstrated great potential to treat obesity, hyperglycemia, and dyslipidemia. Thus, several
companies are in phase | or phase Il of clinical trials with this agonist combination [117,121,122].
Several other peptides or combinations of gut peptides are currently being investigated, but they

still require further investigation [123,124].
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Another aspect that needs to be highlighted in the context of the gut and metabolic diseases is
the gut-brain axis. Here, the nervous vagus, which is the bidirectional communication route
eliciting gut feelings, stands in the center. As aforementioned, the chemosensors in the EECs
stimulate gut hormone secretion, which can signal to the afferent endings of the vagus in a
paracrine manner to govern satiation and food preferences. Furthermore, tension and
mechanoreceptors sense the gut luminal content. Hence, the brain can direct gastric volume and
gastric motility [125]. Additionally, one must also consider the hedonic component of food. Taste
sensors on the tongue as well as in the gut can sense palatable food, which results in more “food
reward” than eating plain food. After bariatric surgery, a change in “food reward” can be observed
in many patients. The patients spend less time thinking about food and start to prefer fruits and
low-calorie foods. However, these are only observations, and a study directly testing the changes
in the reward centers of the brain following bariatric surgery is missing yet [126]. At the moment,
we are still far away from fully understanding the complex bidirectional interaction of the gut and
the brain. Studies in this area are ongoing and will hopefully further elucidate the gut-brain axis

in the future [125].

Lastly, the microbiota of the gut must be mentioned. The gut is the host for trillions of
microorganisms. It was demonstrated that the microbiome of the gut can significantly influence
obesity and T2D. Backhed et al., showed that germfree mice do not develop obesity and insulin
resistance when placed on HFD. However, if these mice were reconstituted with gut microbiota
from lean mice, they rapidly started to gain weight and became glucose intolerant within two
weeks [127]. Similarly, when germ-free mice received gut microbiota from mice or humans that
underwent RYGB, a loss in bodyweight and an increase in energy expenditure was observed
[128,129]. This demonstrates the power of the gut microbiota, although the underlying
mechanisms are difficult to understand and have not been completely dissected yet. Lean people
and mice show an equal balance of Firmicutes to Bacteroidetes, but in obesity the balance shifts
towards Firmicutes [130]. The gut microbiota of obese individuals increase the energy harvest
from the digesting food, thus linking the bacteria to the development of obesity. The bacteria
produce short chain fatty acids (SCFA) through the hydrolyzation and fermentation of
polysaccharides. SCFAs modulate the lipid metabolism of the host by promoting lipogenesis and
inhibiting the fasting-induced adipocyte factor (FIAF), which suppresses LPL. Hence, fat
accumulation in adipocytes is favored [131]. Furthermore, SCFAs stimulate the expression of the
Na*/glucose cotransporter (SGLT-1), which favors the absorption of monosaccharides [132].
Another very important consequence of an altered microbiota composition is the so-called “leaky

gut” syndrome. The gut microbiota, modulated upon HFD, stimulate the intestinal epithelial cells.
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As a response, they secrete pro-inflammatory cytokines. In turn, these increase the intestinal
permeability, and bacterial lipopolysaccharide (LPS) can cross the intestinal barrier, resulting in
low-grade intestinal inflammation. Through this, the permeability of the gut is further perturbed
and the local inflammation progresses into a systemic inflammatory response, which can

consequently promote the adipose tissue inflammation and concomitant insulin resistance [133].

In summary, our digestive tract offers a wide range of options to treat the metabolic syndrome.
However, as the example of the bariatric surgery nicely demonstrates, there is not one single
factor alone in the gut that needs to be changed in order to achieve ultimate success over the
metabolic syndrome. The metabolic power of the gut is the result of a strong interplay between
the gut cells, the secreted gut hormones, the crosstalk with other organs, and the hosted
microbiota. All factors are tightly connected to each other. The manifold interactions and functions
of the gut are still not fully elucidated; thus, the research will go on, and hopefully new powerful

treatment options against the metabolic syndrome will emerge.
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Abstract

To analyze the capacity of white and brown adipose tissue remodeling, we developed two novel
mouse lines, to label, quantitatively trace and ablate white, brown and brite/beige adipocytes, at
different ambient temperatures. We show here that the brown adipocytes are recruited first and
reach and a peak after one week of cold stimulation followed by a decline during prolonged cold
exposure. Contrary brite/beige cell numbers plateau after three weeks of cold exposure. At
thermoneutrality, brown adipose tissue in spite of being masked by a white-like morphology,
retains its brown-like physiology, as Ucp1+ cells can be recovered immediately upon beta3-
adrenergic stimulation. We further demonstrate that the recruitment of Ucp1+ cells in response
to cold is driven by existing adipocytes. In contrast, the regeneration of the interscapular brown

adipose tissue following ablation of Ucp1+ cells is driven by de novo differentiation.
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2.1 Introduction

White adipocytes are the storage cells of neutral lipids [134], while brown adipocytes utilize energy
from glucose and fat to produce heat. Under cold stimulation, brown-like adipocyte cells, named
brite or beige adipocytes, arise within the predominantly white adipose tissue depots [135,136].
Several features distinguish these cell types, including but not limited to lipid droplet morphology,
mitochondrial content and the expression of Uncoupling protein 1 (Ucp1) [134]. In mice and
humans, the adipose organ consists of various depots which can be distinguished by their ratio
of white, brown and beige adipocytes [37,137,138]. In addition to the functional mature
adipocytes, other cell types such as pre-adipocytes, fibroblasts, immune cells or endothelial cells

can be found in the stromal vascular fraction of adipose tissue [10].

Upon cold stimulation, the thermogenic capacity and number of brown adipocytes is increased
[139-141], while within the inguinal white adipose tissue depot (ingWAT), Ucp1 expressing
multilocular brite/beige adipocytes arise from precursor cells [10,142] or interconvert from white
adipocytes [12,14,143]. In contrast, under thermoneutral housing conditions, the brown
adipocytes obtain a morphologically white-like appearance, while their transcriptome maintains
a brown-like pattern [144,145]. Adaptation and remodeling of the adipose tissue in response to
various external stimuli has been studied by different methods, such as transcriptomic and
proteomic profiling, epigenomics, histology, and other imaging methods [14,137,144,146].
However, the change in the numbers of white, brown, and brite/beige adipocytes during adipose
tissue remodeling remain elusive, due to the lack of quantitative methods. We report here detailed
kinetics of adipose tissue remodeling, which provides new insight into the adaptive processes that

take place within adipose tissue to maintain thermogenesis.

2.2 Results

2.2.1 Establishment of a quantitative recombination assay to determine

adipocyte numbers

Given the heterogeneity of the adipose organ we aimed to establish an assay to quantify
adipocyte numbers in whole adipose tissue depots. The Adipog-tracer-depleter mouse line
(Adipog-CreERT2 x ROSA26-tdRFP x Ucp1-DTR-GFP) and the Ucp1-tracer-depleter mouse line
(Ucp1-CreERT2 x ROSA26-tdRFP x Ucp1-DTR-GFP) were generated to genetically label all
Adiponectin+ (Adipoq+) or Ucp1+ cells with an RFP label upon administration of tamoxifen. In

addition, due to the Ucp7-DTR-GFP allele, all Ucp1+ cells are constitutively labeled by GFP and
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the diphtheria toxin receptor (DTR), which is transiently expressed under the control of the Ucp1
promotor, can be used to deplete all Ucp1+ cells by administration of diphtheria toxin (DT) [Fig.
1A, Suppl. Fig. 1A]. Initially, we observed that one to five days of oral tamoxifen administration (2
mg/mouse/day) resulted in a constant number of recombined Adipoqg+ cells, both in the
interscapular brown adipose tissue depot (iBAT) (25.0M Adipog+ cells; M = 108) and in inguinal
white adipose tissue (ingWAT) (18.1M Adipog+ cells) [Fig. 1B; C]. No significant difference in the
number of either the total, or the recombined Adipoq+ cells was observed between males and
females [Fig. 1B; C]. The recombination of Adipoq+ cells was found exclusively in the adipose
tissue [Fig. 11] and no signal was observed in the iBAT and the ingWAT of wild-type mice [Fig. 1E;
G], while in mice heterozygous for the Adipoq-CreERT2 allele, all adipocytes were labelled RFP
positive [Fig. 1F; H]. The method works equally efficient in the epididymal white adipose tissue
(eWAT), without any effects on bodyweight, while lower tamoxifen doses were not sufficient to
label all adipocytes [Suppl. Fig. 1B; D; E]. The same labeling efficiency was observed in the Ucp1-
tracer-depleter mouse line [Suppl. Fig. 1F-M]. Taken together, we developed a system, which can

be used to accurately quantify Adipoq+ cells and Ucp1+ cells in complete adipose depots.
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Figure 1: (A) Schematic description of the mouse models. (B-C) Effect of tamoxifen dosing on
recombination: Adipog-tracer-depleter animals received 1 to 5 treatments with tamoxifen (2mg/per
animal/day, administered orally) on consecutive days. All tissues were taken on day 6 after the first
tamoxifen treatment. The total as well as the Adipoq+ recombined cell number, was analyzed in (B) iBAT,
(C) ingWAT, male and females were analyzed and shown individually, n=2-7. (D) Tissue specificity of the
Adipog-tracer-depleter line: Animals received tamoxifen (2x 2 mg/per animal/day). Multiple tissues were
taken 7 days later and analyzed for percentage continued on the following page
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of recombined Adipog+ cells, n=8. Data are presented as mean + SEM, M = 108, rec. = recombined (E-H)
Histological analysis of recombination efficiency: Samples of (E) iBAT wt x loxPRed" (F) iBAT
AdipoqCreERT2 x loxPRed™" (G) ingWAT wt x loxPRed™ (H) ingWAT AdipoqCreERT2 x loxPRed™" were
harvested 2 days after tamoxifen treatments. DNA was stained with Hoechst 3342 (blue), and recombined
cells were stained with Anti-RFP (red). Scale bar = 50 pm.

2.2.2 Brown adipocytes maintain responsiveness to ADRB3 under

thermoneutrality

Standard animal housing conditions range from 22°C — 25°C, which is below the thermoneutral
zone and thus elicits a constant cold stress in mice [147]. To mimic the thermogenic state of a
human more closely, many groups have investigated the brown adipose tissue of animals housed
at thermoneutrality (30°C). Most observed a white-like tissue morphology and reduced Ucp1
protein and mRNA content under these conditions [148,149]. However, there is an ongoing
debate in the field, whether brown adipocytes maintain their inducibility even after acquiring a

white-like cellular morphology.

When we administered tamoxifen (2x 2 mg/per animal) after five weeks of thermoneutral housing,
significantly less Ucp1+ cells were recombined in iBAT, axillary BAT (aBAT) and cervical BAT (cBAT)
compared to room temperature [Fig. 2A]. As expected, the cellular morphology in iBAT at
thermoneutrality changed from multilocular to unilocular [Fig. 2H; I]. Albeit these changes, the
amount of recombined Ucp1+ cells remained at 30-45% of those observed at room temperature,
suggesting that the Ucp1 promotor retains partial activity, even after prolonged thermoneutral

housing.

To further characterize the functionality of these cells, we analyzed their responsiveness to beta-
adrenergic stimulation [Fig. 2B]. Upon activation by cold or by administration of the beta3-
adrenergic receptor (ADRB3) agonist CL316,243 (CL), brown adipocytes react by upregulating
thermogenic genes, lipolysis and energy expenditure [1]. At room temperature, ADRB3
stimulation reduced lipid droplet size in iBAT indicating an increased lipolysis and thermogenic
activity [Fig. 2J], while the numbers of Ucp1+ cells in iBAT and aBAT remained unchanged [Fig.
2D]. In ingWAT the number of Ucp1+ cells increased from non-detectable levels to 1.3 + 0.7M
Ucp1+ cells after CL injection [Fig. 2D]. In thermoneutral conditions, ADRB3 stimulation increased
the number of Ucp1+ cells in the iBAT, aBAT, cBAT and ingWAT to similar levels observed at room
temperature [Fig. 2D; E]. Nevertheless, at thermoneutrality, brown adipocytes displayed a more
paucilocular phenotype following ADRB3 stimulation [Fig. 2K]. Based on these data, we conclude
that, despite their unilocular appearance at thermoneutrality, brown adipocytes maintain their

responsiveness to ADBR3 stimulation and the Ucp1+ cell numbers can be recovered completely
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within two days of ADRB3 stimulation. This supports the notion that brown adipocytes do not

convert into white adipocytes at thermoneutrality, but rather acquire a "masked” state.

To further confirm that at thermoneutrality no brown-to-white adipocyte conversion is taking
place, we took advantage of the depleter properties of our mouse models. Therefore, we first
labeled all Ucp1+ cells by tamoxifen at room temperature, before transferring the mice to
thermoneutrality for five weeks [Fig. 2C]. If brown adipocytes would convert into white adipocytes,
it would not be possible to ablate these cells with DT, as the DTR is expressed transiently under
the control of the Ucp1 promotor. In accordance with our previous results, we observed also an
almost complete ablation of all Ucp1+ cells in all depots even at thermoneutral housing [Fig. 2F;
G], which was confirmed by histological analysis [Fig. 2L; M]. Of note is the observation that Ucp1+
cell numbers in the saline treated group at room temperature were reduced five weeks post
tamoxifen administration in all three brown adipose tissue depots [Fig. 2F], compared to room
temperature conditions after acute labeling [Fig. 2A]. This indicates that a certain level of cell-
turnover took place. As we did not observe any difference in the remaining Ucp1+ cell numbers
at either room temperature or thermoneutrality [Fig. 2F; G], we conclude that the cell turnover is

similar under both housing conditions.

In summary, we show here that at thermoneutrality, brown adipocytes remain fully responsive to

ADRB3 stimulation, despite being masked by a white-like adipocyte morphology.
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Figure 2: (A) Thermoneutrality induced plasticity of adipose tissue: continued on the following page
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Animals of the Ucp1-tracer-depleter line were housed at thermoneutrality or at room temperature for 5
weeks. Tamoxifen was applied at the end. The number of Ucp1+ cells was analyzed in iBAT, aBAT and
cBAT, n=8. (B) Schematic description of ADRB3 stimulation: Animals of the Ucp1-tracer-depleter line
were housed at 22°C or 30°C for five weeks. At the end, they received tamoxifen followed by a second
treatment with tamoxifen and ip. injection of CL the next day. A second CL injection was given the
following day. Tissue samples were taken at day 2 after the last CL injection. (C) Schematic description
of ablation efficiency: Tamoxifen was administered before start of the experiment. After 5 weeks at room
temperature or thermoneutrality, DT or saline was injected. Tissues were harvested 2 days post DT
injection. (D-E) Quantification of ADRB3 stimulation: The Ucp1-tracer-depleter animals received
thermoneutrality and tamoxifen, CL/saline as depicted in the scheme under (B). The total number of Ucp1+
cells in the iBAT, aBAT and cBAT was quantified at (D) room temperature and (E) thermoneutrality, n=8-
11. (F-G) Quantification of ablation efficiency: The Ucp1-tracer-depleter animals received tamoxifen,
thermoneutrality and DT/saline as depicted in the scheme under (C). The total number of Ucp1+ cells in
the iBAT, aBAT and cBAT was quantified at (F) room temperature and (G) thermoneutrality, n=6-12. (H-
M) Histological analysis of thermoneutrality induced plasticity of iBAT: Animals were housed and
treated as indicated. DNA was stained with Hoechst 3342 (blue), and recombined cells were stained with
Anti-RFP (red). Scale bar = 50 um. (H) room temperature; saline (I) thermoneutrality; saline (J) room
temperature; CL (K) thermoneutrality; CL (L) room temperature; DT (M) thermoneutrality; DT. Data
presented are mean + SEM, M = 10, rec. = recombined.

2.2.3 Different kinetics of thermogenic cell recruitment in response to chronic

cold exposure

It is widely known that, upon cold stimulation, brown adipose tissue mass, as well as UcpT mRNA
and protein levels increase [149,150], while white adipose tissue "browning” can be observed in
certain depots [151]. However, the capacity and kinetics to form Ucp1+ cells in response to cold

is unknown.

By employing the Ucp1-tracer-depleter line, we were able to quantify the number of Ucp1+ cells
in different adipose tissue depots following short- and long-term cold exposure. In the iBAT, the
number of Ucp1+ cells almost doubled within the first week of cold exposure from 28.9 + 7.5M
to 53.2 £ 5.2M Ucp1+ cells [Fig. 3A]. Similarly, the total number of cells increased within the first
week (128.6 + 27.6M vs. 167.2 £ 12.4M total cells), thus the relative number of Ucp1+ cells within
the depot increased only by 50% from 21.2 + 2.5 % to 32.6 *+ 3.8 % [Fig. 3B]. In contrast, chronic
cold exposure for eight weeks resulted in a decrease in Ucp1+ cells in iBAT (26.3 + 4.7M Ucp1+
cells; 25.7 £ 1.7 % Ucp1+ cells) to levels observed at room temperature [Fig. 3A; B]. While in the
eWAT no browning was observed [Fig. 3E; F], in ingWAT the kinetics of browning were slower than
in iBAT and saturated at around 4.2 + 0.5M Ucp1+ cells only after three weeks of cold exposure
[Fig. 3C]. The total cell numbers in the ingWAT reached a maximum after one week of cold
exposure (136.8 + 24.5M to 276.2 + 32.0M total cells) and after 3 weeks of cold exposure
plateaued at approximately 234M cells. It should be noted that brite/beige fat cells constitute only
2% of all cells present within the ingWAT depot [Fig. 3D].

Altogether the number of Ucp1+ cells from iBAT and ingWAT amounted to 55.5M cells after one

week of cold exposure, while after eight weeks numbers were reduced to 30.5M, which is similar
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to the numbers observed at room temperature (29.3M Ucp1+ cells). Thus, the increase in the
number of brite/beige fat cells is not compensating for the reduction in Ucp1+ cells in iBAT upon

prolonged cold exposure.

To determine the browning capacity of the ingWAT, the ratio of Ucp1+ and Ucp1- adipocytes is
important. To quantify these numbers, we stimulated brown and brite/beige adipocyte formation
by CL administration and then depleted Ucp1+ cells from the adipose tissue by DT injection. In
the ingWAT a 16% reduction of Adipoq+ cells was observed upon DT mediated ablation of Ucp1+
cells (20.2 £ 1.0M vs. 17.0 £ 2.0M Adipog+ cells) which equals 3.2M brite/beige fat cells [Fig. 3G].

In summary, we provide here kinetics of adipose tissue plasticity upon cold exposure. Our data
suggest that iBAT is the early responder to cold, while in the ingWAT maximal browning is
observed after three weeks of stimulation. Interestingly, our data suggest that the total numbers
of Ucp1+ cells in iBAT and ingWAT upon long term cold exposure are similar to numbers observed
at room temperature. This suggests that either the individual Ucp1+ cells increase their

thermogenic activity or the presence of alternate strategies to maintain thermogenesis.
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Figure 3: (A-F) Cold induced plasticity of adipose tissue: continued on the following page
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Animals of the Ucp1-tracer-depleter line were cold exposed at 8°C. Tissue samples were taken before cold
exposure and after 1 day, 2 days, 1 week, 2 weeks, 3 weeks, and 8 weeks of cold exposure. Tamoxifen was
administered every week. The number of Ucp1+ cells and the total cell number as well as the % of Ucp1+
cells with respect to total cell number was analyzed in (A)&(B) iBAT; (C)&(D) ingWAT; (E)&(F) eWAT,
n=5-9. (G) Number of Ucp1+ cells ablated from the pool of Adipoq+ cells: The animals of the Adipog-
tracer-depleter line received 2 tamoxifen treatments. 1 week later the animals were injected with DT or
saline. The consecutive 3 days all animals received CL & DT/saline. Tissues were harvested one day after
the last injection. The number of Adipoqg+ cells was quantified in (G) ingWAT, n=8. Data presented are
mean + SEM, M = 105, rec. = recombined.

2.2.4 The iBAT depot has a high remodelling capacity

In humans the presence and activity of brown adipose tissue reduces with age [7-9,101]
suggesting that, the mechanism of regeneration and recruitment of brown adipose tissue is

important to maintain organ function.

To study the regeneration of brown adipose tissue, all Ucpl1+ cells were depleted by DT
administration. Subsequently, animals were cold exposed for one week to stimulate re-growth
and treated with tamoxifen at the end of the cold exposure to quantify the full regrowth potential
of iBAT [Fig. 4A]. From baseline (1.7 £ 0.6M Ucp1+ cells), the iBAT showed the capacity to regrow
224 + 2.8M Ucp1+ cells [Fig 4B], which constitutes approximately 92% of the Ucp1+ cells
observed at room temperature (28.9 + 7.5M Ucp1+ cells) [Fig 3A]. In absolute numbers this
amounts to an increase of 20.7M Ucp1+ cells [Fig 4B], which is comparable to the increase in

Ucp1+ cells in iBAT after one week of cold exposure (24.3M Ucp1+ cells) [Fig 3A].

The increase in Ucp1+ cells after cold exposure (recruitment) or after ablation (regeneration) can
be due to differentiation or proliferation of adipogenic precursors, or due to interconversion of
Ucp1- adipocytes into Ucp1+ adipocytes [12,152]. We used the Adipoq-tracer-depleter mice to
first determine the origin of regenerating cells in the iBAT after ablation. Therefore, we initially
labeled all Adipog+ cells by administration of tamoxifen, followed by a three-week washout
period [Suppl. Fig. 2A—C]. Subsequently, all Ucp1+ cells were ablated by DT and afterwards, the
animals were transferred into cold for one week to stimulate the re-growth [Fig. 4C]. Adipocytes
positive for the recombined Adiponectin label would under these conditions be derived from pre-
existing Ucp1- adipocytes, while cells negative for the Adiponectin label would have originated
from precursor cells. Only a very small amount of 2.1 + 0.5M Adipoqg+ cells were detected [Fig.
4E] in our experimental paradigm, suggesting that during the regeneration of iBAT, only a minority
of adipocytes originated from pre-existing adipocytes, and that the majority was derived from
precursor cells. By administering tamoxifen at the end of the cold exposure we could calculate a
re-growth of 21.4 + 3.7M Adipoq+ cells [Fig. 4E], which is equal to the numbers detected upon

iBAT ablation [Fig. 4B], confirming the observed regeneration potential.
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To determine the origin of the cold recruited cells in the iBAT, we labeled all Adipoq+ cells by
tamoxifen, followed by a three-week washout period [Suppl. Fig. 2A-C], before we stimulated the
recruitment of brown adipocytes by one week of cold exposure [Fig. 4D]. If the numbers of
Adipog+ cells with and without tamoxifen re-administration would be similar, the cold induced
recruitment of brown adipocytes would be driven by pre-existing adipocytes, while if there was a
difference, the recruitment would be driven by the differentiation of precursors, which were not
labeled at room temperature. When comparing the amount of Adipoqg+ cells in the iBAT of both
groups, we did not observe any significant difference in cell numbers (53.7 + 5.2M Adipoqg+ cells
vs. 58.1 £ 3.2M Adipoq+ cells) [Fig. 4F]. Thus, we conclude that contrary to the regeneration, the
recruitment of brown adipocytes in cold is driven by conversion of pre-existing adipocytes. We
observe an increase of 20M-30M Adipog+ in both the regeneration and the recruitment
paradigm, which suggests that both the interconversion and the de novo formation are equally

potent mechanisms to increase the number of brown adipocytes.

In conclusion, we show that the iBAT displays a high capacity of remodeling upon cold exposure.
Interestingly, the origin of recruited vs. regenerated brown adipocytes differs. During BAT
regeneration, the increase in cells is mainly due to the differentiation from precursors cells, while

newly recruited brown adipocytes in BAT are formed mainly from pre-existing adipocytes.
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Figure 4: (A) Schematic description of the re-growth experiment: In the baseline group first all Ucp1+
cells were ablated by DT, followed by the administration of tamoxifen 2- and 3-days post DT injection.
Tissues were harvested 4 days post DT injection. In the re-growth group, all Ucp1+ cells were ablated by
DT, followed by 2 administrations of tamoxifen and 1 week of cold exposure with a re-administration of
tamoxifen at the end. (B) Ablation and re-growth quantification: The Ucp1-tracer-depleter animals
received DT, tamoxifen, and cold exposure, as depicted in the scheme under (A). The total number of
Ucp1+ cellsin the iBAT was analyzed, n=6-9. (C) Schematic description origin of the re-growing brown
adipocytes: The Adipog-tracer-depleter line received tamoxifen followed by a 3-week washout period.
At the end of the washout period, DT was applied, continued on the following page
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and the animals were cold exposed for 1 week. Part of the animals received a tamoxifen re-administration
at the end of the cold exposure. (D) Schematic description origin of the recruited brown adipocytes:
The Adipog-tracer-depleter line received tamoxifen followed by a 3-week washout period. At the end of
the washout period, the animals were cold exposed for 1 week. Part of the animals received a tamoxifen
re-administration at the end of the cold exposure. (E) Re-growth quantification: The Adipog-tracer-
depleter animals received tamoxifen, DT/saline, and cold exposure, as depicted in the scheme under (F).
The total number of Adipog+ cells in the iBAT was quantified, n=8-9. (F). Recruitment quantification:
The Adipog-tracer-depleter animals received tamoxifen and cold exposure as depicted in the scheme
under (G). The total number of Adipog+ cells in the iBAT was quantified, n=8-9. Data presented are mean
+ SEM, M = 108, rec. = recombined.

2.3 Discussion

The plasticity of the adipose tissue is extensive, it can adapt to environmental and metabolic cues
with a wide dynamic range. Most commonly, the adaptions are investigated by analysis of the
cellular morphology [137], protein and gene expression profiles [149], by epigenomic approaches
[153] or even single cell transcriptomics [154]. However, none of these methods allow for the
quantification of all adipocytes within a complete adipose depot in an unbiased manner. Here, we
describe such a method and utilize this assay to answer several important questions in the field

of adipose tissue biology.

When thermal stress is absent, brown adipocytes downregulate their thermogenic program and
develop a morphology similar to that of white adipocytes [148]. However, it is not clear whether
acquisition of a white adipocyte-like phenotype affects the inducibility of these cells. Brown
adipose tissue in rodents was shown to maintain its epigenetic signature on a chromatin level
after prolonged exposure to thermoneutrality [145] while on a transcriptional level, the “whitened”
brown adipose tissue resembles classical white and mildly activated brown adipose tissue [144].
We were able to show here that, despite being masked, brown adipocytes maintain
responsiveness to ADRB3 stimulation, and that they also remain fully responsive to DT mediated

depletion, even under thermoneutral conditions.

In contrast, cold exposure promotes the formation of new thermogenic fat cells in both brown
and white fat depots. Within the first week of cold exposure, we observed a burst of proliferation
and a peak in the number of Ucp1+ cells and total cell numbers in the iBAT [12,140], which
occurred most likely due to extensive angiogenesis to secure sufficient nutrient supply and heat
distribution [12,155]. Accordingly, other groups observed an increase in iBAT mass and in total
iBAT protein content upon cold exposure [149,156]. Upon prolonged cold exposure, the number
of Ucp1+ cells in the iBAT returned to numbers which were observed at room temperature. In
contrast, in ingWAT Ucp1+ cell numbers continuously increased during cold exposure until they
ranged between 1.3 — 4.2M Ucp1+ cells. This means that 16% of all adipocytes were brite/beige

cells, which is in accordance with the thermogenic capacity of the ingWAT determined by others
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[144,149,156]. Others determined the number of brite/beige cells based on histology
[12,137,157,158]. Their numbers are however difficult to compare due to differences in methods,
classification of the depots and mouse strains. Our quantitative insight into the kinetics of Ucp1+
cells upon cold exposure demonstrated that, despite the continuous increase in brite/beige cells
in ingWAT, this could not compensate the reduction in Ucp1+ cells in the iBAT [159]. This suggests
that upon prolonged cold exposure the animals gradually adapt by adjusting other metabolic
pathways [160] and/or their behavior and physiology [161,162]. As demonstrated previously, Ucp1
per se is not vital for the adaption to long-term cold exposure [163,164], seeing as muscle
shivering or Ucp1 independent thermogenic futile cycles are alternative strategies to generate

heat [165-167].

Short term cold exposure could also stimulate the complete re-growth of an ablated depot within
one week. In other models, studying the regeneration of the adipose tissue, the re-growth of
brown adipose tissue took substantially longer. However, in those models the whole adipose

tissue was ablated, which induces a prominent metabolic phenotype [168,169].

We could demonstrate that, during the regeneration of the iBAT, the newly formed cells are
derived from precursor cells. In contrast, newly formed brown adipocytes in iBAT upon acute cold
exposure originate primarily from pre-existing adipocytes. Song and colleagues observed the
same phenomenon, despite differences in the labeling of Adipoq+ cells [170]. Others also
observed the contribution of precursor cell proliferation to the increase in the iBAT mass upon
cold exposure [12,150]. One possible explanation could be the use of different tracer lines, which
are not 100% specific for adipocyte precursors. Surprisingly, the increase in Ucp1+ cells upon cold
exposure with and without previous ablation was very similar (20M-30M Ucp1+ cells), indicating
that this process occurs naturally in response to a cold environment in order to maintain
temperature homeostasis. Furthermore, our data suggests that two pools exist within the iBAT
which can be utilized to expand the tissue, namely precursor cells, which are capable to fully
regenerate iBAT after tissue ablation, as well as cold inducible adipocytes, which are recruited
upon cold exposure. With the emerging advances in single cell sequencing, it has become evident
that different adipocyte subpopulations exist within the adipose tissue, which are involved in
regulation of proliferation, differentiation as well as paracrine crosstalk [154,171,172]. Future

studies will be needed to characterize the properties of the two proposed brown adipocyte pools.

Acknowledgements

The authors would like to thank Manuel Klug for his great support with the animal experiments

and lan Mitchell for his help editing the manuscript. All microscopy work was carried out at the

36



2.4 STAR Methods

Scientific Center for Optical and Electron Microscopy (ScopeM) at ETH Zurich. The work was

supported by the Swiss National Science Foundation

Author Contributions

CM., LS. and CW conceived and designed the study. CM., LS. and Y.R. performed the
experiments and did the analysis of the samples. D.D., EK,, W.S., S.M and M.B. helped with the
harvest of the tissue samples. Y.R. and L.D performed the confocal imaging. C.M., LS., M.B. and
C.W. wrote the manuscript and generated the figures, with the help of feedback from all other

authors. CW. supervised the study.

Declaration of Interest

The authors declare no competing interests

2.4 STAR Methods

LEAD CONTACT

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Christian Wolfrum (christian-wolfrum@ethz.ch)

MATERIALS AVAILABLITY
Plasmids and animal lines are available from the corresponding author upon request.
DATA AND CODE AVAILABILITY

This study did not generate/analyze datasets or codes

2.4.1 Experimental model and subject details

Transgenic Mouse Strains

The Ucp1-tracer-depleter mouse line is a crossing of the three mouse strains which were
previously described: Ucp1-CreERT2 [14], ROSA26-tdRFP [173] and Ucp1-RTR-GFP [14,174]. The
Adipoq-CreERT2 strain, was created using bacterial artificial chromosome (BAC) cloning as
described previously [175]. We used the Adiponectin gene containing BAC RP24-69M4 (BACPAC
Resources Center). Cloning primer sequences are provided upon request. Transgenic mice were

generated by pronuclear injection into C57BL/6N oocytes according to standard procedures [176].
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The Adipog-tracer-depleter mouse line was generated by crossing the Adipoq-CreERT2 strain
with ROSA26—tdRFP strains [173] and the Ucp1-DTR-GFP line [14]. All mice were kept on a
C57BL/6N background. Unless otherwise indicated, adult male and female mice at the age of 13
weeks were housed at room temperature (20-22°C) on an inverted light-cycle (7 pm - 7 am light
on). Standard chow (Kliba-Nafag purified diet #2222; 18% protein, 7% fat, 58% carbohydrate by
mass) and water were provided ad libitum. All animal experiments were approved by the Cantonal
Veterinary Office of Zurich. All animal experiments complied with the ARRIVE guidelines and were

carried out in accordance with local guidelines.

Experimental Animal Procedures

CreERT2 activity was induced by oral gavage with 2 mg (80 mg/kg) of tamoxifen (Sigma-Aldrich)
in 100 pl sunflower oil per day for two consecutive days (total dose 160 mg/kg). Diphtheria toxin
(Sigma-Aldrich) was injected subcutaneously in the neck region of the animal, 3x each 100 ng in
saline, every six hours to ablate Ucp1+ cells. Beta3-adrenergic agonist CL316,243 (CL) (Sigma-
Aldrich) was injected intraperitoneally (0.1mg in saline/kg/day). For cold exposure, the animals

were housed at 8°C. For thermoneutral housing, animals were kept at 30°C.

2.4.2 Method details

Sample Harvest

Animals were euthanized by carbon dioxide asphyxiation. The fat depot nomenclature ascribed
by de Jong et al [6] was utilized. One lobe of each depot was used for the quantification of
recombination, while the other lobe was used for histological analysis. Popliteal lymph nodes were

carefully removed from the ingWAT depot.

Quantification of Cre recombination in tissues

Genomic DNA (gDNA) was prepared by lysing the tissue in 1 ml of 50 mM NaOH (Sigma-Aldrich)
with one to two metal beads at 50 s-1 for 6-12 minutes with the Tissuelyser LT (Qiagen).
Subsequently, the tissues were shaken (1000 rpm) at 92 °C for 1 h. Thereafter, 250 pl of 1 M TrisHCI
(Sigma-Aldrich) was added to neutralize the pH. The samples were centrifuged two times at 12000
rpm for 5 minutes and the aqueous phase was carefully transferred to a fresh tube. The fat free

aqueous DNA solution was diluted 1:30 in pure H>O.

In order to assess the number of labeled adipocytes, primers [Tab. 1] were designed to identify
the number of recombined loxP site loci in genomic DNA, reflecting the amount of Ucp1+ (for

the Ucp1-tracer-depleter) or Adipog+ (for Adipog-tracer-depleter) cells. The apolipoprotein B
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gene (ApoB) was used as an internal control, indicating total cell numbers [Tab. 1]. Schematic
description of the quantitative recombination analysis is depicted in [Suppl. Fig. 1A]. Absolute
quantification of the number of recombined ROSA26-tdRFP transgene and ApoB genomic loci was
performed by Fast SYBER green (Life Science Technology) quantitative real-time polymerase chain
reaction (QPCR) of genomic DNA. The number or molecules of recombined LoxPRed sites or ApoB
can be quantified using a standard curve generated from a synthesized plasmid
pUC57recloxPRed-ApoB [Tab. 1]. The dilution curve of the plasmid can be found in Table 2 [Tab.
2]. The concentration was calculated based on the molar weight of the plasmid. On the plasmid
only one recombined loxPRed site is present, thus the cycle threshold (Ct) values of each sample
needed to be adjusted according to the animal’'s genotype (divide by two if the animal is
homozygous). Similarly, ApoB Ct values had to be reduced by factor two in order to calculate the

number of non-recombined cells.

Recombined fistopftdRFP, or rec13 (product length: 197 bp)

FW GCGCATGAACTCTTTGATGAC
RV TCGCGGTTGAGGACAAACTC

ApoB (product length: 85 bp)

FW GTCCAGGTTGAATCACGGGT

RV AGGATCCTGCAAGGTCAAGC

Plasmid (485 bp)

CTTGAAGCGCATGAACTCTTTGATGACGTCCTCGGAGGAGGCCAGCATGGATCCAGCGCTAGCTTG
GCTGGACGTAAACTCCTCTTCAGACCTAATAACTTCGTATAGCATACATTATACGAAGTTATGCGGC
CGACCGGTAAGCTTATCGATACCGTCGATCCCCACTGGAAAGACCGCGAAGAGTTTGTCCTCAACC
GCGAGCTGTGGAGGTGGGGTCCAGGTTGAATCACGGGTTCTTCAGCACAATGCACAGTTCTCCAAT
GACCAAGAAGAAATACGGCTTGACCTTGCAGGATCCTTAGACGGAGCCGGAGAACCTGCGTGCAA
TCCATCTTGTTCAATGGCCGATCCCATGGCGGCACAGATGAATTCTTAATAACTTCGTATAGCATAC

ATTATACGAAGTTATGCGGCCGACCGGTAAGCTTATCGATACCGTCGATCCCCACTGGAAAGACCG
CGAAGAGTTTGTCCTCAACCGC

Table 1: Primer for recombination analysis and sequence of the pUC57recloxPRed-ApoB plasmid

Con.cen Tx 5x 2.5x Tx 5x 2.5x x 5x 2.5x Tx 5x
tration

10° 107 107 107 108 108 108 10° 10° 10° 1070
(ug/ul)

Table 2: Dilution curve of the pUC57recloxPRed-ApoB plasmid

Histological Analysis

Adipose tissue depots were incubated in phosphate-buffered saline (PBS) (Thermo Scientific)
containing 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 24 hours. After a wash in PBS, the

tissue was dehydrated for five days in 30 % sucrose (Sigma-Aldrich). Subsequently, they were
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embedded in Shandon Cryomatrix (Thermo Scientific™) flash frozen on dry ice, and stored at -
20°C. Tissues were cut at -30°C on Cryostar NX70 (Thermo Scientific) at 25-50 um thickness and
mounted to Superfrost slides (Thermo Scientific). For RFP staining, the sections were washed with
PBS containing 0.05% TweenTM (PBS-T) (Sigma-Aldrich) and incubated with 10% donkey serum
(Sigma-Aldrich) for 1h, followed by overnight incubation at 4 °C with primary antibody against
RFP (Rockland, 1:100 in 10% donkey serum). As secondary antibody, anti-rabbit Alexa Fluor® 568
antibody (Thermo Scientific™, 1:200 in 10% donkey serum) was used. Nuclei were stained with
Hoechst 33342 (Invitrogen, 1:10°000 in PBS). Slides were mounted with ProLong™ Diamond
Antifade Mountant (Invitrogen) and visualized by confocal microscope Leica SP8-AOBS. If no
antibody for RFP was used, the tissues were only fixed for 1h in 4% PFA. Continuously, only the
nuclei were stained with Hoechst 33342 (Invitrogen, 1:10°000 in PBS) and the Slides were mounted

with ProLong™ Diamond Antifade Mountant (Invitrogen).

2.4.3 Quantification and statistical analysis

Unless otherwise indicated, all results are expressed as mean + standard error of the mean (SEM).
All graphs and statistical analyses were performed using Graphpad Prism (Version 9) We used a
two-tailored, unpaired student’'s t-test (significance cut off: p<0.05) to assess statistical

significance. * = p £ 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.

2.5 Supplementary Material
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Supplementary Figure 1: Establishment of the Quantification Method (A) Quantitative
recombination analysis: Schematic description of the quantitative recombination analysis. The first
primer pair (upper part) is specific for the ApoB locus, an internal control to quantify total number of cells
in a depot. The second primer pair (lower part) is specific for the recombined transgene at the ROSA26
locus. The primer pair only produces a PCR product, when flstop/-casette is genetically deleted by the Cre
recombinase. (B) Effect of tamoxifen dosing on recombination: Adipog-tracer-depleter animals
received 1 to 5 treatments with tamoxifen (2mg/per animal/day, administered orally) on consecutive days.
The tissues were taken on day 6 after the first tamoxifen treatment. The total as well as the Adipog+
recombined cell number, was analyzed in the eWAT n=2-7. (C) Secondary Antibody control: iBAT
AdipoqCreERT2 x loxPRed™" were harvested 2 days after tamoxifen administration (2 mg/per animal). 25
um cryosections were prepared, DNA was stained with Hoechst 3342 (blue) and secondary anti-rabbit
Alexa Fluor® 568 antibody. Scale bar = 50 um (D) Bodyweight: Adiponectin-tracer-depleter animals
received 1 to 5 treatments with tamoxifen (2 mg/ per animal/day) on consecutive days. Bodyweight was
measured on day 6 after the final treatment. (E) Dose dependency of recombination: Animals received
0.1 mg or 2 mg tamoxifen as indicated. Tissues were taken 2 days later. The number of Adipoq+
recombined cells was analyzed in iBAT and ingWAT, n=14. (F) Comparison of the Ucp1-tracer-depleter
vs. the Adipoq-tracer-depleter line: Animals of the Ucp1-tracer-depleter line and the Adipog-tracer-
depleter line received tamoxifen (2x 2 mg/per animal/day) continued on the following page
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on 2 consecutive days. 2 days later the tissues were taken. The percentage of recombined Ucp1+ cells and
Adipoq+ cells, respectively, were analyzed with respect to total cell numbers, n=6-8. (G) Number of
Ucp1+ cells ablated from the pool of Adipoq+ cells: The animals of the Adipog-tracer-depleter line
received 2 tamoxifen treatments. 1 week later the animals were injected with DT or saline. The consecutive
3 days all animals received CL & DT/saline. Tissues were harvested one day after the last injection. The
number of Adipoq+ cells was quantified in iBAT, n=8. (H-M) Overlay of Adipoq+ and Ucp1+ cells in
iBAT: Adipog-tracer-depleter animals and wt animals received 2x 2mg of tamoxifen. The tdRFP and GFP
signal was visualized without antibody staining; DNA was stained with Hoechst 3342 (blue). Scale bar =
50 um. Data presented are mean + SEM, M = 108, rec = recombined

To quantify the number of Adipog+ or Ucp1+ cells, genomic DNA from a whole adipose tissue
depot was isolated and the number of recombined ROSA26-tdRFP alleles (loxPRed) and non-
recombined ApoB alleles was quantified by qPCR [Suppl. Fig. 1A]. The number of recombined
Adipog+ or Ucp1+ cells was calculated based on a standard curve, generated from a plasmid
harboring the recombined loxPRed and the ApoB sequence. Further details can be found in the

methods section.

Working with the tamoxifen inducible CreERT2-loxP system allows tissue specific and temporal
controlled recombination of DNA. If multiple tamoxifen treatments were applied, then the number
of Adipog+ cells remained constant in the epididymal white adipose tissue (eWAT) from one to
two tamoxifen treatments (7.2 + 1.2M Adipoqg+ cells). Further administration increased the
Adipog+ cell number (13.3 + 1.1M Adipog+ cells) [Suppl. Fig. 1B]. This might be explained by the
use of oil as a solvent for tamoxifen which increases adipocyte formation in the eWAT, as reported
previously [10,68,177]. However, in accordance with the Adipog+ cell numbers observed in the
iBAT and ingWAT [Fig. 1A; B] we decided to continue with a tamoxifen treatment regimen of 2

mg/animal on two consecutive days.

Toxic effects of tamoxifen at higher doses on the adipose tissue [178] have been reported due to
the lipophilic nature of the compound. With a dose of 2 mg/animal on two consecutive days, we
administer 30% - 80% tamoxifen compared to others, and the constant numbers of recombined
Adipoqg+ cells suggest that there is no induced cell death due to tamoxifen [Fig 1B, C; Suppl. Fig.
1B] [12,178,179]. Additionally, we did not observe any effects of tamoxifen administration on
bodyweight, which was reported for higher doses [Suppl. Fig. 1D]. We found that 2 mg of
tamoxifen per mouse were sufficient to label all adipocytes, while a dose of 0.1 mg per mouse led
to incomplete labeling [Suppl. Fig. 1E]. Next, we compared the number of recombined Adipoqg+
cells to the number of Ucp1+ cells in the iBAT under standard housing conditions. The same
percentage of recombined cells was found [Suppl. Fig. 1F], demonstrating that both the Adipoqg-
and the Ucp1-tracer-depleter line are equally efficient in labeling brown adipocytes. This was
supported by the finding that the vast majority of the Adipoq+ cells in the iBAT were depleted
following DT mediated ablation of all Ucp1+ cells (22.8 £ 1.7M vs. 1.3 £ 0.3M Adipog+ cells)

[Suppl. Fig. 1G]. Further, in the iBAT of the Adipoq-tracer-depleter mice, RFP expression
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overlapped entirely with GFP expressed under the control of the Ucp1 promotor [Suppl. Fig. 1 H-
M]. In general, the observed cell numbers in either mouse line were consistent between the

experiments, supporting the quantitative strength of the method employed.
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Supplementary Figure 2: Washout of Tamoxifen (A) Schematic description washout experiment: In
order to study the washout period of tamoxifen all Ucp1+ cells were ablated with DT to create an even
baseline. On day 2 and day 3 after ablation, tamoxifen was applied. Different time periods for tamoxifen
washout periods were given, before the animals were cold exposed for 1 week to initiate re-growth of the
brown adipose tissue. Half of the animals, which served as a control group, received a tamoxifen re-
administration at the end of the cold exposure. (B) Washout quantification: The Ucp1-tracer-depleter
animals received DT, tamoxifen and cold exposure as depicted in (A). The total number of Ucp1+ cells in
the iBAT was quantified n=3-9. (C) Washout of higher tamoxifen doses: The Ucp1-tracer-depleter
animals received DT and cold exposure as depicted in the scheme under (A). While two groups received
2x 2 mg of tamoxifen, a third group received 3x 2 mg of tamoxifen. Following 3 weeks of washout, the
total number of Ucp1+ cells in the iBAT was quantified. When the initial dose of tamoxifen was increased
to 6 mg/mouse, a washout period of 3 weeks was not sufficient, seeing as no difference was observed
between the re-administration group and the washout group n=3-8. Data presented are mean = SEM, M
= 108, rec. = recombined.

As Tamoxifen accumulates in adipose tissues due to its lipophilicity [178], we aimed to determine
the washout period of tamoxifen. After the ablation of all Ucp1+ cells through DT and
administration of tamoxifen, one to four weeks of washout were allowed before stimulating the
re-growth via cold exposure [Suppl. Fig. 2A]. The total number of Ucp1+ cells that re-grew after
depletion was quantified in a control group of mice, which were re-administered with tamoxifen
at the end of cold exposure [Suppl. Fig. 2A]. Already after one week of washout, a significant
difference in Ucp1+ cells could be observed between the non-re-administered washout group
and the re-administered group [Suppl. Fig. 2B]. A significant difference between the washout

group and the re-administered group was also observed for two, respectively three weeks of
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washout. After four weeks of washout, the strongest difference was observed (4.9 + 0.7M vs. 36.8
1 5.7M Ucp1+ cells) [Suppl. Fig. 2B]. Furthermore, when the animals were not cold exposed at the
end of the washout period the iBAT did not regrow [Suppl. Fig. 2B], and when the initial dose of
tamoxifen was increased to 6 mg/mouse, a washout period of three weeks was not sufficient,
seeing as no difference was observed between the re-administration group and the washout
group [Suppl. Fig. 2C]. Taken together, we show here that, at the lowest effective dose (2x
2mg/animal/day), the tamoxifen washout period in brown adipose tissue is three to four weeks.
A drawback of this method is the minor proportion of Ucp1+ cells (5M — 8M Ucp1+ cells, equals
3-6%) which was detected in the washout groups, and could be due to an incomplete tamoxifen
washout. However, it is similarly possible that this small proportion is due to de novo formed
adipocytes at room temperature within the first week after the ablation, when tamoxifen is still
present. In line with this hypothesis is the fact that the number of labeled cells in the washout
group remains constant, independent of the duration of the washout period, and that the cell

number after four weeks at room temperature is the same as in the cold-stimulated washout

group.
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Abstract

Objective: The numbers of diabetic patients are rising globally and concomitantly so do the
diabetes associated complications. A substantial number of diabetes medications are based gut
secreted peptides. However, as for most pharmaceuticals there are downsides regarding side
effects or efficacy. The gut is secreting a variety of proteins to control blood glucose levels and/or
food intake, thus other peptides which have yet been unexplored might be better tolerated or
have better activities. Our aim was to characterize the potential of a novel gut secreted protein,

FAM3D, for the treatment of type 2 diabetes.

Methods: FAM3D was overexpressed in diet induced obese mice via an adeno-associated virus
(AAV). Glucose metabolism was assessed by glucose and insulin tolerance tests, as well as
hyperinsulinemic euglycemic clamps. Liver lipid deposition and morphology was investigated to
determine the hepatic metabolic phenotype. For the investigation of the underlying molecular
mechanism of FAM3D a kinase activity screen was performed in vivo and signaling patterns were

analyzed in vitro in immortalized adipocytes.

Results: The AAV-mediated overexpression of FAM3D resulted in a significant improvement
fasting blood glucose levels, glucose tolerance and insulin sensitivity. The hyperinsulinemic clamp

data indicated that FAM3D is a global insulin sensitizer, which is increasing the glucose uptake
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into various tissues. First indications propose that the positive metabolic phenotype of FAM3D is
mediated by receptor tyrosine kinase signaling however, to identify to exact signaling mechanism

further ligand-receptor interaction studies are needed

Conclusions: The current study demonstrated great potential for the novel gut secreted protein

FAM3D as an insulin sensitizing peptide for blood glucose control.

3.1 Introduction

The global burden of diabetes is tremendous, currently being one of the leading causes of death
in the world. According to the latest estimation of the International Diabetes Federation from
2019, approximately 463 million adults were living with diabetes and 374 million people are at
increased risk of developing type 2 diabetes (T2D) [61]. The diabetes-associated aberrant high
blood glucose levels can lead to severe complications, including cardiovascular complications,
stroke, vision loss, nerve damage or kidney failure [180]. These complications pose a significant
burden to the patients, but also to our health care system. Thus, it is essential to lower and control
the blood glucose levels in diabetic patients before the concomitant complications of diabetes
manifest. In the case of T2D, from which the majority of diabetic patients suffer, various treatment
options are available. As lifestyle interventions are often not sufficient, pharmaceutical therapies
with different classes of drugs are commonly prescribed. Besides, biguanides, sulfonylureas,
thiazolidinediones, sodium—glucose co-transporter-2 (SGLT2) inhibitors and insulin, stable
analogues of the gut secreted protein glucagon-like peptide 1 (GLP-1) or Dipeptidyl peptidase-4
(DPP4) inhibitors to prevent the rapid degradation of gut peptides are currently very successful
diabetes medications [117,181]. Even though several treatment options exist, there is nevertheless
an unmet need for the development of alternative treatments. The gut is secreting a wide variety
of proteins which are able to control gastric motility, satiety and blood glucose levels [21]. Hence,
based on the previous success of GLP-1 analogues and DPP4-inhibitors, other novel gut secreted

peptides might be equally or even more potent in the treatment of diabetes.

The FAMS3 family is a cytokine like family containing four members. FAM3A, FAM3B (PANDER),
FAM3C and FAM3D. The first three members of the family are fairly well characterized and
described to be involved in pathophysiology of diabetes [182-185]. While the physiological role
of the fourth member, FAM3D remains mostly unknown. FAM3D is primarily expressed in the
digestive system [186]. The intestinal expression of FAM3D is induced by ingestion of fats and
reduced by fasting in mice [187]. In humans FAM3D plasma levels are increased following a high

fat meal [187]. FAM3D is discussed as chemotactic agonist for the G-protein coupled receptors,
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formyl peptide receptors 1 & 2 (FRP1 & FRP2), which are primarily expressed on neutrophils and
monocytes, suggesting rather pro-inflammatory properties of FAM3D [188]. In contrast, the data
of the FAM3D knock out mouse model, rather suggest its essential role in the maintenance of the
colon homeostasis. It protects against inflammation associated cancer and supports a normal
microbiota composition [186]. Despite all these findings, the role of FAM3D in regulation of

metabolism and pathophysiology of diabetes remains unknown.

In the presented study we identified FAM3D as a gut secreted protein, of which circulating levels
increase in patients after bariatric surgery. By using an adeno associated virus (AAV) approach to
overexpress FAM3D in diet induced obese mice, we investigated the role of FAM3D in glucose
metabolism and elucidated its potential as a novel gut secreted protein for T2D treatment. FAM3D
not only displayed great insulin sensitizing potential, it also ameliorated symptoms of non-
alcoholic fatty liver disease (NAFLD). We could identify receptor tyrosine kinase signaling as a

potential molecular mechanism mediating the positive metabolic phenotype.

3.2 Results

3.2.1 FAM3D is a gut secreted protein associated with the beneficial metabolic

effects of bariatric surgery

As we were interested in the identification of novel gut secreted proteins for diabetic treatment,
the targets identified in our previous study, in which we characterized the transcriptome of mouse
ileal and colonic L- and epithelial cells following high fat diet (HFD) and bariatric surgery were
further analyzed [189]. The identified targets were filtered for secreted proteins and ranked base
on their differential expression upon HFD or vertical sleeve gastrectomy (VSG). Following, the
targets were filtered for novelty and screened for first evidence to be involved in metabolic
functions. Based on this analysis, we identified several candidates and selected FAM3D for further

analysis.

The expression of FAM3D is significantly higher in the colon compared to the small intestine (SI)
in both, the L-Cells and the enterocytes. Given the expression profile, FAM3D is not a classical gut
peptide per se, as it is expressed in the enteroendocrine L-cells, as well as in the surrounding
enterocytes [Fig. 1A]. After bariatric surgery an increased secretion of well described gut hormones
eg. GLP-1 or GLP1-oxyntomodulin—peptide YY (PYY) can be observed. They are being discussed
to mediate at least partly the positive metabolic effects of the surgery [110,190]. Thus, we

investigated FAM3D serum levels in human patients before and after bariatric surgery and
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detected a significant increase 12 months post-surgery compared to pre-surgery baseline levels
[Fig. 1B]. This led us to the hypothesis that FAM3D is a gut secreted protein which might be
involved in the regulation of energy metabolism and eventually contributing to the beneficial

effects of bariatric surgery.

3.2.2 The overexpression of FAM3D evokes a positive glucometabolic phenotype

Based on our findings, we decided to further assess the anti-diabetic potential of FAM3D in an
obese and diabetic mouse model. For the overexpression of FAM3D, an adeno-associated virus
(AAV) expressing FAM3D under the LP1 promotor was injected intravenously. This resulted in a
distinct and long-lasting hepatic overexpression and increase of FAM3D in the plasma, while no
endogenous FAM3D could be detected [Suppl. Fig. 1A; B]. The overexpression of FAM3D resulted
in a significant improvement of the glucometabolic phenotype in HFD fed mice. Fasting and
random fed blood glucose levels [Fig. 1C; F], as well as glucose and insulin tolerance [Fig. 1D; E]
were significantly improved upon FAM3D overexpression. The analysis of plasma from fasted
animals demonstrated a significant reduction of triglycerides [Fig. 1G], while free fatty acids,
insulin and glucagon levels were unchanged [Fig 1H - J]. Other hormones which are known to
improve blood glucose levels, such as Leptin, Adiponectin, Thyroxine (T4) were unchanged in both
fasted and fed state [Suppl. Fig. 1C - E]. Also, random fed vascular endothelial growth factor A
(VEGF-A) and free fatty acids did not differ between the groups [Suppl. Fig. 1F; G]. Additionally,
no increased glucose excretion via the urine could be observed [Suppl. Fig TH]. The fact that that
FAM3D is a very potent peptide to improve the glucometabolic phenotype is further supported
by the fact that reduced fasting blood glucose levels [Suppl. Fig. 1J] and improved glucose
tolerance [Suppl. Fig. 11] upon FAM3D overexpression were observed in lean chow fed mice. All
these effects were independent of bodyweight [Fig. 1K], lean or fat mass [Fig. 1L]. Accordingly, in
response to FAM3D overexpression energy expenditure, as well as respiratory quotient,
food/water intake and activity were unchanged [Suppl. Fig. 1K — O]. Since FAM3D was reported
to be a chemotactic agonist for neutrophils and monocytes [188], we investigated liver and
peritoneum after FAM3D overexpression for the presence of inflammatory markers. No increased
infiltration of macrophages or neutrophils was observed upon overexpression of FAM3D [Suppl.
Fig. 2A; B]. Further, the alanine transferase (ALT) activity in plasma did not differ between the two
groups suggesting, that the AAV mediated overexpression is not eliciting liver damage [Suppl.
Fig. 2C]. In contrast to the FAM3D overexpression model, the inducible global FAM3D knockout
mouse (Rosa26-creERT2 x FAM3D fl/fl) [Suppl. Fig. 2D] did not displayed any metabolic phenotype

following tamoxifen induced knockout of FAM3D under obesogenic conditions. Neither, the
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fasting blood glucose levels, nor the glucose tolerance (ip. and oral), nor the body weight was

changed upon FAM3D knockout [Suppl. Fig. 2E - H].

In summary, we identified FAM3D as a secreted peptide which when expressed at
supraphysiological levels leads to improved glucose metabolism in obese/diabetic mice. The

presented overexpression model suggests, that FAM3D improves the insulin sensitivity, without

eliciting any adverse inflammatory effects.
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Figure 1: (A) Transcriptomics of L-cells and enterocytes from colon and small intestine (SI). Fragments
per kilobase of transcript per million mapped reads (fpkm) of are presented (n = 7). continued on the
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(B) FAM3D levels in human plasma samples sampled pre- and 12 months post-surgery. (n = 30). (C)
Fasting blood glucose was measured two weeks post virus injection (n = 8-9). (D) Intraperitoneal glucose
tolerance test (ipGTT) was performed three weeks post virus injection (n = 8-9). (E) Insulin tolerance test
(ITT) was performed five weeks post virus injection (n = 8-9). (F) Random fed blood glucose was measured
three weeks post virus injection (n = 8). (G) Fasting triglycerides and (H) Fasting free fatty acids were
measured in plasma sampled two weeks post virus injection (n = 10). (I) Fasting insulin levels were
measured in plasma sampled two weeks post virus injection (n = 12). (J) Fasting glucagon levels were
measured in plasma sampled two weeks post virus injection (n = 10). (K) Bodyweight was monitored
weekly after virus injection (n = 7). (L) Lean and fat mass was determined 16 weeks post virus injection (n
= 7). All data presented are mean + SEM, Statistical analysis was performed by ordinary one-way ANOVA
and multiple comparison testing (A), by paired Student's t-test (B) and by unpaired Student’s t test (C-L),
Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001.

3.2.3 FAM3D ameliorates hepatic lipid deposition and steatosis

Since the FAM3 family is discussed as target for the treatment of NAFLD and T2D [182], we next
studied the effect of FAM3D on liver steatosis. We observed a significant reduction in the
deposition of liver triglycerides following AAV-mediated overexpression of FAM3D [Fig. 2A], which
can be also observed at the histological level [Fig 2D; E]. In line, a trend towards a reduction in
liver steatosis area (p = 0.0597) and a significant reduction of the liver micro steatosis area was
observed upon FAM3D overexpression in mice on HFD [Fig. 2B; C]. Similar to the ipGTT and the
ITT [Fig 1E; F], FAM3D overexpressing animals performed significantly better [Fig 2F] in a sodium
pyruvate tolerance test, suggesting reduced gluconeogenesis in liver, possibly due to improved
insulin sensitivity. Contrary, liver glycogen levels, which are primarily regulated by insulin, were
unchanged [Fig. 2G] In contrast to FAM3A and FAM3C, which are both activating the AKT signaling
pathway in liver, FAM3D did not increase AKT and pAKT>¢“3" |evels in liver [Fig 2H - J] [183,184].

In conclusion FAM3D overexpression leads to reduced hepatic lipid deposition and steatosis.
Unlike the other family members FAM3A and FAM3C, FAM3D does not affect the AKT signaling

cascade in the liver.
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Figure 2: (A) Liver triglycerides isolated from random fed animals 10 weeks post virus injection (n = 6-7)
(B) Liver steatosis area and (C) Liver micro steatosis area analyzed from random fed animals 10 weeks
post virus injection (n = 7). Representative picture of (D) AAV-Stuffer HFD animal liver and (E) AAV-FAM3D
HFD animal liver, Scale bar = 100 um (F) Pyruvate tolerance test three weeks post virus injection with a
dose of 2.0 g/kg sodium pyruvate (n = 7-8) (G) Liver glycogen isolated from random fed animals 10 weeks
post virus injection (n = 7) (H) Westernblots of liver lysates from animals euthanized 8 weeks post virus
injection in fasted state. Quantification of (I) AKT levels and (J) pAKT****’ normalized to HSP90 of the
westernblot displayed in (H), (n = 7). All data presented are mean + SEM, possible outliers were removed
if they differed more than the standard deviation multiplied times two from the mean. Statistical analysis
was performed by unpaired Student’s t test. Significance is indicated as * p < 0.05, ** p < 0.01 and *** p
< 0.001.

3.2.4 FAMS3D acts as a systemic insulin sensitizer

Hyperinsulinemic euglycemic clamps are widely considered as the gold standard to assess the
action of insulin in vivo [191,192]. Therefore, we performed hyperinsulinemic euglycemic clamps
[Fig. 3A] to investigate the improvement in systemic insulin sensitivity, following FAM3D
overexpression and to determine which organs contribute to the improved glucose uptake. In
agreement with the metabolic data, FAM3D overexpressing mice required a significantly higher
glucose infusion rate (GIR) to maintain euglycemia [Fig. 3B]. While the glucose turnover at basal
conditions was unchanged, it was significantly improved in AAV-FAM3D HFD animals under

insulin stimulated conditions [Fig. 3C]. The endogenous glucose production (EGP) was unchanged
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at basal and at insulin stimulated conditions [Fig. 3D]. When determining the glucose uptake into
the individual organs, a significant increase in glucose uptake was observed in the interscapular
brown adipose tissue (iBAT), inguinal white adipose tissue (ingWAT), liver, heart, soleus muscle
and in the tibialis anterior muscle [Fig 3E — J]. Only in the gastrocnemius muscle and the extensor

digitorum longus (EDL) muscle did not show any increase in glucose uptake [Fig 3K; L].

In summary, the hyperinsulinemic euglycemic clamp confirmed that FAM3D is a systemic insulin
sensitizer. The increased glucose uptake into various tissues supports this notion and
demonstrates that FAM3D has a global effect and the positive metabolic phenotype is not

mediated by a single organ.
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Figure 3: (A) Schematic description of the experimental set-up for the hyperinsulinemic euglycemic
clamps (B) Glucose infusion rate (GIR) at the steady state at a level of 6 mmol/I blood glucose, data of the
two clamp studies were pooled (n = 12 — 16) (C) Glucose turnover at basal and insulin stimulated levels
(n = 8) (D) Endogenous glucose production (EGP) at basal and insulin stimulated levels (n = 8). Tissue
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14),(G) Liver, data of the two clamp studies were pooled (n = 12-15),(H) Heart, (n = 7-8), (I) Soleus muscle,
data of the two clamp studies were pooled (n = 11-14), (J) Tibialis anterior muscle (n = 7-8), (K) Extensor
digitorum longous muscle (EDL), (n = 7-8). (L) Gastrocnemius muscle, (n = 7-8). Two rounds on
hyperinsulinemic clamps were performed and where possible the data were pooled. All data presented
are mean * SEM, possible outliers were removed if they differed more than the standard deviation
multiplied times two from the mean. Statistical analysis was performed by unpaired Student’s t test.
Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001.
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3.2.5 Effects of FAM3D are mediated by receptor tyrosine kinase signaling

Despite the global insulin sensitizing effect, for the further analysis of the molecular mechanism
we aimed to determine the main target tissue of FAM3D. To do so, we investigated the
accumulation of recombinant Fc-tagged FAM3D protein in various tissues. A single intravenous
injection of recombinant FAM3D in HFD fed animals, resulted in a significant improvement in
glucose tolerance four hours post injection, suggesting that the recombinant protein is functional
[Fig. 4A; B]. For the determination of the target tissue/s, recombinant FAM3D was injected
intravenously, four hours later the animals were perfused thoroughly and the accumulation of
FAM3D was determined by high throughput western blotting. An accumulation of FAM3D was
observed especially in the inguinal and epididymal white adipose tissue (ingWAT and epiWAT)
[Fig. 4C]. As the FAM3D protein does not displays, besides a small transmembrane region, any
lipophilic structures, it is very likely that this accumulation of FAM3D in the white adipose tissue
is protein function specific [193]. Further, accumulation of FAM3D could be also observed in the
heart [Fig. 4C]. Since white adipose tissue was identified as the major target tissue of FAM3D, this

allowed us to proceed with the investigation of the molecular mechanism.

To elucidate the molecular mode of action a kinase activity screen of the inguinal white adipose
tissue was performed. An overall reduction in peptide phosphorylation was observed upon long-
term AAV mediated overexpression of FAM3D [Suppl. Fig. 3B; C]. A majority of the top kinases,
which were identified based on the peptide phosphorylation at the tyrosine residue (PTK) belong
to the group of receptor tyrosine kinases [Fig. 4D] [194]. Whereas, variety of kinases predicted
based on the changes in phosphorylation of peptides at serine and threonine residues (STK) in
response to FAM3D were involved in cell cycle regulation [Fig. 4E] [195,196]. The data of the kinase
screen were validated for ERK 1/2 [Fig. 4F; G] and Janus kinase 1 (JAK1) (p = 0.0959) [Fig. 4F; H],

targets which were amongst the top five regulated kinases predicted by the PTK or STK chip.

In summary, we could identify the white adipose tissue as the main target of FAM3D. Moreover,
we identified changes in receptor tyrosine kinase signaling upon chronic overexpression of

FAM3D.
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Figure 4: (A) Intraperitoneal glucose tolerance test (ipGTT) 4h after the injection of recombinant FAM3D
protein (0.4 mg/kg), (n = 9) (B) Area under the curve (AUC) of the ipGTT displayed under (A),(n = 9) (C)
Accumulation of recombinant FAM3D in tissues, 0.4 mg/kg recombinant FAM3D was injected iv. 4h later
the animals were perfused. Various tissues analyzed by the automated Westernblotsystem Sally Sue, the
area under the curve (AUC) was calculated (n = 6) (D) List of the top ranked regulated Kinases predicted
by the phosphorylation pattern on the phosphor-tyrosine kinases chip (PTK), scored by the mean kinase
score and the mean specificity score (n = 10) (E) List of the top ranked regulated Kinases predicted by the
phosphorylation pattern on the serine-threonine kinases chip (STK), scored by the mean kinase score and
the mean specificity score (n = 10) (F) Westernblots of ingWAT lysates of the kinase activity screen, animals
were euthanized fasted two weeks post virus injections. Quantification of (G) ERK1/2 and (H) JAK1 levels
normalized to HSP90 of the westernblots displayed in (F), (n = 6-7). All data presented are mean + SEM.
Statistical analysis was performed by unpaired Student’s t test (A; B; G; H). Significance is indicated as * p
< 0.05, **p < 0.01 and *** p < 0.001.

3.2.6 In vitro signaling data support the notion that FAM3D is involved in

receptor tyrosine kinase signaling

For the further investigation of the molecular mechanism mediating the action of FAM3D, we
utilized in vitro systems, which allowed us to study the acute signaling of FAM3D without any

compensatory effects resulting from long-term overexpression of the protein.

First, we investigated the signaling in ingWAT derived explants upon the treatment with FAM3D
and observed a significant increase in pAKT®¢37 and pERK1/2Th202/Tyr204 after 10 min [Fig. 5A-C].
AKT and ERK1/2 are both central hubs downstream of many receptor tyrosine kinases [194,197],

hence this observation further confirms the results of the kinase activity screen.

56



3.2 Results

In accordance with the data obtained on ingWAT explants, in immortalized white adipocytes we
could also observe a significant increase in phosphorylation of pAKTS®“37 and pERK1/2Thr202/Tyr204
following an acute treatment with FAM3D [Fig. 5D; E; G]. Additionally, AKT was also more
phosphorylated at the Thr308 phosphosite [Fig. 5D; F]. SHP2, which is involved in downstream
signaling of many receptor tyrosine kinases [194], was significantly more phosphorylated at Tyr
580 phosphosite and a strong trend was observed at the Tyr543 phosphosite (p = 0.0518) [Fig.
5D; H; 1]. P38 MAPK and P70S6, which are also both downstream signal integrators of receptor
tyrosine kinase signaling [198,199], displayed an increased phosphorylation as well [Fig. 5D; J-L].
This further strengthens our hypothesis, that FAM3D is involved in receptor tyrosine kinase
signaling. His-tagged recombinant FAM3D protein dose dependently increased the
phosphorylation of AKT and ERK1/2, excluding that the previously observed effects were elicited
by the Fc-tag of the recombinant protein [Fig. 5M - O]. Lastly, also immortalized brown adipocytes
demonstrated an increase in pAKT>¢3” and pERK1/2Th"202/Tyr204 ypon treatment with recombinant
FAM3D [Fig. 5P - R], underlining further the effect of FAM3D on the phosphorylation of AKT and
ERK1/2.

In conclusion the acute signaling data of the explants and the immortalized white and brown
adipocytes supports the notion that an acute short-term treatment with FAM3D is stimulating

receptor tyrosine kinase signaling.
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Figure 5: (A) Westernblots of explants from ingWAT treated with recombinant Fc tagged FAM3D (500
ng/ml) for the indicated times Quantification of (B) pAKTS*7 (C) pERK1/2T"202/r204 normalized to HSP90
of the westernblots displayed in (A) (n = 3-5). (D) Westernblots of immortalized white adipocytes treated

with recombinant Fc tagged FAM3D (500 ng/ml

) for the indicated times. Quantification of (E) pAKT>*¥7 (F)

PAKT™3% (G) pERK1/2™20212% (H) pSHP2™™* (1) pSHP2™® (J) pP38 MAPK™% (K) pP70S6™>% (L)
pP70S6™21/5er424 normalized to HSP90 of the westernblots displayed in (D) (n = 3) (M) Westernblots of
immortalized white adipocytes treated with recombinant His tagged FAM3D for 10 min at indicated
concentrations. continued on the following page
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Quantification of (N) pAKTS37 (0) pERK1/2T"202/1y204 normalized to HSP90 of the westernblots displayed
in (M) (n = 3). Quantification of (P) pAKT**" (Q) pERK1/2™02/r204 normalized to HSP90 of the
westernblots displayed in (R) (n = 3) (R) Westernblots of immortalized brown adipocytes treated with
recombinant Fc tagged FAM3D (500 ng/ml) for the indicated times. All data presented are mean + SEM.
Statistical analysis was performed by ordinary one-way ANOVA and multiple comparison testing.
Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001.

3.3 Discussion

The potential of gut secreted peptides for diabetic treatment is well known. GLP-1 synthetic
peptide agonists which pose a longer-half live compared to the naive protein or DPP4-inhibitors
which stop the rapid degradation of peptides aim for the increase of gut peptide levels in the
blood and thus, take advantage of their positive metabolic actions [117]. Hence, they are part of
the standard care for many diabetic patients [200]. However, they often only have a very narrow
therapeutic window and can cause severe side effects. Thus, there is an unmet need to develop
novel anti-diabetic agents. Here, we identified FAM3D as a novel gut secreted protein with great
potential for diabetic treatment. The AAV-mediated overexpression of FAM3D significantly
improved the glucose tolerance and insulin sensitivity in diet induced obese mice. The global
insulin sensitizing effect of FAM3D caused a significant increase in glucose uptake into various
organs and ameliorated hepatic lipid deposition and steatosis. In addition, we provide evidence

that the effects of FAM3D are mediated by the action of receptor tyrosine kinases.

The potential of the FAM3 family as a powerful target for the treatment NAFLD and T2D was
previously reported [182]. While FAM3A and FAM3C levels are decreased in livers of diabetic mice
and humans, levels of FAM3B (PANDER) in serum, pancreatic islets and liver are increased. This
differential regulation of the individual FAM3 family members in a diabetic state is discussed to
result in a reduction of AKT- and AMPK-activity, which leads to increased hepatic gluconeogenesis
and lipogenesis and ultimately to NAFLD [182]. If FAM3A or FAM3C are overexpressed in obese
and diabetic mice an attenuation of hepatic lipid deposition and an improvement of global insulin
sensitivity can be observed [183,184]. Both peptides, activate the AKT-pathway in the liver
independent of insulin and contribute via this to a healthier metabolic phenotype [183,184]. Based
on our data, we can conclude that FAM3D induces a very similar positive metabolic phenotype as
the other two family members FAM3A and FAM3C, despite the fact that no effect on AKT-signaling

in the liver could be observed upon FAM3D overexpression.

We did not observe any bodyweight or glucose phenotype upon FAM3D knockout. However, in
light of the existing data on other gut peptides, this finding is not surprising as the knockout of
gut peptides rarely shows any effects on glucose metabolism. For instance, the disruption of the

glucagon or the GIP gene (Gcg®®/6" and GIPS/6%) |ed in both cases to reduced bodyweight gain
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on HFD, improved insulin tolerance, as well as increased glucose stimulated insulin release.
However, both models displayed only a mild a mild phenotype on glucose tolerance [201-203].
Further, with the technical progress in omics techniques [204], it has become clearer that there is
a wide variety of gut secreted hormones hence, it is well possible that the ablation of a single gut
peptide can be compensated by others and therefore the ablation of FAM3D is not causing any
distortion of the systemic metabolism. Similarly, the knockout of a single incretin receptor, eg.
GLP-1R -/- or GIPR -/-, leads to only a mild phenotype, while a double incretin receptor knockout
(DIRKO) displays a much stronger phenotype [205]. Genetic ablation of the corresponding
receptor is an often-applied strategy to study the role of a peptide. Thus, it would be very
interesting to identify the receptor of FAM3D and study the role of the ligand-receptor pair in
regulation of energy metabolism. Peng et al., identified FAM3D as a chemotactic agonist for the
formyl peptide receptors FPR1 and FPR2, primarily expressed on monocytes and neutrophils [188].
However, based on our data we could not observe any attraction of immune cells upon FAM3D
overexpression. Further, as T2D is characterized by a low grad inflammation, a pro-inflammatory
protein would rather worsen the diabetic phenotype, which contradicts the improved glucose
metabolism we observed [206]. Additionally, FPR1 and FPR2 were not expressed in immortalized
white adipocytes, where we could observe a clear signaling response upon FAM3D treatment.
Hence, we propose the existence of an alternative receptor mediating the positive metabolic

phenotype of FAM3D. However, future studies are needed to identify novel FAM3D receptor/s.

We identified receptor tyrosine kinase signaling as a possible molecular mode of action for
FAM3D. Receptor tyrosine kinases are a family of transmembrane receptors containing 19
different subfamilies. All display a classical structure of an N-terminal extracellular domain, a single
transmembrane domain and an intracellular kinase domain. While the kinase domain is highly
conserved among most receptor tyrosine kinases, the extracellular domain differs greatly between
the different receptor subfamilies. Receptor tyrosine kinases play an essential role in the regulation
of cell survival and metabolism, proliferation and differentiation, as well as cell migration and cell
cycle control [207]. Thus, the observed reduction in receptor tyrosine kinase signaling is in
accordance with the observed reduction in activity of cell cycle regulating kinases. That the general
kinase activity was downregulated can be explained by our model. Upon ligand binding many
receptor tyrosine kinases undergo endocytosis. From the endosomes the receptors are then either
recycled to the cell surface or they are degraded by lysosomes [208]. With our long-term chronic
overexpression model, it is likely, that we did established a constantly active negative feedback
loop resulting in a downregulation of kinase activity. In contrast, a short and acute treatment with

FAM3D in vitro resulted in an increase in phosphorylation of known downstream targets of
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receptor tyrosine kinases further supporting the notion that FAM3D is involved in receptor
tyrosine kinase signaling. Receptor tyrosine kinases are involved in several cancer types and
various receptor tyrosine kinase inhibitors are approved for malignant therapy. In the context of
these therapies, it became evident that tyrosine kinase inhibitors likewise have a positive effect on
T2D and even type 1 diabetes (T1D). Several patient reports, in vivo, and in vitro experiments,
which are reviewed here [209-211] displayed great potential of tyrosine kinase inhibitors in the
improvement of glucose metabolism. This is in accordance with the observed downregulation of
receptor tyrosine kinase signaling upon chronic FAM3D overexpression and the observed positive
glucometabolic phenotype. As potential underlying molecular mediators are discussed amongst
others the platelet derived growth factor receptor (PDGFR) family and vascular endothelial growth
factor receptor (VEGFR) family. Both appeared within the top regulated kinases after FAM3D
overexpression. Upon the inhibition of PDGFR an increase in insulin sensitizing adiponectin can
be observed [212] while, through the inhibition of VEGFR the reduced vascular remodeling is
causing an amelioration of the with T2D associated inflammation [213]. However, neither
adiponectin, nor VEGF-A levels were changed upon FAM3D overexpression, suggesting a different
mechanism of action for FAM3D. Another possible mediator of the glucometabolic phenotype
might be the MAPK/ERK pathway. ERK1/2 , was significantly regulated upon chronic and acute
FAM3D treatment and MEK inhibitors greatly improve insulin sensitivity in diet induced obese
mice [214,215]. As possible molecular mechanisms mediating this effect are discussed, beside
others, a reduction in the ERK-mediated negative feedback loop to the insulin receptor substrate
1 (IRS1) [216]. Alternatively, the inhibition of MAPK/ERK was described to reduce lipolysis in the
adipose tissue, ameliorating the release of insulin resistance driving free fatty acids [217]. Though,
no evidence for either of the options could be observed upon FAM3D overexpression.
Nonetheless, various other options are discussed as underlying mechanism for the anti-diabetic
effects of tyrosine kinase inhibitors, but further studies are needed to further elucidate the
molecular mechanism of them. Also further studies about the potential receptor and the
underlying signaling mechanism of FAM3D are needed. Once these are identified the positive

metabolic phenotype of FAM3D will be hopefully explained better.

34 Conclusion

In summary FAM3D was identified as novel gut secreted protein which improves glucose
metabolism in diet induced obese mice. Upon the overexpression of FAM3D a global insulin
sensitizing effect could be observed. This resulted not only in improved fasting blood glucose

levels, glucose tolerance and insulin tolerance, but also in an increased glucose uptake into various
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tissues during hyperinsulinemic euglycemic clamps. Further, an amelioration of hepatic lipid
deposition and steatosis was observed. Thus, FAM3D is a potential candidate for the treatment of
T2D and NAFLD. While we could identify a downregulation of RTK-signaling as a possible
underlying molecular mechanism, further studies are needed to fully elucidate the pathway and

receptor mediating the positive metabolic effects of FAM3D.
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3.5 Materials and Methods

3.5.1 Materials

All chemicals were purchased from Sigma Aldrich unless otherwise specified.

3.5.2 Human FAM3D plasma levels

FAM3D levels were measured in serum of patients who underwent open abdominal surgery for
Roux-en-Y bypass or sleeve gastrectomy All investigations have been approved by the ethics
committee of the University of Leipzig (363-10-13122010 and 017-12-230112) and were carried
out in accordance with the Declaration of Helsinki, and all study participants provided witnessed
written informed consent before entering the study. The human FAM3D levels were analyzed by

the Ab-Match ASSEMBLY Human FAM3D kit (Labforce).
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3.5.3  Invivo experimental procedures

All animal experiment were approved by the Veterinary office of the Canton Ziirich. Animals were
housed in individually ventilated cages at standard housing conditions (22°C, 12 h reversed
light/dark cycle, dark phase starting at 7am). The animals had access to food and water ad libitum.
Chow diet contained 18 % proteins, 4.5 % fibers, 4.5 % fat, 6.3 % ashes (Provimi Kliba SA). Dietary
intervention with HFD was started in eight week old animals (23.9 % proteins, 4.9 % fibers, 35 %

fat, 5.0 % ashes (Provimi Kliba SA)).

3.5.4 Global inducible FAM3D knockout mouse

The FAM3D fl/fl mice were generated by ETH Phenomics Center Zurich (epic.ethz.ch). LoxP sites
flanking the exon six of FAM3D were introduced using the newly developed technique of EASI-
CRISPR. Here, specific CRISPR/Cas9 complexes for the insertion sites of the loxP sites were injected
directly into mouse oocytes together with a single-stranded template for homologous
recombination that contains 150 base long homology arms and the two loxP-sites flanking exon
6. Following the embryos were transferred into foster mothers. The offspring’s where the insertion
of the loxP sites was successful, were once backcrossed to C57BL6/N mice. Following the animals
were mated to Rosa26-creERT2 animals (Taconic). At eight weeks of age recombination of the
floxed allele was induced by oral tamoxifen gavage (2x 2mg/mouse in sunflower oil) and the
animals were changed to HFD. To sustain the knock-out tamoxifen was reapplied every four
weeks. Following eight weeks of HFD the metabolic phenotyping was started. Male and female

mice were carefully phenotyped.

3.5.5 Injection of AAV

Male C57BL/6 animals received HFD for 10 weeks before AAV injection and were maintained on
HFD throughout the experiment. Animals were assignment to the experimental groups based on
bodyweight and fasting blood glucose levels. 1 x 10 Virus genomes per mouse were diluted in
PBS (Gibco) to a volume of 50 ul and injected intravenously. Two weeks post virus injection the

metabolic phenotyping was started.

3.5.6 Assessment of metabolic parameters

Fasting blood glucose:
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For the measurement of fasting blood glucose food was withdrawn for six hours during the dark
phase. Blood was collected from a little incision at the tail vein. Blood glucose levels were

determined using a standard glucometer (ACCU-CHEK Aviva, Roche).

Intraperitoneal glucose tolerance test (ipGTT):

The bodyweight of the animals was determined before fasting the animals for six hours during
the dark phase. Following, fasting blood glucose levels were determined and D-glucose in saline
(Braun) was injected intraperitoneal at dose 1 g/kg body weight. Blood glucose levels were
measured 15 min, 30 min, 60 min, 90 min and 120 min post glucose injection using a standard

glucometer (ACCU-CHEK Aviva, Roche).

Insulin tolerance test (ITT):

For the ITT the same procedure as for the ipGTT was applied. Insulin (Actrapid, Novo Nordisk) was

injected at a dose of 0.75 U/kg bodyweight.

Pyruvate tolerance test:

For the Pyruvate tolerance test the same procedure as for the ipGTT and the ITT was applied.

Pyruvate was dissolved in saline (Braun) and injected at a dose of 2.0 g/kg.

Blood collection for the determination of plasma parameters:

Blood was collected submandibular in EDTA coated tubes from either random fed or fasted
animals. Immediately after blood collection 3 ul of Aprotinin (25000 KIU/ml) (Roth) were added.

To obtain the plasma the whole blood was centrifuged at 2000 g for 20 min at 4°.
Urine collection:

The animals were placed over a collection tube and urination as facilitated by light strokes over

the abdomen of the animals.

Body composition:

The body composition was determined by magnetic resonance imaging (EchoMRI 130, Echo

Medical Systems). Fat and lean mass were analyzed using Echo MRI 14 software.

Indirect calorimetry:

Indirect calorimetry measurements were performed in the Phenomaster (TSE Systems) according

to the manufacturer’s guidelines. 02 and CO2 levels were measured for 60s every 13 minutes
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continuously. Energy expenditure was determined according to the manufacturer's guidelines.
The respiratory quotient was calculated by the ratio of CO2 production to O2 consumption.

Activity, food and water intake were monitored continuously.
Tissue harvest:

For tissue harvest the animals were euthanized by carbon dioxide asphyxiation. The tissues were
carefully dissected and snap frozen in liquid Nitrogen. From the ingWAT the popliteal lymph node

was removed.

3.5.7 Hyperinsulinemic euglycemic clamps

Two weeks post virus injection the animals underwent surgery and a catheter was implanted into
the vena jugularis. After 5-7 days of recovery, hyperinsulinemic euglycemic clamps were
performed only on animals which regained more than 90% of their preoperative weight. For the
clamps the animal were fasted for 6h, in the last 80 min of the fasting period Glucose-D-[3-3H]
(0.05 pCi/min) (Perkin Elmer) was infused to determine the basal glucose uptake and glucose
production. Blood was sampled at the end of the 80 min basal Glucose-D-[3-3H] infusion.
Following Glucose-D-[3-3H] (0.1 pCi/ml), Insulin (12 mU/kg/min) (Actrapid, Novo Nordisk) and
20% glucose (Braun) as needed was infused until the animal reached a steady state at 6 mmol/I
blood glucose. When in steady state a bolus of Deoxy-D-glucose 2-[14C(U)] (10 pCi) (Perkin Elmer)
was administered to determine the glucose uptake into the individual organs. Blood was sampled
at steady state and 2 min, 15 min, 25 min, 35 min after the Deoxy-D-glucose 2-[14C] bolus.
Subsequently, the animals were euthanized and tissues were harvested. For the analysis the
plasma samples were deproteinized with Ba(OH), and ZnSO4 as described in Kim et al, 2009 [192].
Tissues were homogenized, boiled and the phosphorylated Deoxy-D-glucose 2-[14C] was
separated from the non-phosphorylated Deoxy-D-glucose 2-[14C] by ion exchange columns
(chloride form) (BioRad). The glucose turnover is calculated through the division of the rate of
Glucose-D-[3-3H] infusion by the Glucose-D-[3-3H] specific activity in the plasma [192]. The
endogenous glucose production was determined through the subtraction of the glucose infusion
rate from the glucose disposal rate [192]. The insulin stimulated glucose disposal rate is
determined by subtracting the basal glucose disposal rate from the glucose disposal rate during
the clamp [192]. The organ specific glucose uptake was calculated by determining the organ
specific accumulation of phosphorylated Deoxy-D-glucose 2-[14C] and the decay of Deoxy-D-
glucose 2-[14C] in the plasma. Two rounds on hyperinsulinemic clamps were performed and

where possible the data were pooled.
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3.5.8 Recombinant protein injection

Recombinant protein was diluted in saline (Braun) and injected intravenously into the tail vein at
a dose of 0.4 mg/kg bodyweight. Thereafter the animals were fasted and 4,5 h later they either
underwent a glucose tolerance test or they were thoroughly perfused with ice cold PBS (Gibco)

and tissues for further analysis were harvested.

3.5.9 Invitro experimental procedures

Adipose tissue explants

The animals were starved for 4h during the dark phase before euthanization. Adipose tissue
depots were excised and cut in ca. 20-25 mg pieces. The explants were starved in glucose free
DMEM (Gibco), 0.5% BSA for 2h and subsequently treated with 500 ng/ml recombinant FAM3D-
Fc. At the end of the incubation time the explants were washed in ice cold PBS (Gibco), briefly

dried and snap frozen.
Cell culture

All cells were cultured in a cell culture incubator (humidified, 5% CO2, 37°C). Standard culture
medium was DMEM high glucose media (4,5 mg/ml D-Glucose) containing 10% FBS and 1%

PenStrep (all Gibco), media was changed every other day.

Immortalized white adipocytes:

Immortalized white adipocytes were plated on collagen-coated plates. One day post confluence
they were induced for 48h with Insulin (650 nM), IBMX (500 uM), rosiglitazone (1 puM) and
dexamethasone (1 uM). Afterwards, the cells were cultured in maintenance media with Insulin (650
nM). At day four post induction the differentiating adipocytes were trypsinized and replated on
collagen-coated multi-well plates in a density of 145 000 cells/cm?. All assays were performed on

day eight post induction.

Immortalized brown adipocytes:

Immortalized brown adipocytes were plated on collagen-coated plates. Upon confluence they
were induced for 48h with Insulin (20 nM), IBMX (500 uM), rosiglitazone (1 uM), dexamethasone
(1 uM) and T3 (1 nM). Afterwards, the cells were cultured in maintenance media with Insulin (20
nM) and T3 (1 nM). At day four post induction the differentiating adipocytes were trypsinized and
replated on collagen-coated multi-well plates in a density of 145 000 cells/cm?. All assays were

performed on day eight post induction.
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Recombinant FAM3D treatment:

For the treatment with recombinant FAM3D protein the cells were starved for 3h in low glucose

DMEM (1 mg/ml D-Glucose), before recombinant protein was added at a dose of 500 ng/ml.

3.5.10 Transcriptomics of L-cells and enterocytes

Preparation and processing of the samples is described in Rollins et al, 2019 [189]. The sequencing

data are available under:

https://www.sciencedirect.com/science/article/pii/S0196978119300014?via%3Dihub#sec0125

3.5.11 Immune cell characterization in liver and peritoneum

Cell suspension preparation:

For the collection of peritoneal immune cells the animals were euthanized and the abdomen was
washed twice with with PBS (Gibco) containing 2 mM EDTA through a syringe inserted into the
peritoneal space. Cells were collected by centrifugation. The livers were minced and digested in
IMDM (Gibco) with 3% FBS (Gibco), 2 mg/ml of type IV collagenase and 0.125 mg/ml Dnase and
passed to a 40 p filter. The liver cells were first centrifuged for 5 min at 20g and following
separated by density centrifugation with 30% Percoll at 2000 rpm, 20 min, low acceleration and
no brake. The pellet in the bottom was collected for further analysis. Erythrocytes were lysed by

ACK buffer.

Flow cytometry analysis:

Cell suspensions were incubated with fluorochrome-conjugated or biotinylated monoclonal
antibodies specific to mouse in FACS buffer (PBS containing 2% FBS and 2 mM EDTA) and then
washed twice before detection. Unless otherwise stated antibodies were purchase from
BioLegend: CD45 (30-F11), CD11b (M1/70), CD11c (N418), CD64 (X54-5/7.1), F4/80 (BM8), MHCII
(M5/114.15.2, eBioscience), Ly6C (HK1.4), Ly6G (1A8, BD Biosciences). eFluor780 (eBioscience) was
used as live/dead marker for dead cell exclusion. LSR Fortessa (BD) was used for multiparameter

analysis and the data were analyzed with FlowJo software (TreeStar).

3.5.12 Analysis of metabolic parameters in plasma and urine

Triglycerides in plasma were determined COBAS TRIGB kit (Roche/Hitachi). Free fatty acids were

determined by NEFA-HR(2) assay (Wako Chemicals). Glucose in urine was determined by using
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colorimetric glucose-assay-kit. Insulin, Glucagon, Leptin and Adiponectin levels were all measured
by mouse ELISA kits (Crystal Chem). VEGF A levels were determined by Mouse VEGF Quantikine
ELISA Kit (R&D). ALT activity was determined by kinetic colorimetric assay and T4 was determined
by Thyroxine (T4) competitive ELISA kit (Invitrogen). All assays were performed according to

manufacturer’s instructions.

3.5.13 Liver histology and liver triglycerides and glycogen

One lobe of the liver was fixed for 24h in 4% PFA and then processed by STP120 Spin Tissue
Processor (ThermoScientific) according to standard protocol. Subsequently, the samples were
paraffin embedded and cut to 5 pym sections. Staining with hematoxylin eosin was performed. The
tissues sections were imaged by light microscopy using AxioPhot microscope equipped with
AxioCam MR (Zeiss). Liver steatosis was analyzed as described in [218], for the analysis of liver
micro steatosis the pipeline presented in [218] was modified and trained for micro steatosis
recognition. The other lobes of the liver were snap frozen in liquid nitrogen for further analysis.
Liver triglycerides were extracted using chloroform: methanol (2:1) mixture and normalized to
tissue weight. Liver glycogen was extracted by homogenization of the tissue in ice cold water. For
enzyme inactivation the samples were boiled for 10 min and cleared by centrifugation. The
supernatant was analyzed by colorimetric based Glycogen Assay kit (Biovision) according to the

manufacturer’s instructions.

3.5.14 FAMB3D tissue accumulation

To determine the accumulation of FAM3D in tissues, tissues were lysed in RIPA buffer
(Cellsignaling) supplemented with protease inhibitor cocktail (Complete, Roche). Protein
concentration was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher) and the lysate
was diluted to 0.04 mg/ml total protein. The presence of FAM3D in the tissues was analyzed using
the high throughput western blot system Sally Sue (ProteinSimple) according to the

manufacturer’s instructions. Mouse FAM3D primary antibody (RD systems) was used 1:50 diluted.

3.5.15 Kinase activity screen

To determine the kinase activity profile in white adipose tissue, the frozen tissues were grinded
by a handheld mortar and lysed in MPER buffer (ThermoFisher) supplemented with Halt protease
and phosphatase inhibitor cocktail (ThermoFisher) for 20 min at 4°C on a rotor. Then lysates were

cleared by two to three centrifugation steps (12 000 rpm, 4°C) and aliquots were prepared and
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snap frozen for further analysis. For the whole process all tubes were always pre-chilled on ice.

The protein concentration was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher).

With the PAMGene technology the kinase activity profile in the lysates was analyzed. Therefore,
Tug of protein was loaded onto phosphotyrosine kinase (PTK) and phosphoserine/threonine
kinase (STK) chip arrays. Each array contained peptides (196 PTK and 144 STK) with tyrosine or
serine/threonine  phosphorylation  sites. Upon  phosphorylation  FITC-labelled anti-
phosphotyrosine or antiphosphoserine/threonine antibodies were used to monitor peptide
phosphorylation. The kinetics of phosphorylation were recorded by a charge coupled device (CCD)
camera in combination with the Evolve software v1.2 (PamGene). The PAMGene experiments were
performed by the Functional Genomics Center Zdirich. For the analysis AAV-FAM3D animals were
compared with AAV-Stuffer animals. The Bionavigator software v. 6.2 (PamGene) was used for

data analysis und upstream kinase activity prediction. The Analysis was performed by PamGene.

3.5.16 Protein extraction and western blot

Tissues, explants and in vitro cultured cells were lysed in RIPA buffer (50mM Tris-HCI pH 7.4,
150mM NaCl, 2mM EDTA, 0.5% sodium deoxycholate, 1.0% Triton X100, 10% glycerol)
supplemented with protease inhibitor cocktail (Complete, Roche) and Halt phosphatase inhibitor
cocktail (ThermoFisher). Tissues and explants were homogenized in RIPA buffer by metal beads in
the Tissuelyser LT (Qiagen). The lysates were centrifuged for 5-10 min at 12 000 rpm and the
cleared supernatant was collected. Protein concentration was determined by Pierce™ BCA Protein
Assay Kit (Thermo Fisher) and equal amounts of protein (10pg — 30u) were loaded onto SDS-
Polyacrylamide gels for size separation. The proteins were transferred to nitrocellulose
membranes, which were blocked for 1h at RT in 5% BSA or 5% milk before incubation with primary
antibody at 4°C overnight. Unless otherwise stated antibodies were purchase from Cellsignaling
and diluted 1:1000: AKT (9272S), pAKTSe37 (4060S), pAKT™3% (13038S), ERK 1/2 (4695S),
PERKTNr202/Tyr204 (4370S), SHP2 (3397S), pSHP2™42 (3751S), pSHP2™80 (3703S), P38 MAPK (8690S),
pP38 MAPKTN108/Tyr 182 (9211S), P70S6 (9202), pP70S6™3& (9205S), pP70S6™r421/5er424 (92045),
HSP90 (4877S), FAM3D (AF3027, RD systems). Rabbit secondary HRP-conjugated antibody (1:10
000, Merck) and goat secondary HRP-conjugated antibody were used to detect the signal with

the Image Quant system (GE Healthcare Life Sciences).
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3.5.17 Virus production

Murine FAM3D/Oit1 (UniProt P97805) was codon optimized for the expression in mice and cloned
into a pFB vector under a LP1 promotor58 to allow liver-specific protein expression. A pFB-Stuffer
vector59 was used as control. AAV8 was produced by transfection of human embryonic kidney
(HEK)-293T cells with the expression plamids (pFB_LP1-mFAM3D or pFB_Stuffer) plus the plasmids
pDP8 (Plasmid Factory) and the pHelper plasmid (ThermoFisher). The purification and titration

was performed as described previously [219].

3.5.18 Recombinant mouse FAM3D-Fc production

Recombinant FAM3D was produced in HEK 293-E6 suspension cells cultured in F17 + 0,1%
Pluronic F68 + L-Glutamin/Glutamax + 25pg/mL G418 (all ThermoFisher). For transfection
plasmids harboring mFAM3D-Fc under the CMV promotor were diluted in Opti MEM | mixed 1:1
with in Opti MEM | diluted 293fectin (both ThermoFisher). 24h after transfection Tryptone N1 at
an end concentration of 0,5% were added. At day five post transfection the cell suspension was
cleared by centrifugation. The supernatant was mixed with Mab-Select beads (GE Healthcare) and
incubated overnight. Protein purification was performed in Econo-Pac® Chromatography

Columns (Biorad) where the beads were collected, washed and ultimately the protein was eluted.

3.5.19 AQuantification and statistical analysis

For in vivo studies, littermates were used for all experiments. All in vitro studies were performed
with 3 technical replicates and the experiments were reproduced 2-3 times independently. Unless
otherwise indicated, all results are expressed as mean * standard error of the mean (SEM). Outliers
were identified by ROUT with a Q = 1%. When two groups were compared a two-tailored,
unpaired student's t-test (significance cut off: p<0.05) was used to asses statistical significance. If
more than two groups were compared a two-way ANOVA with Turkey multiple comparison
testing was applied to test for statistical significance. Paired Student's t test was used to analyze
the differences in paired samples. Possible outlier were removed if they differed more than the
standard deviation multiplied times two from the mean. All graphs and statistical analyses were
performed using Graphpad Prism (Version 8). Statistical significance is indicated as following: * =

p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.
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Supplementary Figure 1: (A) Westernblot of FAM3D in liver lysates from animals euthanized 2 weeks
post virus injection, HSP90 is displayed as loading control (B) Westernblots of FAM3D in plasma taken
from animals 2 weeks post virus injection, only every second lane was loaded. (C) Leptin levels (D)
Adiponectin levels and (E) Thyroxin (T4) levels sampled in fasted state 3 weeks post virus injection and
sampled in fed state 4 weeks post virus injection (n = 7). (F) VEGF A in plasma sampled 3 weeks post virus
injection in random fed mice (n = 7). continued on the following page
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(G) Free fatty acids in plasma sampled 3 weeks post virus injection in random fed mice (n = 8). (H) Glucose
levels in the urine, sampled 3 weeks post virus injection in fed state and sampled 4 weeks post virus
injection in fasted state (n = 5-7). (I) Intraperitoneal glucose tolerance test in chow was performed two
weeks post virus injection (n = 9). (J) Fasting blood glucose levels in chow mice, two weeks post virus
injection (n = 9). (K) Energy expenditure (EE) (L) Respiratory exchange ratio (RER) (M) Food intake (N)
Water intake (O) Activity measured during two days in the Phenomaster system (TSE) two weeks post
virus injection (n = 12). All data presented are mean + SEM. Statistical analysis was performed by unpaired
Student’s t test (B-N). Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Supplementary Figure 2: (A) % of CD45+ cell, macrophages and neutrophils of total live cells in the liver
of chow mice two weeks post virus injection (n=2-3). (B) % neutrophils, dendritic cells (DC’s), small
peritoneal macrophages (SPM) and large peritoneal macrophages (LPM) of total live cells in the
peritoneum of chow mice two weeks post virus injection (n=3). (C) Alanine transferase (ALT) activity in the
serum 10 weeks post virus injection (n=7-8). (D) FAM3D protein levels in colon from wild type (wt x FAM3D
fl/fl) animals and global inducible FAM3D KO animals (Rosa26-creERT x FAM3D fl/fl) one week after
tamoxifen treatment. HSP90 is shown as loading control (E) Fasting blood glucose levels and (F)
Intraperitoneal glucose tolerance test in wild type and global inducible FAM3D KO male animals after
eight weeks of HFD and eight weeks post induction of the KO (n = 8) (G) Oral glucose tolerance test in
wild type and global inducible FAM3D KO male animals after 10 weeks of HFD and 10 weeks post
induction of the KO (n = 8) (H) Bodyweight of wild type and global inducible FAM3D KO male animals
following the induction of the KO and HFD treatment (n = 8). All data presented are mean + SEM.
Statistical analysis was performed by unpaired Student’s t test (B-N). Significance is indicated as * p <
0.05, ** p < 0.01 and *** p < 0.001.
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Suppl. Figure 3 (A) Gene expression analysis in differentiated immortalized white adipocytes. TBP was
used as a reference gene, 22T is presented. Data presented are SEM + mean, (n = 4) (B) Vulcano Blot
PTK chip. Log-fold-change (x-axis, TTest_delta) versus significance (y-axis, -log10(pvalue)). Red spots are
peptides that show significant difference compared to control (p<0.05) (€) Vulcano Blot PTK chip. Log-
fold-change (x-axis, TTest_delta) versus significance (y-axis, -log10(pvalue)). Red spots are peptides that
show significant difference compared to control (p<0.05)
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General Discussion

4.1 Remodelling of adipose tissue

“Love handles: fat on the sides of a man or woman held onto during copulation” -

Richard Spears: Slang and Euphemism (1981)

Obesity is possibly the most commonly occurring cause of adipose tissue remodeling, in the best
case generating only “love handles”, but far more often manifesting in morbid obesity. In addition
to the expansion of adipose tissue in response to an excess of nutrients, the adipose tissue
displays great remodeling capacity in response to changes in ambient temperature.
Understanding the underlying mechanisms of the remodeling processes can be helpful to block,
activate, or, reverse them. Finding a way to expand the adipose tissue in a healthy manner without
concomitant tissue fibrosis and inflammatory responses as well as activating the brown adipose
tissue as a metabolic sink for glucose and lipids can be useful strategies to prevent the global rise

of obesity and metabolic diseases.

In chapter 1 of this thesis, an introduction to the adipose tissue in the context of metabolic
disorders was given. Chapter 2 of this thesis focuses on adipose tissue remodeling in response to
thermoneutrality and cold exposure. With the help of the Adiponectin- and Ucp1-tracer-depleter
mouse lines, we could quantify the remodeling potential of adipose tissue and study the kinetics
of the remodeling process. This part of the thesis will return to the discussion of chapter 2 to bring
the results into a wider scientific context and deepen the discussion beyond the scope covered

chapter 2.

Thermoneutral housing of animal’s plays an important role, seeing as us humans live either at or
close to a state of thermoneutrality. We usually comfort ourselves with heating and warm clothes
so that we do not feel cold [220]. Thus, to improve the translation potential of brown adipose
tissue research from mice to humans, it is getting more relevant to perform the experiments in
the thermoneutral zone of the animals. The general tenor is that thermoneutral zone for mice is
somewhere between 28°C - 32°C. However, the exact thermoneutral point remains highly

discussed in the field [221-223]. When animals are transferred into thermoneutrality, the brown
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adipose tissue obtains a white-like morphology characterized by adipocytes filled with larger lipid
droplets, with classical multilocular brown adipocytes being only sporadically observed [148,224].
One reason for this morphological change is the reduction in lipolysis due to a reduced
sympathetic innervation, resulting in more filled lipid droplets. Secondly, a recent study identified
de novo lipogenesis controlled by the carbohydrate response element-binding protein (ChREBP)
as the mediating mechanism in thermoneutrality that fills the adipocytes with lipids [148,225]. In
addition, the color of the tissue becomes more whitish as the number of mitochondria responsible
for the brownish appearance of brown adipose tissue is reduced [226]. The loss of the
mitochondria upon thermoneutral housing is mediated by the transcription factor EB (TFEB),
which controls the autophagosomal and lysosomal processes for the clearance of the
mitochondria from the tissue [226,227]. The remarkably different morphology of brown adipose
tissue at thermoneutrality becomes even more pronounced when the animals are fed a high fat
and/or energy rich diet [144,148]. This led to the question regarding the existence of a brown-to-
white interconversion. This discussion is especially important in the context of the humans living

at thermoneutrality subsisting on a rather energy rich diet.

In chapter 2, we could demonstrate with our Ucp1-tracer-ablater mouse model that the “classical”
brown adipocyte characteristics were maintained despite a morphological whitening. We could
fully recover Ucp1+ cell numbers following a beta3-adrenergic stimulus and fully ablated all
Ucp1+ cells with diphtheria toxin in thermoneutrality. This observation is in accordance with the
publication from Roh et al., 2018, which was briefly mentioned in the discussion of chapter 2.
However, | would like to discuss it a little further at this time. Roh and colleagues housed mice in
a cold for one week to induce beigeing in the ingWAT, followed by four weeks of thermoneutral
housing. With their mouse model of the NUTRAP mouse, they were able to mark and isolate nuclei
for epigenomic and ribosomes for transcriptomic profiling in parallel [228]. On both epigenomic
and transcriptomic levels, they could demonstrate that the brown adipocytes undergo only a
minor change in their epigenomic and transcriptomic identity upon thermoneutral housing. In
contrast, the brite/ beige adipocytes undergo a profound change in their cellular identity,
indicating a real transdifferentiation of cells [145]. One very plausible reason explaining the
maintenance of the cellular identity of brown adipose tissue is the sympathetic innervation, which
is much higher in the interscapular region when compared to the inguinal fat depot. However,
even when denervated, the brown adipose tissue maintained its identity upon thermoneutral
housing [145]. This suggests that the classical brown adipocyte identity is profoundly anchored,
meaning that no brown-to-white interconversion takes place upon thermoneutral housing, even

when the morphology displays a rather white-like phenotype [145]. In distinction, the brite/beige
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adipocytes are much more versatile. They are capable of transforming back and forth between

white and brite/beige on morphological, transcriptional, and epigenomic levels [14,145].

This poses the question: is the main brown adipose tissue depot in humans, which lays under the
clavicular, most accurately resembled by rodents “classical brown” or by rodents “brite/beige”
adipocytes? When immortalized brown or brite/beige adipocytes are cultured in vitro, the gene
expression signature of brite/beige cells closely resembles the signature of human brown adipose
tissue [136,229]. However, culturing adipocytes in vitro drastically changes their transcriptomic
profile [171]. Hence, in vivo data pose a higher relevance to the question raised above. Various
studies aimed to compare human brown adipose tissue with murine classical brown or brite/beige
adipose tissue [230,231]. The challenge here is the heterogeneity of the adipose tissue. A human
biopsy is never purely made up of adipocytes and will always contain various other cell types. Two
important factors in determining the classification of the biopsy are the location from where the
biopsy was taken and the chosen reference genes [230,231]. In addition, the mouse model to
which we compare the human biopsy is highly relevant. De Jong et al., 2019 proposed the use of
humanized mice [144]. They reason that we cannot compare a juvenile, chow diet-eating mouse
housed at a temperature below thermoneutrality to a middle-aged human eating a western diet,
wearing clothes, and living in heated rooms. Thus, they suggest that mice should be housed at
thermoneutrality for six to eight months while being fed an energy rich diet [144]. Indeed, the
interscapular brown adipose tissue (iBAT) depot of these humanized mice accurately resembled
human supraclavicular brown adipose tissue on a morphological level as well as in the
transcriptomic signature [144,232]. In contrast, when the mice were not humanized, then the
human brown adipose tissue clustered much closer to the brite/beige adipocytes of mice on a
transcriptomic level [232]. Thus, concluding if the human brown adipose tissue is either brown or
brite/beige heavily depends on what is used as a reference for comparison. The answer is not
necessarily mutually exclusive; we might not even be able to compare it at all. Further, with the
emergence of evolving tools and techniques in the field of bioinformatics and single cell
sequencing, the current classical definitions of white, brown, and brite/beige adipocytes are
already being challenged. Currently, new populations of adipocytes are identified, posing new

thermoregulatory properties [154,233].

Arguably, the most important question in this field is: How can we expand and activate the brown
adipose tissue? In general, there are two construction sites available; either the brown adipose
tissue can be made browner or the white adipose tissue can be made more brite/beige. In chapter
2, we could quantify the number of brown cells in the iBAT and the number of brite/beige in the

ingWAT arising upon cold exposure. In the iBAT, we observed a peak of Ucp1+ cells within the
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first week of cold exposure, followed by a continuous decline in Ucp1+ cells upon prolonged cold
exposure until they were back at levels observed at room temperature. In the ingWAT, the Ucp1+
cells only reached a plateau after three weeks of cold exposure. This plateau was maintained upon

prolonged cold housing.

From a functional perspective, both brown and brite/beige adipocytes pose the same function:
the production of heat through Ucp1. Both cell types respond to the same activators, especially
norepinephrine released from the sympathetic nerve ends in response to cold or synthetic beta-
agonists [234]. Few other mutually exclusive activators are available (listed in Figure 1) [5]. Both
cell types rely on a common transcriptional cascade for adipogenesis, involving the peroxisome
proliferator-activated receptor y (PPARy) and CCAAT/enhancer-binding proteins (C/EBPs) [235].
Several other key transcription factors are shared between the two types of thermogenic active
adipocytes, namely the PR domain—containing protein-16 (PRDM16) [236,237] or the peroxisome
proliferator—activated receptor-coactivator-1a (PGC-1a) [238,239]. Despite sharing many
similarities, brown and brite cells develop from two different lineages. Originally, the majority of
brown adipocytes were described to be derived from the Myf5+/Pax3+ lineage, originating from
the central dermomyotom, whereas the brite/beige adipocytes are primarily derived from the
Myf5- lineage [240]. However, with the development in mice models for tracing, it became clear
that nearly all brown adipocytes in the iBAT were derived from the Myf5 lineage. In contrast, only
half of the cells in the cervical BAT (cBAT) were found to be from the Myf5 lineage. Other markers,
like Pax3 or Pax7, were subsequently tested for tracing. All these markers suggest that the different
lineages are not mutually exclusive to just one adipose tissue depot. Rather, the origin of the
brown/brite/beige adipocytes depends on their location along the dorsoventral axis of the
dermomyotome [241]. In conclusion, there is great heterogeneity in adipocyte development, and
the adipocytes in the different adipose tissue depots are most likely derived from different
embryonic origins [242]. Tracing the developmental origin of human brown and brite/beige
adipocytes is difficult due to technical and ethical limitations. In order to overcome these
limitations, a recent report successfully differentiated human pluripotent stem cells (hPSCs) into
brown adipocytes in vitro by mimicking the developmental steps of murine iBAT in vivo. This gives
first indications of some similarity in the developmental process of human- and mouse-derived

brown adipose tissue [243].
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Figure 1: Similarities and differences between brown and brite/beige adipocytes. Taken from Harms and
Seale, 2013 [5]

When we look at the kinetics of recruitment of Ucp1+ cells, the iBAT was clearly recognized to be
the first responder to cold, with the brite/beige only following afterwards. As the classical brown
adipocytes are specialized for their heat generating task, this was not too surprising. At room
temperature, they already display high Ucp1 protein levels, high sympathetic innervation, and a
high vascularization to supply the tissue with energy substrates and dissipate the heat [244].
However, we were a bit surprised by the fact that the majority of Ucp1+ cells arising upon cold
exposure were derived from pre-existing adipocytes and not from precursors. Although, we did
not go further into the underlying mechanism during chapter 2, | would like to take the chance to
briefly speculate about possible scenarios. One option that would enable the rapid transformation
of pre-existing adipocytes into Ucp1+ adipocytes cells could be epigenetics. Epigenetics include
DNA methylation, histone modifications, and noncoding RNAs [245]. The silencing and enhancing
of promotor regions through epigenetic modifications allow the cells to respond on a
transcriptional level to environmental challenges [246]. One could imagine that there are several
pre-brown adipocytes in the iBAT where the Ucp1 promotor region is silenced by an epigenetic
modification to save energy. Upon a cold stimulus, these pre-brown adipocytes can be quickly
“switched-on” through the removal of the epigenetic break at the promotor. Most epigenetic
studies in adipocytes to date have been performed in vitro [247-249]. Shore and colleagues
demonstrated that the Ucp1 expression is regulated via the demethylation of CpG dinucleotides
of cyclic AMP response elements in the Ucp1 promotor region [250]. Roh et al. have demonstrated
profound changes in vivo in the epigenom in response to changes in housing temperature [145].
A recent publication from our laboratory could show on a single cell level that there are several
cells in the iBAT which are Adipog+ but Ucp1- at room temperature. They could potentially
represent these pre-brown adipocytes, which can be switched on if needed [154]. However, the
fact that we label the same amount of Adipoq+ cells and Ucp1+ cells at room temperature as well

as upon cold exposure, does not support this hypothesis. Thus, the scenario, where the pre-

78



4.1 Remodelling of adipose tissue

existing adipocytes at room temperature proliferate upon cold exposure, is more likely [170]. To
ultimately prove this hypothesis with our method, we would require two independent genomic
labels, driven by either the Adipog- or the Ucp1-promotor. Alternatively, 5-Bromo-2'-deoxy-
uridine (BrdU) could be applied to label the proliferative cells. However, this would require analysis
by histology or flow cytometry. Both methods require tissue processing and thus do not allow for
the unbiased quantification of the adipocytes regarding localization and size. The brite/beige cells
arising within the inguinal white adipose tissue depot responded to the cold stimulus much more
slowly when compared to the brown adipocytes. In the literature, both the transdifferentiation
from white to brite/beige [12,14,251] and the proliferation of precursors [10,142] are described as

the driving mechanisms behind this process.

Nonetheless, | would like to return to our initial question on the activation of brown and
brite/beige cells. When translated into the human setting, it has already been pointed out that
activating either brown or brite/beige cells is most likely impossible. Furthermore, it is currently
unknown if the thermogenic adipose tissue in humans is brown or brite/beige. However, what is
known is that it is no longer necessary to search for a beta3-adrenergic receptor agonist. Mature
brown and brite/beige adipocytes in rodents express beta3-adrenergic receptors. Hence, a lot of
effort was put into identifying beta3-receptor agonists, which pose only minimal off-target effects
in humans [104,105]. However, the recent discovery that brown adipocytes in humans primarily
express beta2-adrenergic receptors caused the birth of a new perspective in the field [252]. | am
persuaded that, through this observation, the search for activating agents in the
brown/brite/beige adipose tissue of humans will be massively accelerated and novel treatment

options will be found soon.

Lastly, | would like to briefly mention the astonishing regeneration potential of the iBAT. We
observed that, upon a complete ablation of all Ucp1+ cells by diphtheria toxin, the iBAT
completely recovered within one week of cold exposure. This regeneration was driven by
precursor differentiation, suggesting that, at least in rodents, the precursors are potent enough
to recover the entire adipose tissue depot. One experiment not yet performed, but which would
be highly interesting, would consist of ablating the regenerated Ucp1+ cells again and seeing if
the precursors are capable to recover the adipose tissue a second time. In the visceral adipose
tissue, we have a pool of precursors that differentiate upon a short term HFD stimulus of three
days. This pool is finite and a second short-term HFD stimulus does not elicit a second burst of
proliferation [177]. It would be interesting to see if the pool of precursors replenishing the iBAT
following a complete ablation is finite or infinite. When translated into the human setting, this

pool of precursors capable of regenerating a whole adipose tissue depot would serve as a
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powerful tool to increase the brown adipose tissue in humans. It is currently unclear if such a pool
exists in humans, as is the existence of a suitable stimulus. One other approach to increase brown
adipose tissue currently being tested in rodent models is the transplantation of brown adipose
tissue or brown differentiated mesenchymal stem cells [253,254]. While both approaches display
great potential in mice, with significant improvements of metabolic parameters, the potential for

translation into humans should be approached with caution.

In conclusion, we investigated the capacity of the adipose tissue to remodel and to regenerate.
The versatility of the adipose tissue is astonishing. By characterizing the remodeling potential in
rodents, we could deepen our understanding about the kinetics and the underlying mechanisms.
In the future, these insights will hopefully help us to better understand the remodeling in human

adipose tissue.

4.2 Gut secreted proteins and their potential for type 2 diabetic

treatment

“Gut feeling - An instinct or intuition; an immediate or basic feeling or reaction without a logical

rationale” — Wiktionary.com

Gut secreted hormones are powerful messengers which can elicit feelings in humans that go
beyond our logical or rational intellect. This powerful connection between the gut and our brain
was recognized early on. It is not for nothing that we have sayings in many languages along the
lines of: "having butterflies in the stomach” or “the way to a man'’s heart is through his stomach.”
Our feelings are not the only thing that is heavily influenced by the gut; it also regulates many
other essential functions in our body. The role of the gut in the context of metabolic diseases was
described in detail in chapter 1, the introduction of this thesis. Chapter 3 of this thesis focused on
FAM3D, a novel gut secreted protein, and its potential for diabetic treatment. In this part of the
discussion, | would like to give an outlook about what necessary next steps are needed in the

FAM3D project in order to bring FAM3D from the bench to the bedside.

We discovered that FAM3D metabolically acts as an insulin sensitizer. The rout of T2D is insulin
resistance. Thus, the restoration of insulin sensitivity poses an effective strategy for the prevention
or treatment of T2D. Hence, a lot of effort was put into finding insulin sensitizing agents early on.
Today, the biguanide Metformin, and the two thiazolidinediones (TZDs) Rosiglitazone and
Pioglitazone, are successfully used in patients as insulin sensitizing agents. While Metformin
primarily acts via the activation of AMPK, Rosiglitazone and Pioglitazone elicit their metabolic

function over PPARy agonism. We have primary indications that FAM3D acts via receptor tyrosine
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kinase signaling. However, the exact molecular mechanism via which FAM3D provokes its insulin

sensitizing effects remains elusive to us.

One approach to dissect the molecular mechanism of FAM3D would be to identify the receptor
mediating the positive metabolic phenotype. The formyl peptide receptors 1&2 (FRP1 & FRP2),
which are primarily expressed on monocytes and neutrophils, were proposed as possible
receptors for FAM3D [188]. As already outlined in chapter 3, we suggest an alternative receptor-
ligand interaction, since, we did not observe any immune cell infiltration in either the liver or the
peritoneum upon overexpression of FAM3D. Possible methods for receptor identification are the
TriCEPS method or an APEX2 construct. The centerpiece of the TriCEPS method is a
chemoproteomic reagent containing three moieties. One part binds to the amino groups of the
ligand, one part binds to the glycosylated parts of receptors, and a third part contains a biotin tag
for the purification of the receptor peptides for later investigation by mass spectrometry [255,256].
One significant advantage of this method is that the labeling can be performed in live cells that
are fully attached to the plate, under physiological conditions, ensuring that the expression
pattern of the surface receptors is not changed [255,256]. This method was successfully applied
for the identification of various ligand-receptor pairs, including insulin and the insulin receptor,
as well as Erb2 and the epidermal growth factor receptor, both of which belong to the class of
receptor tyrosine kinases. Especially promising is the fact that the insulin and insulin receptor-
ligand pair were identified in differentiated immortalized white adipocytes (similarly to our study),
suggesting that the lipids of the differentiated adipocytes are not interfering with the assay [255].
Further, with the development of this method towards flow-TriCEPS, where the biotin at the third
moiety of the TriCEPS linker was replaced by a fluorophore, the validation of the identified
receptors became significantly faster. Using flow-TriCEPS in combination with a siRNA mediated
knockdown of one or multiple identified receptors results in a clearly distinguishable shift of the
fluorescent signal [257]. Another possible method to identify the receptor of FAM3D would be an
APEX2 construct. APEX2 is the second generation of an engineered ascorbate peroxidase. APEX2
can generate a very short-lived biotin-phenoxyl radical by catalyzing the oxidation of biotin-
phenol. This reaction tags proteins in close proximity to APEX2 [258,259]. Thus, by linking APEX2
to FAM3D, binding partners can be tagged and identified with mass spectrometry. Again, similarly
to the TriCEPS method, the labeling can be performed under physiological conditions [259]. Zhen
et al., 2018 successfully identified interaction partners for the secreted protein FGF1 via this
method [260]. Compared to the TriCEPS method, the APEX2 method is more unspecific, seeing as
everything in ca. 20 nm radius gets biotinylated. Thus, the validation of the identified receptors

should not only include the validation of interaction (for example, via immunoprecipitation or co-
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localization) but should also perform the validation for functional relevance, for example via the
investigation of the downstream signaling responses [261]. In conclusion, both methods pose
great potential. Thus, we are currently working on the setting up both methods to hopefully

identify the receptor mediating the metabolic phenotype of FAM3D.

In parallel to the receptor hunting, we should also investigate more pharmacologically relevant
administration routes of FAM3D to examine whether FAM3D is still a potent insulin sensitizer,
even when not supraphysiologically overexpressed by an AAV. To achieve this, one could inject
mice with a daily dose of recombinant FAM3D protein. The fact that we observed an improvement
in glucose tolerance following a single injection with 0.4 mg/kg recombinant FAM3D is already
very promising. However, further studies to determine the pharmacokinetics, including the
estimation of the half-life, as well as the bioavailability of FAM3D in vivo, are needed. Additionally,
the minimal effective dose of FAM3D should be analyzed. Limiting factors, which have hindered
us from performing these experiments to date, were the limited availability of the recombinant
protein as well as the lack of a working mouse FAM3D ELISA. Nevertheless, based on the
demonstrated potential of FAM3D, these are two hurdles which are possible to overcome, and
which will be tackled in future. Once the half-life and the effective dose of FAM3D in vivo are
determined, one could also implant an osmotic mini pump constantly releasing FAM3D at a low
dose. This would allow for the investigation of the metabolic effects of chronic FAM3D
administration with a defined dose. Osmotic minipumps have been used in rodent research for
many years, and many metabolic active peptides have been successfully applied [262-265]. For
GLP-1 receptor agonists, even an osmotic mimipump for humans is now in the process of phase
Il clinical trials [266]. Nonetheless, during the aforementioned experiments, we must maintain our
hypothesis that the chronic overexpression of FAM3D reduces the RTK activity and thereby elicits
the positive metabolic phenotype in mind. It might well be that we do not need a receptor agonist;
perhaps we should rather look for a receptor antagonist. However, if the pharmacologically
relevant administration of FAM3D successfully improves glucose metabolism another important

step towards the use of FAM3D as an insulin sensitizer in T2D patients will have been made.

Additionally, we should characterize A) the endogenous secretion pattern and B) the endogenous
degradation pattern of FAM3D. By knowing the endogenous secretory pattern, the medication
can be tailored more effectively to physiologically relevant needs. Elevated FAM3D levels were
described to increase in human serum upon the ingestion of a high-fat milk shake [187]. Therefore,
we have a first indication that a high fat meal could stimulate the secretion of FAM3D. To
determine the secretory pattern of FAM3D in mice, we currently lack the tool of a commercially

available mouse FAM3D ELISA. However, as mentioned before, this is a technical hurdle which can
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be overcome, especially now that the FAM3D knockout mouse is available, which allows for a solid
validation of an in-house developed ELISA. However, the identification of the degradation of the
FAM3D pattern is probably more important for the road from the bench to the bedside. This was
a reason why early injections of GLP-1 were disappointingly unsuccessful [267]. Only with the
development of DPP4 resistant GLP-1 analogues the successful journey of GLP-1 as an antidiabetic
drug started [268]. Therefore, it is likely that, to bring FAM3D to the market, stable analogues or
small peptides mimicking the effect of the full length FAM3D must be developed.

Another hurdle for new medications is that they must be superior to what is already on the market
in order to get approved. Thus, a substance purely treating T2D will probably have difficulties
becoming permitted. FAM3D displayed ameliorating effects on NAFLD. Even though we currently
are far away from understanding the underlying mechanisms responsible for the observed
positive liver phenotype, this massively improves the chances of FAM3D making it to the market.
The fact that the other family members of the FAM3 family display great potential to treat both
T2D and NAFLD supports the potential of FAM3D [182]. Even though direct effects on the AKT
signaling cascade in the liver, as observed with FAM3A or FAM3C, this was not detected upon
FAM3D overexpression [183,184]. Based on our current knowledge, we hypothesize that the
reduced lipid deposition and the ameliorated steatosis were instead secondary effects resulting
from the insulin sensitization that occurs upon FAM3D overexpression. Obesity, T2D, and the
development of NAFLD are tightly connected. When there is an excess of nutrients, the lipid
metabolism of the liver is overwhelmed and the liver starts to accumulate triglycerides instead of
secreting them via very low-density lipoproteins (VLDL) [269]. Further, in cases of insulin resistance,
the lipolysis in the adipose tissue is no longer restricted and an increased flux of FFA from the
adipose tissue to the liver can be observed [269,270]. Additionally, the de novo lipogenesis
machinery of the liver can contribute to the increased lipid deposition in the liver. This causes
lipotoxicity and inflammation, and may ultimately lead to fibrosis in the liver [271]. This
inflammation is further boosted by low-grade inflammation present in insulin resistant adipose
tissue [272]. Conversely, the insulin resistance in the liver drives the development of T2D due to
increased gluconeogenesis [273]. Thus, once the metabolic balance is lost, the dwindling spiral of

metabolic disease is very difficult to stop.
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Figure 2: The progression of NAFLD to NASH and cirrhosis. Taken from Lv et al., 2020 [274]

So far, no pharmacological treatment for NAFLD is licensed, and the current standard therapy
focuses mainly on weight loss and lifestyle modifications. Due to the tight connection between
T2D and NAFLD, many T2D medications are currently evaluated for their potential to treat NAFLD
[275,276]. Multiple clinical trials provide evidence that the GLP-1 receptor agonist does improve
NAFLD. However, to evaluate the effect on NASH, fibrosis, or even cirrhosis, further randomized
control trails are needed [274]. Similarly, DPP4 inhibitors, TZDs, and SGLT2 inhibitors are currently
under evaluation for the treatment of NAFLD, all displaying promising results [277-279]. In the
case of Metformin, the standard first line T2D therapy, results from rodent studies proved
encouraging. However, the human data regarding the effect of Metformin on NAFLD are not
completely convincing [280]. Nonetheless, the rising numbers of NAFLD patients calls for the
development of a pharmaceutical treatment. Thus, it will be a mere matter of time until existing
T2D drugs will also be approved for NAFLD therapy. In summary, the treatment of NAFLD is an
urgent topic. Hence, the amelioration of hepatic steatosis upon FAM3D overexpression may

increase the interest of pharmaceutical companies to further investigate the function of FAM3D.

In conclusion, the road from FAM3D to the patient is still a very long one. Many more aspects
about the molecular function, the receptor, the physiological secretion, and the degradation
pattern need to be investigated to enhance the understanding of the entire function of FAM3D.
Translating these investigations from rodent models into humans will eventually pose another
hurdle down the road. Nevertheless, the initial characterization of the metabolic function of
FAM3D was highly promising, and we believe therefore that it will be worth the effort to continue

the studies on FAM3D.
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4.3 Summary

-Gut Feelings and Love Handles-
The adipose tissue and the gut as well as their different perspectives on our body’'s metabolism
were covered in the context of this thesis. Chapter 1 gave an introduction to the adipose tissue
and the gut in the context of the metabolic diseases obesity and T2D. In chapter 2, the astonishing
versatility of the adipose tissue was investigated with the use of a novel approach where
adipocytes were unbiasedly quantified based on a genomic label. Through this, the number of
adipocytes was determined in response to various environmental influences. This quantification
shed light on the numbers as well as the kinetics of brown and brite/beige adipose tissue. This
special subset of adipocytes poses promising features for the fight against globally rising
metabolic diseases. Therefore, we could contribute to the characterization of this subset of
adipocytes by proving a quantitative insight into the brown/brite/beige adipose tissue remodeling
dynamics. Chapter 3 of this thesis focused on the metabolic function of the gut-secreted protein
FAM3D. The overexpression of FAM3D resulted in an improvement of the glucose metabolism as
well as of the amelioration hepatic symptoms associated with NAFLD. On a physiological level,
FAM3D displayed great potential for the treatment of the metabolic diseases T2D or NAFLD. While
the mediating molecular mechanism currently remains elusive to us, further studies will hopefully
elucidate this part. This thesis demonstrates that the metabolism in our body is manifold and that
metabolic diseases can be tackled by various organs and mechanisms. The adipose tissue and the
gut are two major players in the game of metabolic diseases, but we should appreciate that one
player alone cannot win the game. Only if the whole team works together, hand in hand, we can

win the fight against the deteriorating spiral of unhealthy metabolism.
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SUMMARY

Recent research focusing on brown adipose tissue
(BAT) function emphasizes its importance in sys-
temic metabolic homeostasis. We show here that ge-
netic and pharmacological inhibition of the mevalo-
nate pathway leads to reduced human and mouse
brown adipocyte function in vitro and impaired
adipose tissue browning in vivo. A retrospective
analysis of a large patient cohort suggests an inverse
correlation between statin use and active BAT in
humans, while we show in a prospective clinical trial
that fluvastatin reduces thermogenic gene expres-
sion in human BAT. We identify geranylgeranyl
pyrophosphate as the key mevalonate pathway inter-
mediate driving adipocyte browning in vitro and
in vivo, whose effects are mediated by geranylgera-
nyltransferases (GGTases), enzymes catalyzing ger-
anylgeranylation of small GTP-binding proteins,
thereby regulating YAP1/TAZ signaling through
F-actin modulation. Conversely, adipocyte-specific
ablation of GGTase | leads to impaired adipocyte
browning, reduced energy expenditure, and glucose
intolerance under obesogenic conditions, high-
lighting the importance of this pathway in modu-

)

s

lating brown adipocyte functionality and systemic
metabolism.

INTRODUCTION

Brown adipose tissue (BAT) is considered the main thermogenic
organ in newborn mammals and hibernating rodents due to its
capacity to dissipate chemical energy in the form of heat
(Cannon and Nedergaard, 2004). Apart from the classical inter-
scapular BAT (iBAT), brown adipocytes are also present within
specific white adipose tissues (WATs) (Frontini et al., 2013).
These cells, morphologically resembling brown adipocytes, are
referred to as brite or beige adipocytes, and their formation
can be induced by certain environmental, hormonal, and phar-
macological stimuli (Frontini et al., 2013; Rosenwald et al.,
2013; Shi and Collins, 2017). Under specific conditions, physio-
logically relevant amounts of BAT can be found also in adult hu-
mans (Cypess et al., 2009; Nedergaard et al., 2007; van Marken
Lichtenbelt et al., 2009). BAT can be activated in healthy lean
subjects and its activity can be measured by indirect calorimetry
or by ["®FJfluorodeoxyglucose (FDG)-positron emission tomog-
raphy (PET)/computed tomography (CT) (Cypess et al., 2015).
BAT is dependent on glucose and free fatty acids (FFAs) as sub-
strates for thermogenesis, suggesting a potential role for BAT in
systemic glucose and lipid homeostasis (Bartelt et al., 2011;
Chondronikola et al., 2014; Orava et al., 2011; Ouellet et al.,

Cell Metabolism 29, 901-916, April 2, 2019 © 2018 Elsevier Inc. 901
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Figure 1. HMGCS2 Is Enriched in Human BAT

(A) Expression of brown adipocyte markers in human deep neck BAT (dnBAT)

and subcutaneous WAT (sWAT) biopsies (n = 7).
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2012). The relevance of human BAT in energy homeostasis is
further supported by the association of its presence and activity
with higher energy expenditure, lower adiposity, and reduced
risk of insulin resistance (Chondronikola et al., 2014; Cypess
et al., 2015; Iwen et al., 2017). BAT activation is therefore
considered a promising strategy to increase energy expenditure
and improve metabolic control. Unfortunately, the metabolic
response of BAT to cold is blunted in obesity, and long-term
administration of Bs-adrenoreceptor (B3-AR) agonists might be
associated with adverse side effects (Cypess et al., 2015; Orava
et al., 2013). Hence, the identification of mechanisms driving
brown adipocyte development and activity has been the focus
of recent research. Here we show that protein geranylgeranyla-
tion plays an important role in the regulation of adipocyte brown-
ing, by modulating the activity of small GTPases. Our mouse and
cell culture data are complemented by a retrospective clinical
study and a small prospective trial supporting the physiological
relevance of this regulation in humans.

RESULTS

HMGCS2 Is Enriched in Human BAT

To identify mechanisms regulating brown adipocyte function,
we analyzed the transcriptome of human deep neck BAT and
subcutaneous WAT biopsies. As expected, we found that un-
coupling protein 1 (UCP1), along with other brown adipocyte
marker genes, is highly enriched in BAT compared with WAT
(Figures 1A and S1A). UCP1 was also enriched in human BAT
at the protein level (Figures 1B and 1C). Interestingly, hydroxy-
methylglutaryl-coenzyme A (HMG-CoA) synthase 2 (HMGCS2)
was one of the most highly enriched transcripts in human BAT
(Figures 1A and S1A), in line with protein levels (Figures 1B
and 1D). Furthermore, HMGCS2 strongly correlated with
UCP1 expression (Figure 1E). These data could be confirmed
in brown human multipotent adipose-derived stem (hMADS)
cells, which exhibit an enrichment in HMGCS2, on both
mRNA and protein levels (Figures 1F and 1G), along with an in-
crease in expression of brown adipocyte marker genes (Figures
1F and S1B). Based on our data, we hypothesized that
HMGCS2 might contribute to cellular HMG-CoA levels, which
in turn could alter BAT activity.

Inhibition of HMG-CoA Synthesis Suppresses Brown
Adipocyte Thermogenic Function

To study the role of HMG-CoA in the regulation of brown
adipocyte function, we silenced both HMG-CoA synthase iso-
forms (Figure S1C). Knockdown of mitochondrial Hmgcs2 in
murine immortalized brown adipocytes (iBAs) and hMADS

(B-D) (B) Representative western blot (WB) and quantification of (C) UCP1 and
(D) HMGCS?2 in deep neck BAT and subcutaneous WAT (n = 7).

(E) Correlation between UCP1 and HMGCS2 mRNA in deep neck BAT and
subcutaneous WAT (n = 7).

(F) Expression of brown adipocyte markers in hMADS cells (n = 4-6).

(G) Representative WB showing UCP1 and HMGCS?2 levels in hMADS cells
(n=4).

Statistical significance was calculated using Student’s t test. For association
of HMGCS2 with UCP1, Pearson’s correlation coefficient was calculated.
Statistical differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001.
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cells led to a marked reduction of UCP1 mRNA and protein
levels (Figures 2A, 2B, S2A, and S2B), along with a significant
reduction of basal uncoupled and stimulated uncoupled mito-
chondrial respiration (Figures 2C and 2D). A similar inhibitory
effect on UCP1 levels and uncoupled mitochondrial respiration
was achieved by knockdown of the cytosolic HMGCS1 (Fig-
ures 2A-2D, S2A, and S2B). Our results indicate that both
HMG-CoA synthase isoforms are important for proper thermo-
genic brown adipocyte function. Interestingly, ketone body
levels were not changed intracellularly nor in the supernatant
between brown and white hMADS cells, and neither did we
observe any effect of HMGCS2 knockdown (Figure S2C), sug-
gesting that the regulation of UCP1 upon knockdown of
HMGCS2 is independent of ketone body synthesis, but rather
dependent on mevalonate, This is supported by the finding
that mevalonate levels are higher in iBAT than in inguinal
WAT (iWAT) of C57BL/6 mice (Figure S2D), suggesting the
importance of the mevalonate pathway in brown adipocyte
functionality.

Statins Inhibit Thermogenic Function of Adipocytes

In Vitro

To confirm the significance of mevalonate in brown adipocyte
physiology, we inhibited the mevalonate pathway using statins.
At 1 uM concentration, only simvastatin and fluvastatin reduced
UCP1 levels in iBAs (Figure 2E). However, all tested statins low-
ered UCP1 levels at 10 uM concentration (Figure 2F). Simva-
statin showed an inhibitory effect already after 24 hr (Fig-
ure S2E). Unlike other statins, cerivastatin caused cell toxicity
already at 1 pM concentration (Figure S2F). Interestingly, all
tested statins inhibited preadipocyte proliferation without
affecting brown adipocyte maturation (Figures S2G and S2H).
Based on these results, we decided to use simvastatin in sub-
sequent in vitro experiments, as it was shown to be more potent
in inhibiting the mevalonate pathway in extrahepatic tissues
than other statins (Olsson et al., 2002) and shows no toxic effect
on mature adipocytes. Simvastatin dose dependently reduced
UCP1 levels, as well as isoproterenol-stimulated uncoupled
respiration in iBAs (Figures 2G, 2H, and S2I), which could be
at least partially explained by reduced Ucp? promoter activity
(Figure S2J). Importantly, also in hMADS cells, cerivastatin,
simvastatin, and fluvastatin were more potent in reducing
UCP1 levels than atorvastatin or rosuvastatin, without any signs
of toxicity (Figures 2l and 2J). Interestingly, when mature white
hMADS cells were exposed to rosiglitazone, to elicit the devel-
opment of a brown phenotype (Elabd et al., 2009) in combina-
tion with simvastatin, a strong dose-dependent inhibitory effect
of simvastatin on UCP1 was observed (Figures 2K and 2L). In
addition, all tested statins inhibited phosphorylation of hor-
mone-sensitive lipase (HSL) (Figures 2K and S2K). Altogether,
these data indicate that the mevalonate pathway is important
for the thermogenic function of brown and the browning of white
adipocytes, in vitro.

Statins Inhibit iWAT Browning In Vivo

Next, we aimed to prove the importance of the mevalonate
pathway in BAT function in vivo. Therefore, simvastatin and flu-
vastatin were administered to 12-week-old C57BL/6 mice by
oral gavage at a dose of 10 mg/kg, which is equivalent to the

dose used to treat hypercholesterolemia in patients (Nair and
Jacob, 2016). Mice were exposed to statins for 2 days at
22°C to achieve inhibition of the mevalonate pathway, followed
by 4 days of cold exposure, to induce thermogenesis (Fig-
ure 3A). Only fluvastatin reduced mevalonate levels in iBAT.
However, both simvastatin and fluvastatin suppressed mevalo-
nate production in iWAT (Figure S3A). Furthermore, geranyl py-
rophosphate levels were decreased by both statins in iBAT and
a trend toward reduction was observed also in iWAT, indicating
that the mevalonate pathway was efficiently inhibited in both
tissues (Figure S3B). We also quantified hydroxymethylglu-
taryl-coenzyme A reductase (HMGCR); however, statin admin-
istration had no effect on HMGCR expression in neither iBAT
nor iWAT (Figures S3C-S3E). Similarly, HMGCR levels were
not altered by statin treatment in hMADS cells, indicating that
brown adipocytes do not respond to statins by HMGCR upre-
gulation (Figure S3F). Interestingly, both statins inhibited
browning of iIWAT, without affecting UCP1 levels in iBAT (Fig-
ures 3B-3D). The inhibitory effect of statins on adipocyte
browning was associated with higher iIWAT and epididymal
white adipose tissue (eWAT), but not iBAT mass (Figures 3E,
3F, and S3G). Fluvastatin had no effect on whole-body energy
expenditure, metabolic rate, or food or water intake (Figures
S3H-S3M). Based on these observations, we conclude that
statins inhibit IWAT browning either directly by acting in mature
adipocytes and/or precursor cells, or indirectly by affecting
sympathetic nervous system (SNS) activity. Since brown adipo-
cytes are activated already at room temperature (Kalinovich
etal., 2017), we investigated the effect of statins in mice housed
at thermoneutrality, to study whether the inhibitory effect of
statins is mediated by reduced activity of the SNS. Therefore,
14-week-old C57BL/6 mice housed at 30°C were pretreated
with fluvastatin for 2 days at a dose of 10 mg/kg, followed by
2 days of fluvastatin gavage combined with administration of
CL-316.243 (0.1 mg/kg), a selective 3-AR agonist to induce
non-shivering thermogenesis (Figure 3G). Also in this experi-
ment, fluvastatin reduced UCP1 levels in iWAT, despite a signif-
icant increase in CREB phosphorylation (Figures 3H and 3lI).
Similarly, brown adipocyte marker genes were significantly
reduced in iIWAT (Figure 3J), indicating suppression of adipo-
cyte browning by fluvastatin. Brown adipocyte markers, UCP1
levels, and CREB phosphorylation were not affected by fluvas-
tatin administration in iBAT (Figures S4A-54C), suggesting that
maximal activation of BAT might be able to overcome the
inhibitory effect of statins. Fluvastatin-treated mice showed
2.1-fold higher iWAT mass (Figure 3K), indicating reduced lipid
mobilization in response to the B3-AR agonist. Importantly, by
combining thermoneutrality with CL-316.243, we could show
that the inhibitory effect of statins on iIWAT browning is not
mediated by reduced SNS activity, but rather is due to cell-
autonomous effects.

Next, we employed Ucp7-CreERT2 x LoxP-Red mice, in
which the number of recombined LoxP-Red sites reflects the
amount of UCP1* cells within a given depot. Using this model
(Figure S4D), we could show that fluvastatin treatment signifi-
cantly reduced the number of UCP1* cells in iWAT, but not in
iBAT (Figure 3L). Taken together, our results indicate that inhibi-
tion of the mevalonate pathway prevents adipocyte browning in
mice in vivo.
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Figure 2. Inhibition of Mevalonate Pathway Sup-
presses Brown Adipocyte Ther ic Fi i

In Vitro

(A-D) Effect of Hmgcs 1 and Hmgces2 knockdown on UCP1 in
(A) iBAs and (B) hMADS cells (n = 6). Effect of Hmgcs1 and
Hmgcs2 down on mitochondrial r in(C) iBAs
(n = 10) and (D) hMADS cells (n = 6).

(E and F) Representative western blot (WB) showing effect of
statin treatment (48 hr) on UCP1 in iBAs at (E) 1 uM and (F)
10 uM concentration (2 repeats).

(G and H) (G) Representative WB and (H) UCP1 quantifica-
tion in iBAs treated (48 hr) with simvastatin (n = 8).

(1and J) (1) Representative WB and (J) UCP1 quantification in
hMADS cells treated (48 hr) with different statins (n = 6).
(Kand L) (K) Representative WB and (L) UCP1 quantification
in hMADS cells treated (96 hr) with simvastatin (n = 6).
Results are reported as mean + SEM. Statistical significance
was calculated using ANOVA. Statistical differences are
indicated as *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Statins Inhibit Adipose Tissue Browning in Mice and Men
(A) Schematic illustration of the in vivo statin treatment experiment.
(B-F) (B) Representative western blot (WB) and (C) UCP1 quantification in iWAT and (D) iBAT (n = 5). Effect of statins on (E) iWAT and (F) eWAT mass (n = 5).

(legend continued on next page)
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Statin Use in Patients Is Inversely Associated with
Active BAT

To investigate the effect of statins on BAT activity in humans, we
conducted a retrospective study of all patients undergoing FDG-
PET/CT at University Hospital of Ziirich between November 2009
and February 2015. From a total of 8,409 patients, we identified
2,789 patients who had been hospitalized within 12 months prior
to the PET/CT examination, for which we quantified BAT glucose
uptake and analyzed statin use during the preceding hospitaliza-
tion. From patients with multiple examinations (n = 738), the one
with the strongest BAT activation was selected. Interestingly, we
observed a significantly higher statin use among patients without
active BAT (2,148 not on statins, 510 taking statins [19.2%])
compared with those with activated BAT (124 not on statins, 7
taking statins [5.3%]) (Figure 3M). Using a stepwise general
linear regression with forward and backward feature selection,
we found that statin use remained significantly associated with
BAT inactivity after accounting for age, sex, and BMI (Table S1).

Statins Reduce Thermogenic Gene Expression in

Human BAT

Next, we analyzed the effect of statins on activation of BAT ina
prospective clinical trial. We performed the clinical trial with flu-
vastatin, which was more potent in inhibition of iWAT browning
in our mouse experiments and shows higher systemic bioavail-
ability and less interaction potential than other statins (Gazzerro
et al., 2012). Furthermore, fluvastatin was the only statin in our
retrospective study for which we did not identify any patient
with active BAT (Figure 3M). We recruited 16 healthy young
male lean volunteers with detectable BAT under stimulated con-
ditions (Figure 3N). All participants underwent FDG-PET/MRI to
confirm presence of active BAT, both before and after 14 days
of fluvastatin treatment (80 mg/day), Two participants were
excluded from the analysis due to non-compliance or failure of
tissue sampling. In the 14 analyzed subjects, we could see a sig-
nificant drop in total cholesterol and low-density lipoprotein (LDL)
levels (Figures 30 and 3P). We could detect a significant reduc-
tion in expression of brown adipocyte markers UCP1, CIDEA,
CPT18B, and ELOVL3 (Figures 3Q-3T; Table S2), whereas general
adipocyte markers such as FABP4 and ADIPOQ were not
changed by short-term fluvastatin therapy (Figures 3U and 3V).
We did not detect any significant difference in expression of in-
flammatory markers (Figures S4E-S4G), with the exception of
TNFA, which was slightly increased (Figure S4H). Expression of
the glucose transporter GLUT1 was not changed, whereas insu-
lin-responsive GLUT4 was significantly reduced following short-

term fluvastatin treatment (Figures S4l and S4J). Theinhibitory ef-
fect of statins on GLUT4 expression has already been described
in different cell types and tissues (Jiang et al., 2016; Liet al., 2016;
Nakata et al., 2006). Short-term fluvastatin therapy had no effect
on FDG uptake in the supraclavicular BAT depot (Figure 3W).
Since the clinical trial spanned over 8 months, we included
outside temperature, a known factor determining BAT activity,
in the analysis (Cypess et al., 2009; Senn et al., 2018). Analysis
of the data in relation to the outside temperature revealed a nega-
tive correlation between average temperature during the inter-
vention and statin-induced changes in the average standardized
uptake value normalized to lean body mass (SUVIean/mean) (Fig-
ure 3X), indicating that the effect of short-term fluvastatin therapy
on glucose uptake might be temperature dependent or signifi-
cantly smaller than the short-term effect of temperature alone.
Furthermore, these data indicate that statins alter thermogenic
gene expression in human BAT.

The Effects of Statins on UCP1 Are Mediated through
Protein Prenylation

Next, we tested whether the negative effect of statins on UCP1
can be rescued by one of the downstream mevalonate interme-
diates. Interestingly, we could rescue the inhibitory effect of
statin on Ucp1 expression with mevalonate, farnesyl pyrophos-
phate (FPP), and geranylgeranyl pyrophosphate (GGPP), but
not with squalene or coenzyme Q9 (Figure 4A). The rescue
experiment was performed in the presence of exogenous
cholesterol (10% fetal bovine serum [FBS]), suggesting that the
effect of statins is not mediated by inhibition of cholesterol syn-
thesis. The inhibitory effect of simvastatin on UCP1 levels could
be observed also in FBS-free medium (Figures 21-2L and S4K). In
addition, the inhibitory effect of simvastatin could be completely
rescued by geranylgeraniol (GGOH), the donor of a geranylger-
anyl group (Figures 4B and 4C), but not by farnesol (FOH; Figures
4B and 4C), the donor of a farnesyl group, which unlike FPP does
not serve as a direct precursor for GGPP synthesis. Similarly, we
could also prevent the inhibitory effect of Hmges 7 knockdown on
UCP1 levels in iBAs by GGPP (Figures S4L and S4M). Our data
indicate that inhibition of the mevalonate pathway impairs
UCP1 expression by blocking synthesis of FPP and GGPP, the
substrates for protein prenylation. The inhibitory effect of statins
on UCP1 expression and uncoupled mitochondrial respiration
could be mimicked by GGTI-298 (Figures 4D-4F and S4N), a
specific inhibitor of geranylgeranyltransferase | (GGTase |; Fig-
ure S1C), as well as by knockdown of the genes encoding the
PGGT1B subunit of GGTase | and RABGGTB subunit of GGTase

(G) Schematic illustration of the in vivo fluvastatin treatment experiment.

(H and 1) (H) Representative WB and (I) quantification of UCP1 and CREB phosphorylation (Ser133) in iWAT (n = 7).

(J and K) Effect of fluvastatin on (J) expression of brown adipocyte markers in iWAT and (K) IWAT mass (n = 7).

(L) Quantification of UCP1* cells in iBAT and IWAT of Ucp7-CreERT2 x LoxP-Red mice treated with fluvastatin (n = 6).

(M) Retrospective analysis of BAT activation grade in 2,789 patients shows a significantly higher number (chi-square test, p = 0.0001) of statin takers among
patients without active BAT (19.2%) compared with patients with activated BAT (5.3%).

(N-W) (N) Schematic illustration of the clinical fluvastatin trial. Effect of fluvastatin therapy on (O) total cholesterol and (P) LDL levels (n = 15). Effect of short-term
fluvastatin therapy on (Q) UCP1, (R) CIDEA, (S) CPT1B, (T) ELOVL3, (U) FABP4, and (V) ADIPOQ expression (n = 14) and (W) FDG uptake in supraclavicular BAT
(n = 15). Different colors indicate average temperature during the fluvastatin intervention.

(X) Association of mean temperature during the fluvastatin intervention with change in SUVlean/mean in FDG-PET/magnetic resonance imaging (n = 15).
Results are reported as mean = SEM for mouse experiments and mean + SD for the clinical study. Statistical significance was calculated using ANOVA (B-F),
Student’s t test (H-P), and non-parametric Wilcoxon test (Q-W). Chi-square test was performed with R (m). For association of temperature and SUVlean/mean
change, Pearson's correlation coefficient was calculated. Statistical differences are indicated as "p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. The Inhibitory Effect of Statins Can Be Rescued by GGPP

(A) The inhibitory effect of atorvastatin treatment (48 hr) on Ucp 1 expression in iBAs can be rescued by mevalonate (Mev; 500 pM), faresyl pyrophosphate (FPP;
2 puM), and geranylgerany| pyrophosphate (GGPP; 2 M), but not by squalene (SQ; 10 uM) or coenzyme Q9 (CoQ9; 10 uM) (n = 6).

(B and C) (B) Representative WB and (C) quantification of the inhibitory effect of 1 uM simvastatin on UCP1 in iBAs, which can be rescued by GGOH (10 uM), but

not by FOH (10 uM), SQ (10 uM), or CoQ8 (10 uM) (n = 6).

(legend continued on next page)
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Il (Figures 4G-4l and S40) in iBAs. In contrast, the farnesyltrans-
ferase (FNTase) inhibitor FTI-277 as well as knockdown of the
FNTB subunit of FNTase showed no effect on UCP1 levels and
mitochondrial respiration (Figures 4D-4l, S4N, and S40). Even
the toxic effect of cerivastatin on mature iBAs could be pre-
vented by FPP and GGPP (Figure S4P), but not by squalene or
CoQ9. Knockdown of Pggt1b increased basal and isoproter-
enol-stimulated lipolysis but showed no effect on basal and
isoproterenol-stimulated glucose and FFA uptake in iBAs (Fig-
ures 4J-4L). In contrast, knockdown of Rabggtb showed no or
very little effect on lipolysis and FFA uptake, but significantly
reduced glucose uptake in iBAs (Figures 4J-4L). To test the
contribution of other mevalonate intermediates, we silenced
the expression of key branching enzymes of this pathway.
Knockdown of GGPP synthase (GGPS1), the enzyme providing
substrate for protein geranylgeranylation, lowered UCP1 levels
in iBAs (Figures S4Q and S4R). In contrast, knockdown of genes
encoding the key enzymes of cholesterol and ubiquinone syn-
thesis had no effect on UCP1 levels (Figures S4Q and S4R).
Importantly, also in hMADS cells, GGTI-298 or knockdown of
PGGT18 and RABGGTB reduced UCP1 levels and cAMP-stim-
ulated uncoupled respiration (Figures 4M—4P). Altogether, our
results indicate that the negative effect of mevalonate pathway
inhibition on brown adipocyte activity and white adipocyte
browning mainly results from depletion of GGPP.

GGTase | Regulates Adipocyte Browning In Vivo

Next, we tested whether the inhibitory effect of statin administra-
tion on browning of iWAT in vivo is mediated by inhibition of pro-
tein geranylgeranylation. Therefore, GGTI-298 was administered
to 14-week-old male C57BL/6 mice by intraperitoneal injection
at a dose of 1 mg/kg. The mice were kept for 2 days at 22°C to
achieve inhibition of GGTase |, followed by acute cold exposure
to induce thermogenesis (Figure S5A). GGTI-298 reduced UCP1
levels in iWAT (Figures 5A and 5B), confirming the important role
of protein geranylgeranylation in the regulation of adipocyte
browning. Next, we generated an inducible adipocyte-specific
GGTase | (Pggt1b™" x Adip-CreERT2) knockout mouse. Genetic
deletion of GGTase | in mature adipocytes had no effect on
UCP1 levels in iBAT (Figure S5B). However, UCP1 was signifi-
cantly reduced in iWAT (Figures 5C and 5D), indicating suppres-
sion of adipocyte browning in response to B3-AR agonist. Impor-
tantly, Pggt7b knockdown in mature adipocytes led to a slight
decrease in energy expenditure, without affecting substrate
preference, food and water intake, or ambulatory activity (Fig-
ures 5E and S5C-85G). Injection of CL-316.243 increased the
maximal energy expenditure and abrogated the effect of
GGTase | deletion (Figure 5E). In addition, we found that GGTase

| knockout mice, compared with the control littermates, gained
more weight and developed impaired glucose tolerance when
exposed to high-fat diet (Figures 5F-5H). Importantly, the effect
on body weight and glucose tolerance could not be observed at
thermoneutrality (Figures S5H-S5J), indicating that it results
from reduction of non-shivering thermogenesis. Altogether, our
data indicate that GGTase | activity is required for browning of
iWAT in vivo.

GGPP Promotes Adipocyte Browning

Next, we tested whether protein prenylation can promote brown
adipocyte activity. Treatment of mature iBAs with GGOH dose
dependently increased UCP1 and mitochondrial respiration (Fig-
ures 5|-5K), whereas FOH had no effect on the thermogenic po-
tential of iBAs (Figures S5K-S5M). Importantly, this effect of
GGOH could be partially prevented by knockdown of Pggt1b
and Rabggtb (Figures 5L and 5M). Interestingly, knockdown of
both GGTases in parallel strongly reduced UCP1 levels in iBAs
and completely blocked the stimulatory effect of GGOH (Figures
5N and 50), indicating that the positive effect of GGOH on brown
adipocyte activity is mediated by both GGTases. GGPP signifi-
cantly increased UCP1 levels also in white hMADS cells (Figures
5P and 5Q), indicating that protein geranylgeranylation promotes
adipocyte browning. This effect became apparent already after
48 hr (Figure S5N). Next, we tested the ability of GGOH to stim-
ulate adipocyte browning in vivo. We treated 10-week-old
C57BL/6 mice with GGOH at a dose of 50 mg/kg for 4 consecu-
tive days. Even though GGOH had no significant effect on energy
expenditure and UCP1 levels in iBAT (Figures S50-85Q), we
observed a 3.5-fold induction of UCP1 in iWAT (Figures 5R and
55), demonstrating that GGOH promotes adipocyte browning
in vivo. In addition, the dose-dependent stimulatory effect of
GGOH on UCP1 levels in iBAs was observed even upon knock-
down of Lxra, Lxr8, and Ppary (Figure S5R), suggesting that the
positive effect of GGOH is independent of functional LXR and
PPARy signaling.

GGPP Is Required for the Prenylation of Small GTPases

To identify proteins undergoing geranylgeranylation, mature
iBAs were first pretreated with simvastatin to block endogenous
GGPP production and supplemented for 24 hr with regular or the
azide form of GGOH. Proteins incorporating the GGOH-azide
group were labeled using click chemistry. We detected a band
of approximately 20 kDa, corresponding to the size of small
GTPases, in both iBAs and hMADS cells (Figures 6A and 6B).
Whereas in control cells small GTPases were predominantly
located at the plasma membrane, inhibition of the mevalonate
pathway led to a reduction of their membrane-bound levels

(D and E) (D) Representative western blot (WB) and (E) UCP1 quantification in iBAs treated for 48 hr with FTI-277 and GGTI-298 (n = 6).

(F) Effect of FTI-277 and GGTI-298 on mitochondrial respiration in iBAs (n = 6).

(G and H) (G) Representative WB and (H) UCP1 quantification in iBAs transfected with small interfering RNA (siRNA) pools targeting Fntb, Pggt1b, and Rabggtb

(n=8).

(I-L) (1) Effect of prenyl-transferase knockdown on mitochondrial respiration in iBAs (n = 6). Effect of GGTase knockdown on (J) glycerol release (n = 4), (K) glucose

(n = 6), and (L) free fatty acid uptake (n = 6) in iBAs.

(M and N) (M) Representative WB and (N) UCP1 quantification in hMADS cells treated with simvastatin or GGTI-298 (n = 6) or transfected with the sIRNA pools

targeting PGGT18 (n = 8) or RABGGTB (n = 4).

(O and P) (O) Effects of GGTI-298 and simvastatin (n = 6) and (P) PGGT1B and RABGGTB knockdown on mitochondrial respiration in hMADS cells (n = 12).
Results are reported as mean + SEM. Statistical significance was calculated using ANOVA and Student'’s t test. Statistical differences are indicated as *p < 0.05,

*p <0.01, "*p < 0.001; and **p < 0.01, **p < 0.001.
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(A and B) (A) Representative western blot (WB) and (B) UCP1 quantification in iWAT of C57BL/6 mice treated with PBS and GGTI-298 for 6 days (1 mg/kg; n = 5).
(C and D) (C) Representative WB and (D) UCP1 quantification in iWAT of control (Pggt1b™") and Pggt1b™" x Adip-CreERT2 mice (n = 9).

(legend continued on next page)
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and an increase of their cytosolic levels (Figures 6C-6F), indi-
cating impairment of small GTPase geranylgeranylation. A
similar shift in subcellular distribution was achieved by GGTI-
298 and fluvastatin (Figures 6C-6F, S6A, and S6B). This effect
of statins could be completely prevented by GGOH (Figure S6C).
Cellular RHOA levels increased in response to statins, in both
iBAs and hMADS cells (Figures 6G-6l and S6D), which could
be a compensation for reduced RHO signaling. The effect of sta-
tins could be completely rescued by GGOH, but not by FOH,
squalene, or CoQ9 (Figure 6G). Interestingly, Gallein, a specific
inhibitor of the v subunit of G protein, had no effect on UCP1
and RHOA levels in iBAs or browning of hMADS cells (Figures
S6E-S6G), suggesting that the inhibitory effect of statins most
likely does not result from impaired G-protein prenylation. In
contrast, inhibition of RHO family members with the aid of Rhosin
reduced UCP1 and cAMP-stimulated uncoupled respiration in
hMADS cells (Figures 6J-6L), indicating that small GTPases
might be important for adipocyte browning.

Small GTP-Binding Proteins Are Important for Adipocyte
Browning

Next, we silenced the five most common small GTPases, which
are abundantly expressed in adipocytes and require the C-termi-
nal geranylgeranyl group for proper function. Knockdown of
Rhoa, Rhob, Cdc42, Rap1a, and Rap1b affected UCP1 levels
in iBAs, as well as UCP1 levels and mitochondrial respiration in
hMADS cells (Figures 7A-7E). Moreover, the stimulatory effect
of GGOH on UCP1 in iBAs could be partially suppressed by
knockdown of individual small GTPases (Figures 7F and 7G).
Several small GTP-binding proteins were shown to participate
in the regulation of the cellular cytoskeleton. In agreement with
our hypothesis, simvastatin dose dependently reduced F-actin
levels in iBAs (Figure 7H). Importantly, this effect of simvastatin
could also be prevented by GGOH in both cell lines (Figure 71),
indicating that the effect of mevalonate pathway inhibitors might
be, at least partially, explained by regulation of the actin cyto-
skeleton. In many different cell types, it was shown that cellular
F-actin levels determine the activity of the transcriptional co-reg-
ulators YAP1 and TAZ (Aragona et al., 2013). In line with our pre-
vious observations, levels of YAP1 and TAZ in iBAs were strongly
reduced following simvastatin treatment (Figures 7J and 7K) and
also this effect could be prevented by GGOH, which strongly
increased the levels of these transcriptional co-regulators (Fig-
ure 7K). Similarly, knockdown of PGGT18B, but not RABGGTB,
significantly reduced levels of YAP1 and TAZ in hMADS cells
(Figures 7L and 7M). Furthermore, knockdown of YAP1 and

TAZ led to a significant reduction of UCP1 and uncoupled mito-
chondrial respiration in h(MADS cells (Figures 7N-7P), indicating
that these transcriptional co-regulators are important for adipo-
cyte browning. Taken together, our data indicate that small
GTPases play an important role in regulation of the thermogenic
function of brown adipocytes and white adipocyte browning,
and their activity requires the availability of GGPP, the substrate
for protein geranylgeranylation.

DISCUSSION

Several studies in recent years have shown that activation of BAT
can promote energy expenditure and thus protect from the
development of metabolic disease (Hanssen et al., 2015). We
and others (Svensson et al., 2011) have identified HMGCSZ2 as
one of the most highly enriched transcripts in human BAT.
HMGCS2 has been implicated in the synthesis of ketone bodies,
and recent work has suggested that ketone bodies can regulate
adipocyte browning (Carriere et al., 2014); however, based on
our data, it seems that the negative effect of HMGCS2 knock-
down on thermogenic function and adipocyte browning is not
mediated through ketone bodies. We therefore speculate that
HMGCS2 might rather contribute to cellular HMG-CoA levels
and thereby provide substrate for mevalonate synthesis. Indeed,
it was shown that transfection of Hmgcs2 cDNA was able to
restore cholesterol synthesis in HMGCS1-deficient CHO-K1
cells (Ortiz et al., 1994). The role of the mevalonate pathway in
regulation of BAT function is further supported by studies
showing cold-induced increase in Hmgcs1 expression in both
IWAT and iBAT (Forner et al., 2009; Shore et al., 2013). In line
with these observations, we could show that mevalonate levels
are higher in iBAT than in iWAT. We believe that the flux through
the mevalonate pathway is determined mainly by the availability
of HMG-CoA, the substrate for mevalonate synthesis.

We show here that inhibition of the mevalonate pathway affects
uncoupling in mature human and murine brown adipocytes, and
in line with these findings we observed a reduced uncoupled
mitochondrial respiration in vitro. Pharmacological inhibition of
the mevalonate pathway using statins showed no significant ef-
fect on UCP1 levels in iBAT, whereas browning of the iWAT was
significantly reduced. Statins did not change the energy expendi-
ture, possibly because the maximal capacity for iBAT activation
was not affected, while it primarily affected the activity of brite
cells in IWAT. This is in line with the recent findings demonstrating
that the main thermogenic capacity in mice is present in brown
and not in brite adipocytes (Kalinovich et al., 2017), and fits with

(E) Effect of Pggt1b deletion on energy expenditure (wild-type n = 4; CreERT2 n = 7).
(F-H) (F) Body weight gain and (G and H) glucose tolerance in Pggt1b " x Adip-CreERT2 mice (n = 13) and control littermates (n = 7) after 8 weeks on high-

fat diet.

(-K) () Representative WB, (J) UCP1 quantification (n = 6), and (K) mitochendrial respiration (n = 5) in iBAs treated for 48 hr with GGOH.
(L and M) (L) Representative WB and (M) UCP1 quantification in iBAs transfected with small interfering RNA (siRNA) pools targeting individual geranylgeranyl-

transferases in combination with GGOH treatment (48 hr; n = 6).

(N and O) (N) Representative WB and (O} UCP1 quantification in iBAs transfected with siRNA pools targeting both GGTases in combination with GGOH treatment

(48 hr; n = 6).

(P and Q) (P) Representative WB and (Q) UCP1 quantification in white hMADS cells treated (96 hr) with FPP, GGPP, or methanol (control; 0.5%) (n = 8).
(R and S) (R) Representative WB and (S) UCP1 quantification in iWAT of C57BL/6 mice treated with PBS or GGOH for 4 consecutive days (n = 7). Tam, tamoxifen

administration.

Results are reported as mean + SEM. Statistical significance was calculated using ANOVA and Student’s t test. Statistical differences are indicated as *p < 0.05,

*p <0.01, "*p < 0.001; and *p < 0.05, ***p < 0.001.
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Figure 6. Inhibition of the Mevalonate Pathway Im-
pairs Geranylgeranylation of Small GTP-Binding Pro-
teins

(A-F) Representative western blot (WB) showing incorpora-
tion of GGOH azide (A) in IBAs and (B) in hMADS cells (n = 2; 3
repeats). Representative WB and quantification, respectively,
of RHOA, RAP1, RAC1/2/3, and CDC42 in (C and D) mem-
brane and (E and F) cytosolic fraction of iBAs treated with
simvastatin or GGTI-298 for 48 hr (n = 3; 3 repeats).

(G-K) (G) Representative WB showing increase of RHOA in
iBAs in response to simvastatin treatment (48 hr), which could
be prevented by GGOH (100 uM), but not by FOH (100 uM),
SQ (10 pM), or CoQ9 (10 uM) (2 repeats). Representative WB
and quantification, respectively, of UCP1 and RHOA in
hMADS cells treated with (H and |) different statins (n = 4) or (J
and K) GGTI-298 and Rhaosin for 96 hr (n = 6-8).

(L) Effect of simvastatin, GGTI-298, and Rhosin treatment
(96 hr) on mitochondrial oxygen consumption rate (OCR) in
hMADS cells (n = €). Results are reported as mean + SEM.
Statistical significance was calculated using ANOVA and
Student’s t test. Statistical differences are indicated as *p <
0.05, "p < 0.01, *"p < 0.001.
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Figure 7. Small GTP-Binding Proteins Are Important for Adipocyte Thermogenic Function

(A and B) (A) Representative western blot (WB) and (B) UCP1 quantification in iBAs transfected with siRNA pools targeting individual small GTPases (n = 7-8).
(C and D) (C) Representative WB and (D) UCP1 quantification in hMADS cells transfected with siRNA pools targeting individual small GTPases (n = 6).

(E) Effect of individual small GTPase kr on mi drial 1in hMADS cells (n = 12).

(F and G) (F) Representative WB and (G) UCP1 quantification in iBAs transfected with siRNA pools targeting individual small GTPases in combination with GGOH
treatment (48 hr; n = 5).

(H) Effect of simvastatin treatment (48 hr) on F-actin levels in iBAs (F-actin in green, nuclei in blue). Scale bar, 50 um.

(legend continued on next page)
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findings of several studies, which did not observe changes in en-
ergy expenditure upon statin treatment (Chung et al., 2008; Pan-
ayiotou et al., 2013). It is important, however, to point out that we
used statins as a pharmacological tool to achieve short-term inhi-
bition of the mevalonate pathway. Statins are normally taken over
several decades and long-term changes in brite adipocyte con-
tent might have a significant impact on whole-body metabolism.
In addition, it should be noted that statins have many positive ef-
fects in different tissues, which makes it very complicated to
dissect the impact of beige fat inhibition on whole-body meta-
bolism in such a model. Therefore, we used the much more
defined inducible adipocyte-specific ablation of GGTase |, which
led to inhibition of iIWAT browning, development of obesity, and
impaired glucose tolerance after 8 weeks on a high-fat diet. More-
over, this negative metabolic phenotype did not develop at ther-
moneutrality, demonstrating that it results from impaired adipose
tissue thermogenesis. This is in line with multiple reports indi-
cating that regulating brite adipocyte formation is sufficient to
elicit a metabolic phenotype (Cohen et al., 2014; Kazak et al.,
2015; Qiang et al., 2012; Shinoda et al., 2015).

In adult humans, BAT depots seem to contain both classical
and inducible brown adipocytes (Jespersen et al., 2013; Lidell
etal., 2013). Interestingly, we found an inverse correlation of statin
use with active BAT in a retrospective study. In the prospective
clinical trial, we found that fluvastatin could reduce expression
of brown adipocyte markers in supraclavicular BAT; however,
no significant effect on FDG uptake was observed. Based on
the current literature, FDG-PET is the most widely used technique
to measure BAT presence in humans because of difficulties in tis-
sue sampling and/or the measurement of whole-body energy
expenditure using indirect calorimetry. As several groups have
shown that Ucp 7-knockout mice exhibit the same levels of radio-
labeled glucose uptake in BAT as wild-type mice (Hankir et al.,
2017; Olsen et al., 2017), it is difficult to assess whether FDG is
the ideal measure for BAT activity given the wide substrate use
of this tissue. Interestingly, the changes in BAT glucose uptake
induced by fluvastatin treatment seem to be temperature depen-
dent, suggesting that thermogenesis and glucose uptake are
coupled only under partially stimulated conditions. Further
studies will be needed to expand these results.

Several papers have reported that atorvastatin treatment in-
hibits preadipocyte proliferation and adipogenic differentiation,
without affecting adipocyte maturation (Li et al., 2003). This is in
line with reports showing that statins reduce PPARy, C/EBPu,
and C/EBPB levels (Mauser et al., 2007; Nakata et al., 2006).
We exclusively investigated here the role of the mevalonate
pathway in mature brown adipocytes and in the conversion of
white into brown adipocytes, and we could show that statins
reduce thermogenic function and PPARY levels, without affecting
the number of differentiated cells. We have recently shown that

PPARy is required to maintain the thermogenic capacity of
mature brown adipocytes (Lasar et al., 2018); thus it is possible
that statins inhibit BAT function through regulation of this factor.

The inhibitory effect of statins on UCP1 levels in brown adipo-
cytes in vitro could be rescued by GGPP, FPP, and GGOH, but
not by FOH. Metabolic labeling experiments have provided evi-
dence that mammalian cells can use free GGOH for protein ger-
anylgeranylation and free FOH for sterol biosynthesis and protein
farnesylation (Crick et al., 1994; Fliesler and Keller, 1995). How-
ever, there is very little evidence for the conversion of FOH back
to FPP and GGPP and it is mostly based on studies from plants
(Thai et al., 1999). Another point of evidence against the conver-
sion of FOH to FPP is based on multiple studies investigating the
inhibitory effect of statins on the proliferation of smooth muscle,
NIH 3T3, and C6 glioma cells, which could be rescued by GGPP
or GGOH, but not by FOH (Crick et al., 1998; Vigano et al., 1995;
Vogt et al.,, 1996). On the other hand, one study showed
increased FPP production in rat liver lysates following FOH sup-
plementation (Bentinger et al., 1998). The authors of this study
suggest that an enzyme phosphorylating FOH into farnesyl
monophosphate, as well as an enzymatic mechanism catalyzing
the phosphorylation of farnesyl-P to farnesyl-PP, exists. How-
ever, these enzymes have not been identified as of yet.

Based on our data we conclude that the development and
thermogenic function of brite but not of classical brown adipo-
cytes are affected by inhibition of the mevalonate pathway and
prenylation of small GTPases. We quantified not only the expres-
sion of thermogenic markers, but also the number of UCP1*
cells, which are significantly reduced by statins in the iWAT.
Therefore, we believe that the mevalonate pathway and particu-
larly protein prenylation are important for iWAT browning, but do
not affect the thermogenic potential of fully active BAT. Never-
theless, we cannot rule out that the effect of the mevalonate
pathway and GGTase | inhibition on adipocyte browning in
mice is in part due to changes in brite adipocyte formation
from precursors (Wang and Scherer, 2014). An argument against
such a contribution stems from our genetic model, as we could
show that ablation of GGTase | exclusively in mature adipocytes
led to a similar effect observed in statin- and GGTI-298-treated
mice. These data indicate that the effect occurs at the level of
maturation or interconversion, rather than through changes in
adipogenesis. Another support for this argument is the fact
that mature adipocytes do not de-differentiate upon statin treat-
ment or inhibition of protein geranylgeranylation.

We propose that the activity of the mevalonate pathway regu-
lates adipocyte browning by affecting geranylgeranylation of
small GTP-binding proteins. It has been shown recently that
expression of constitutively active G4 protein reduces brown
adipogenesis in mice via modulation of RHOA/ROCK signaling
(Klepac et al., 2016). In addition, the pro-adipogenic effect of

() Effect of simvastatin treatment on F-actin levels in iBAs and hMADS cells (F-actin in green, nuclei in blue) can be rescued with GGOH. Scale bar, 50 pm.
(J and K) (J) Representative WB showing dose-dependent inhibitory effect of simvastatin treatment (48 hr) on YAP1 and TAZ levels in iBAs, which (K) could be

rescued with GGOH (100 uM).

(L and M) (L) Representative WB and (M) YAP1 and TAZ quantification in h(MADS cells transfected with siRNA pools targeting PGGT18 and RABGGTB (n = 6).
(N and O) (N) Representative WB and (O) UCP1 quantification in hMADS cells transfected with siRNA pools targeting YAP1 and TAZ (n = 7).

(P) Effect of YAP7 and TAZ knockdown on mitochondrial respiration in h(MADS cells (n = 5).

Results are reported as mean + SEM. Statistical significance was calculated using ANOVA and Student’s t test. Statistical differences are indicated as *p < 0.05,

*p <0.01, ***p < 0.001.
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BMP7 is mediated by suppression of ROCK activity; however,
ROCK inhibition does not alter BMP7-induced UCP1 expression
in C3H/10T1/2 mesenchymal stem cells differentiated into
brown adipocytes (McDonald et al., 2015). In a proof-of-principle
experiment, knockdown of the five most common GTPases re-
sulted in a significant reduction of UCP1 levels, indicating that
members of this protein class are important for function and/or
formation of thermogenic adipocytes. Based on our data it
seems that small GTPases have overlapping functions in the
regulation of UCP1, and the effect of protein geranylgeranylation
is most likely mediated by multiple pathways and not by a single
target. We believe that, similar to GGTase | inhibition, GGTase Il
knockdown also affects many cellular processes, including ve-
sicular transport, in which RAB proteins play a crucial role. One
of the mechanisms for how impaired geranylgeranylation of
small GTP-binding proteins might affect thermogenic function
and adipocyte browning is impairment of F-actin formation and
transcriptional activity of YAP1 and TAZ. This is supported by
a recent study showing the importance of actomyosin tension
and the mechanosensitive transcriptional co-activators YAP1
and TAZ for induction of oxidative metabolism and uncoupled
respiration in thermogenic fat cells (Tharp et al., 2018).

In conclusion, we show that the mevalonate pathway regu-
lates adipocyte browning. Our mouse and cell culture data are
supported in part by a retrospective and a small prospective
volunteer study, supporting the physiological relevance of this
regulation in humans. Further clinical studies are warranted to
substantiate these results and to determine whether protein ger-
anylgeranylation or individual small GTPases might be used for
therapeutic strategies to promote thermogenic activity of fat
cells and thereby increase whole-body energy expenditure.

Limitations of Study

Retrospective data presented in our study should be interpreted
with caution, as retrospective studies suffer from numerous
weaknesses, most notably a selection bias. This may be partic-
ularly true in our cohort of mostly cancer patients, which are
probably not representative of the general population. Our small
prospective volunteer study shows that short-term fluvastatin
treatment reduces expression of brown adipocyte markers
without affecting FDG uptake in supraclavicular BAT. Further
studies will be needed to test the effect of other statins on BAT
activity in large patient cohorts. We provide a possible explana-
tion for reduced UCP1 levels, namely impaired geranylgeranyla-
tion of small GTPases, which then leads to reduced F-actin levels
and YAP1/TAZ inactivity. However, it is important to mention that
small GTPases are involved in the regulation of a large variety of
processes, and the inhibitory effect on adipocyte browning can,
most likely, not be explained solely by dysregulation of YAP1 and
TAZ. Further studies will be needed to completely dissect the
mechanism downstream of GGTases.

STAR*METHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o CONTACT FOR REAGENT AND RESOURCE SHARING

914 Cell Metabolism 29, 901-816, April 2, 2019

e EXPERIMENTAL MODEL AND SUBJECT DETAILS
Clinical Transcriptome Study

Retrospective '®FDG-PET/CT Cohort Study

Clinical Fluvastatin Study

Mouse Experiments

Cell Culture — hMADS Cells

Cell Culture — Immortalized Murine Brown Adipocytes
ETHOD DETAILS

Intraperitoneal Glucose Tolerance Test

Body Composition Measurement

Indirect Calorimetry

Tissue Harvest

Analysis of Preadipocyte Proliferation and Adipocyte
Differentiation

Cellular Respiration

Fatty Acid Uptake

Lipolysis

Glucose Uptake

Ketone Bodies Measurement

Ucp1 Promoter Activity

RNA Extraction, cDNA Synthesis,
RT-PCR

O Protein Extraction and Western Blot
O Click Chemistry

O Subcellular Fractionation

O F-actin Staining
o
Q

[ ]
000002000000

O00000O0

Quantitative

RNA Sequencing, Mapping and Analysis
Quantification of Cre Recombination in Mouse Tissues
O Metabolomic Analysis
o QUANTIFICATION AND STATISTICAL ANALYSIS
e DATA AND SOFTWARE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and four tables and can be
found with this article online at hitps://doi.org/10.1016/j.cmet.2018.11.017.

ACKNOWLEDGMENTS

The work was supported by the International Starr Foundation, the Vontobel-
Stiftung, the Swiss National Science Foundation, and the Grant Agency of the
Slovak Academy of Sciences (VEGA 2/0096/17).

AUTHOR CONTRIBUTIONS

M. Balaz and C.W. designed the study; M. Balaz, |.A.B., M.J.B., LV.,and CW.
supervised the experiments; M. Balaz, L.B.,L.S., W.S.,,H.D., C.M.,C.H., Y.R.,
S.M., and V.E. performed the experiments; M. Balaz, J.U., LV.,P.8., B.U., and
M.P. performed the clinical transcriptome study; L.O. analyzed RNA
sequencing data; A.S.B., S.B., C.Z., and C.F. performed the retrospective clin-
ical study; A.S.B., J.M., G.G., C.LM., |.A.B., and M.J.B. performed the clinical
trial; N.Z. performed the metabolome analysis; M. Berge, M.K.A., and E.-Z.A.
provided resources; M. Balaz, A.S.B., and C.W. wrote the paper; all authors
reviewed and edited the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: August 14, 2018
Revised: October 15, 2018
Accepted: November 27, 2018
Published: December 20, 2018



Inhibition of Mevalonate Pathway Prevents Adipocyte Browning in Mice and Men by Affecting Protein Prenylation

REFERENCES

Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N.,
Dupont, S., and Piccolo, S. (2013). A mechanical checkpoint controls multicel-
lular growth through YAP/TAZ regulation by actin-processing factors. Cell 154,
1047-1059.

Bartelt, A., Bruns, O.T., Reimer, R., Hohenberg, H., Ittrich, H., Peldschus, K.,
Kaul, M.G., Tromsdorf, U.l., Weller, H., Waurisch, C., et al. (2011). Brown ad-
ipose tissue activity controls triglyceride clearance. Nat. Med. 77, 200-205.

Gazzerro, P., Proto, M.C., Gangemi, G., Malfitano, A.M., Ciaglia, E., Pisanti, S.,
Santoro, A., Laezza, C., and Bifulco, M. (2012). Pharmacological actions of sta-
tins: a critical in the r of cancer. F . Rev. 64,
102-146.

Hankir, M.K., Kranz, M., Keipert, S., Weiner, J., Andreasen, S.G., Kem, M.,
Patt, M., Kloting, N., Heiker, J.T., Brust, P., et al. (2017). Dissociation between
brown adipose tissue (18)F-FDG uptake and thermogenesis in uncoupling pro-
tein 1-deficient mice. J. Nucl. Med. 58, 1100-1103.

Hanssen, M.J., Hoeks, J., Brans, B., van der Lans, A.A., Schaart, G., van den

Becker, A.S., Nagel, H.W., Wolfrum, C., and Burger, |.A. (2016). Ar
grading for metabolic activity of brown adipose tissue. PLoS One 77,
20149458,

Bentinger, M., Grunler, J., Peterson, E., Swiezewska, E., and Dallner, G. (1998).
Phosphorylation of farnesol in rat liver microsomes: properties of farnesol ki-
nase and farnesyl phosphate kinase. Arch. Biochem. Biophys. 353, 191-198.
Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and
physiological significance. Physiol. Rev. 84, 277-359.

Carriere, A., Jeanson, Y., Berger-Muller, S., Andre, M., Chenouard, V., Amaud,
E., Barreau, C., Walther, R., Galinier, A., Wdziekonski, B., et al. (2014).
Browning of white adipose cells by il i ites: an adapti

Dri Jud., Ji JA., B 1, M.V, Hesselink, MK,
Havekes, B., et al. (2015). Short-term cold acclimation improves insulin sensi-
tivity in patients with type 2 diabetes mellitus. Nat. Med. 21, 863-865.

Iwen, K.A., Backhaus, J., Cassens, M., Waltl, M., Hedesan, O.C., Merkel, M.,
Heeren, J., Sina, C., Rademacher, L., Windjager, A., etal. (2017). Cold-induced
brown adipose tissue activity alters plasma fatty acids and improves glucose
metabolism in men. J. Clin. Endocrinol. Metab. 702, 4226-4234.
Janmahasatian, S., Duffull, $.B., Ash, S., Ward, L.C., Byme, N.M., and Green,
B. (2005). Quantification of lean bodyweight. Clin. Pharmacokinet. 44,
1051-1066.

Ji N.Z., Larsen, T.J., Peijs, L., Daugaard, S., Homoe, P., Loft, A., de

mechanism to alleviate redox pressure. Diabetes 63, 3253-3265.
Chondronikola, M., Volpi, E., Borsheim, E., Porter, C., Annamalai, P.,
Enerback, S., Lidell, M.E., Saraf, M.K., Labbe, S.M., Hurren, N.M., et al.
(2014). Brown adipose tissue improves whole-body glucose homeostasis
and insulin sensitivity in humans. Diabetes 63, 4089-4099.

Chung, J., Brass, E.P., Ulrich, R.G., and Hiatt, W.R. (2008). Effect of atorvas-
tatin on energy expenditure and skeletal muscle oxidative metabolism at
rest and during exercise. Clin. Pharmacol. Ther. 83, 243-250.

Cohen, P., Levy, J.D., Zhang, Y., Frontini, A., Kolodin, D.P., Svensson, K.J., Lo,
J.C., Zeng, X., Ye, L., Khandekar, M.J., et al. (2014). Ablation of PRDM16 and
beige adipose causes metabolic dysfunction and a subcutaneous to visceral
fat switch. Cell 156, 304-316.

Crick, D.C., Andres, D.A., Danesi, R., Macchia, M., and Waechter, C.J. (1998).
Geranylgeraniol overcomes the block of cell proliferation by lovastatin in C6
glioma cells. J. Neurochem. 70, 2397-2405.

Crick, D.C., Waechter, C.J., and Andres, D.A. (1994). Utilization of geranyliger-
aniol for protein isoprenylation in C6 glial cells. Biochem. Biophys. Res.
Commun. 205, 955-961.

Cypess, A.M., Lehman, S., Williams, G., Tal, I., Rodman, D., Goldfine, A.B.,

Jong, J., Mathur, N., Cannon, B., Nedergaard, J., et al. (2013). A classical
brown adipose tissue mRNA signature partly overlaps with brite in the supra-
clavicular region of adult humans. Cell Metab. 77, 798-805.

Jiang, Z., Yu, B., and Li, Y. (2016). Effect of three statins on glucose uptake of
cardiomyocytes and its mechanism. Med. Sci. Monit. 22, 2825-2830.
Kalinovich, A.V., de Jong, J.M., Cannon, B., and Nedergaard, J. (2017). UCP1
in adipose tissues: two steps to full browning. Biochimie 134, 127-137.
Kazak, L., Chouchani, E.T., Jedrychowski, M.P., Erickson, B.K., Shinoda, K.,
Cohen, P., Vetrivelan, R., Lu, G.Z., Laznik ki, D., H fi S.C,
et al. (2015). A creatine-driven cycle energy diture
and thermogenesis in beige fat. Cell 163, 643-855.

Klein, J., Fasshauer, M., Klein, H.H., Benito, M., and Kahn, C.R. (2002). Novel
adipocyte lines from brown fat: a model system for the study of differentiation,
energy metabolism, and insulin action. Bioessays 24, 382-388.

Klepac, K., Kilic, A., Gnad, T., Brown, L.M., Herrmann, B., Wilderman, A.,
Balkow, A., Glode, A., Simon, K., Lidell, M.E., et al. (2016). The Gq signalling
pathway inhibits brown and beige adipose tissue. Nat. Commun. 7, 10895.
Lasar, D., Rosenwald, M., Kiehimann, E., Balaz, M., Tall, B., Opitz, L., Lidell,
M.E., Zamboni, N., Krznar, P., Sun, W., et al. (2018). Peroxisome proliferator

Kuo, F.C., Palmer, E.L., Tseng, Y.H., Doria, A., et al. (2009). Identifi 1
and importance of brown adipose tissue in adult humans. N. Engl. J. Med.
360, 1509-1517.

Cypess, A.M., Weiner, L.S., Roberts-Toler, C., Franquet Elia, E., Kessler, S.H.,
Kahn, P.A., English, J., Chatman, K., Trauger, S.A., Doria, A., et al. (2015).

d p gamma controls mature brown adipocyte inducibility
through glycerol kinase. Cell Rep. 22, 760-773.
Li, W., Liang, X., Zeng, Z., Yu, K., Zhan, S., Su, Q., Yan, Y., Mansai, H., Qiao,
W., Yang, Q., et al. (2016). Simvastatin inhibits glucose uptake activity and
GLUT4 translocation through suppression of the IR/IRS-1/Akt signaling in
C2C12 my Biomed. Ph ver. 83, 194-200.

Activation of human brown adipose tissue by a beta3- p
agonist. Cell Metab. 27, 33-38.

Elabd, C., Chiellini, C., Carmona, M., Galitzky, J., Cochet, O., Petersen, R.,
Penicaud, L., Kristiansen, K., Bouloumie, A., Casteilla, L., et al. (2009).
Human multipotent adipose-derived stem cells differentiate into functional
brown adipocytes. Stem Cells 27, 2753-2760.

Fliesler, S.J., and Keller, R.K. (1995). Metabolism of [3H]farmesol to cholesterol
and cholesterogenic intermediates in the living rat eye. Biochem. Biophys.
Res. Commun. 210, 695-702.

Fomer, F., Kumar, C., Luber, C.A., Fromme, T., Klingenspor, M., and Mann, M.
(2009). Proteome differences between brown and white fat mitochondria
reveal specialized metabolic functions. Cell Metab. 70, 324-335.

Frontini, A., Vitali, A., Perugini, J., Murano, |., Romiti, C., Ricquier, D., Guerrieri,
M., and Cinti, S. (2013). White-to-brown transdifferentiation of omental adipo-
cytes in patients affected by pheochromocytoma. Biochim. Biophys. Acta
1831, 950-959.

Fuhrer, T., Heer, D., Begemann, B., and Zamboni, N. (2011). High-throughput,
accurate mass metabolome profiling of cellular extracts by flow injection-time-
of-flight mass spectrometry. Anal. Chem. 83, 7074-7080.

Li, X., Cui, Q., Kao, C., Wang, G.J., and Balian, G. (2003). Lovastatin inhibits
adipogenic and stimulates osteogenic differentiation by suppressing
PPARgamma2 and increasing Cbfa1/Runx2 expression in bone marrow
mesenchymal cell cultures. Bone 33, 652-659.

Lidell, M.E., Betz, M.J., Dahlqvist Leinhard, O., Heglind, M., Elander, L., Slawik,
M., Mussack, T., Nilsson, D., Romu, T., Nuutila, P., et al. (2013). Evidence for
two types of brown adipose tissue in humans. Nat. Med. 19, 631-634.
Mauser, W., Perwitz, N., Meier, B., Fasshauer, M., and Klein, J. (2007). Direct
adipotropic actions of atorvastatin: differentiation state-dependent induction
of apoptosis, modulation of endocrine function, and inhibition of glucose up-
take. Eur. J. Pharmacol. 564, 37-46.

McDonald, M.E., Li, C., Bian, H., Smith, B.D., Layne, M.D., and Farmer, S.R.
(2015). Myocardin-related transcription factor A regulates conversion of pro-
genitors to beige adipocytes. Cell 760, 105-118.

Nair, A.B., and Jacob, S. (2016). A simple practice guide for dose conversion
between animals and human. J. Basic Clin. Pharm. 7, 27-31.

Nakata, M., Nagasaka, S., Kusaka, |., Matsuoka, H., Ishibashi, S., and Yada, T.
(2006). Effects of statins on the adipocy ion and expression of glucose

Cell Metabolism 29, 901-916, April 2, 2019 915

Cell

103



CHAPTER 5

Further publications

104

Cell

transporter 4 (SLC2A4): implications in glycaemic control. Diabetologia 49,
1881-1892.

Nedergaard, J., Bengtsson, T., and Cannon, B. (2007). Unexpected evidence
for active brown adipose tissue in adult humans. Am. J. Physicl. Endocrinol.
Metab. 293, E444-E452.

Olsen, J.M., Csikasz, R.l., Dehvari, N., Lu, L., Sandstrom, A., Oberg, A.l,
Nedergaard, J., Stone-Elander, S., and Bengtsson, T. (2017). beta3-
Adrenergically induced glucose uptake in brown adipose tissue is independent
of UCP1 presence or activity: mediation through the mTOR pathway. Mol.
Metab. 6, 611-619.

Olsson, A.G., McTaggart, F., and Raza, A. (2002). Rosuvastatin: a highly effec-
tive new HMG-CoA reductase inhibitor. Cardiovasc. Drug Rev. 20, 303-328.
Orava, J., Nuutila, P., Lidell, M.E., Oikonen, V., Noponen, T., Vilianen, T.,
Scheinin, M., Taittonen, M., Niemi, T., Enerback, S., et al. (2011). Different
metabolic responses of human brown adipose tissue to activation by cold
and insulin, Cell Metab. 74, 272-279.

Orava, J., Nuutila, P., Noponen, T., Parkkola, R., Viljanen, T., Enerback, S.,
Rissanen, A., Pietilainen, K.H., and Virtanen, K.A. (2013). Blunted metabolic re-
sponses to cold and insulin stimulation in brown adipose tissue of obese hu-
mans. Obesity (Silver Spring) 21, 2279-2287.

Ortiz, J.A., Gil-Gomez, G., Casaroli-Marano, R.P., Vilaro, S., Hegardt, F.G.,
and Haro, D. (1994). Transfection of the ketogenic mitochondrial 3-hydroxy-
3-methylglutaryl-coenzyme A synthase cDNA into Mev-1 cells corrects their
auxotrophy for mevalonate. J. Biol. Chem. 269, 28523-28526.

Quellet, V., Labbe, S.M., Blondin, D.P., Phoenix, S., Guerin, B., Haman, F.,
Turcotte, E.E., Richard, D., and Carpentier, A.C. (2012). Brown adipose tissue
oxidative metabolism contributes to energy expenditure during acute cold
exposure in humans. J. Clin. Invest. 122, 545-552.

Panayiotou, G., Paschalis, V., Nikolaidis, M.G., Theodorou, A.A., Deli, C.K.,
Fotopoulou, N., Fatouros, I.G., Koutedakis, Y., Sampanis, M., and Jamurtas,
A.Z. (2013). No adverse effects of statins on muscle function and health-
related parameters in the elderly: an exercise study. Scand. J. Med. Sci.
Sports 23, 556-567.

Perdikari, A., Leparc, G.G., Balaz, M., Pires, N.D., Lidell, M.E., Sun, W.,
Fermnmandez-Albert, F., Muller, S., Akchiche, N., Dong, H., et al. (2018).
BATLAS: deconvoluting brown adipose tissue. Cell Rep. 25, 784-797 .e4.
Qiang, L., Wang, L., Kon, N., Zhao, W., Lee, S., Zhang, Y., Rosenbaum, M.,
Zhao, Y., Gu, W., Farmer, S.R., et al. (2012). Brown remodeling of white adi-
pose tissue by SirT1-dependent deacetylation of Ppargamma. Cell 750,
620-632.

Rosenwald, M., Perdikari, A., Rulicke, T., and Wolfrum, C. (2013). Bi-direc-
tional interconversion of brite and white adipocytes. Nat. Cell Biol. 15,
659-667.

916 Cell Metabolism 29, 901-816, April 2, 2019

Senn, J.R., Maushart, C.I., Gashi, G., Michel, R., Lalive d'Epinay, M., Vogt, R.,
Becker, A.S., Muller, J., Balaz, M., Wolfrum, C., et al. (2018). Outdoor temper-
ature influences cold induced thermogenesis in humans. Front. Physiol.
9, 1184,

Shi, F., and Collins, S. (2017). Second messenger signaling mechanisms of the
brown adipocyte thermogenic program: an integrative perspective. Horm.
Mol. Biol. Clin. Investig. 31, https://doi.org/10.1515/hmbci-2017-0062.

Shinoda, K., Ohyama, K., Hasegawa, Y., Chang, H.Y., Ogura, M., Sato, A.,
Hong, H., Hosono, T., Sharp, L.Z., Scheel, D.W. et al. (2015).
Phasphoproteomics identifies CK2 as a negative regulator of beige adipocyte
thermogenesis and energy expenditure. Cell Metab. 22, 997-1008.

Shore, A.M., Karamitri, A., Kemp, P., Speakman, J.R., Graham, N.S., and
Lomax, M.A. (2013). Cold-induced changes in gene expression in brown adi-
pose tissue, white adipose tissue and liver. PLoS One 8, e68933.

Sjogren, A.K., Andersson, K.M., Liu, M., Cutts, B.A., Karlsson, C., Wahistrom,
AM., Dalin, M., Weinbaum, C., Casey, P.J., Tarkowski, A., et al. (2007).
GGTase-| deficiency reduces tumor formation and improves survival in mice
with K-RAS-induced lung cancer. J. Clin. Invest. 117, 1294-1304.

Svensson, P.A., Jemas, M., Sjoholm, K., Hoffmann, J.M., Nilsson, B.E.,
Hansson, M., and Carlsson, L.M. (2011). Gene expression in human brown ad-
ipose tissue. Int. J. Mol. Med. 27, 227-232.

Thai, L., Rush, J.S., Maul, J.E., Devarenne, T., Rodgers, D.L., Chappell, J., and
Waechter, C.J. (1999). Famesol is utilized for isoprencid biosynthesis in plant
cells via famesyl pyrophosphate formed by successive monophosphorylation
reactions. Proc. Natl. Acad. Sci. U S A 96, 13080-13085.

Tharp, K.M., Kang, M.S., Timblin, G.A., Dempersmier, J., Dempsey, G.E.,
Zushin, P.H., Benavides, J.,, Choi, C., Li, CX,, Jha, AK, et al. (2018).
Actomyosin-mediated tension orchestrates uncoupled respiration in adipose
tissues. Cell Metab. 27, 602-615.e4.

van Marken Lichtenbelt, W.D., Vanhommerig, J.W., Smulders, N.M.,
Drossaerts, J.M., Kemerink, G.J., Bouvy, N.D., Schrauwen, P., and Teule,
G.J. {2009). Cold-activated brown adipose tissue in healthy men. N. Engl. J.
Med. 360, 1500-1508.

Vigano, T., Hemandez, A., Corsini, A., Granata, A., Belloni, P., Fumagalli, R.,
Paoletti, R., and Folco, G. (1995). Mevalonate pathway and isoprenoids regu-
late human bronchial myocyte proliferation. Eur. J. Pharmacol, 297, 201-203.
Vogt, A., Qian, Y., McGuire, T.F., Hamilton, A.D., and Sebti, S.M. (1996).
Protein geranylgeranylation, not famesylation, is required for the G1to S phase
transition in mouse fibroblasts. Oncogene 13, 1991-1999.

Wang, QA., and Scherer, P.E. (2014). The AdipoChaser mouse: a model
tracking adipogenesis in vivo. Adipocyte 3, 146-150.



Inhibition of Mevalonate Pathway Prevents Adipocyte Browning in Mice and Men by Affecting Protein Prenylation

CellPress

STARX*METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCP1 Thermo Fisher Cat# PA1-24894; RRID: AB_2241459
HSP90 Cell Signaling Cat# 4877; RRID: AB_2233307
y-TUBULIN Sigma-Aldrich Cat# T-5326; RRID: AB_532292
HSL Cell Signaling Cat# 4107; RRID: AB_2296900
phospho-HSL (Ser660) Cell Signaling Cat# 4126; RRID: AB_490997

AKT Cell Signaling Cat# 9272; RRID: AB_329827
phospho-AKT (Thr308) Cell Signaling Cat# 13038; RRID: AB_2629447
CREB Cell Signaling Cat# 9197; RRID: AB_331277
phospho-CREB (Ser133) Cell Signaling Cat# 9198; RRID: AB_2561044
PGGT1B Abcam Cat# ab122122; RRID: AB_11129941
RABGGTB Abcam Cat# ab187717; RRID:AB_2751007
GAPDH Cell Signaling Cat# 5174; RRID: AB_10622025
cleaved Caspase 3 (Asp175) Cell Signaling Cat# 9661; RRID: AB_2341188
RHOA Cell Signaling Cat# 2117; RRID: AB_10693922
RAC1/2/3 Cell Signaling Cat# 2465; RRID: AB_10695732
CDC42 Cell Signaling Cat# 2466; RRID: AB_2078082
RAP1A/RAP1B Cell Signaling Cat# 4938; RRID: AB_2177112
Na'/K' ATPase Abcam Cat# ab76020; RRID: AB_1310695
HMGCS2 Abcam Cat# ab137043; RRID: AB_2749817
YAP1/TAZ Cell Signaling Cat# 8418; RRID: AB_10950494
PPARy Cell Signaling Cat# 2443; RRID: AB_10694772
HMGCR Abcam Cat# ab174830; RRID: AB_2749818
anti-mouse HRP secondary Millipore Cat# 401253; RRID: AB_437779
anti-rabbit HRP secondary Millipore Cat# 401393; RRID: AB_10683386
Streptavidin-HRP Cell Signaling Cat# 3999; RRID: AB_10830897
Chemicals, Peptides, and Recombinant Proteins

Hoechst 33342 Cell Signaling Cat# 4082

Bodipy 493/503 Invitrogen Cat# D3922

SytoB0 Invitrogen Cat# 511342
3-Isobutyl-1-methylxanthine Sigma-Aldrich Cat# 15879

Dexamethasone Sigma-Aldrich Cat# D4902

Indomethacin Sigma-Aldrich Cat# 17378

Insulin Sigma-Aldrich Cat# 19278

Rosiglitazone Adipogen Cat# 71740

Trilodo-L-Thyronine (T3) Sigma-Aldrich Cat# T6397

CL-316,243 Sigma-Aldrich Cat# C5976

Collagen, Type | Sigma-Aldrich Cat# C3867

DMEM, low glucose Lonza Cat# BE12-707F

Ham's F12 medium Lonza Cat# BE12-615F
Penicillin-Streptomycin Gibco Cat# 15070063

DMEM, high glucose Gibco Cat# 41965062

L-glutamine Gibco Cat# 25030-024

Trizol reagent Invitrogen Cat# 15596026

DNase | (RNase-free) NEB Cat# M0303

Simvastatin Sigma-Aldrich Cat# S6196

(Continued on next page)

Cell Metabolism 29, 901-916.e1-e8, April 2, 2019 el

105



CHAPTER 5

Further publications

106

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Fluvastatin Sigma-Aldrich Catit SML0038
Atorvastatin Sigma-Aldrich Cat# PZ0001
Rosuvastatin Sigma-Aldrich Cat#t SML1264
Pravastatin Sigma-Aldrich Cat# P4498
Cerivastatin Sigma-Aldrich Catit SMLO005
GGTI-298 Sigma-Aldrich Cat# G5169
FTI-277 Sigma-Aldrich Cat# F9803
Farnesyl pyrophosphate Sigma-Aldrich Cat# F6892
Farnesol Abcam Cat# ab142428
Geranylgeranyl pyrophosphate Sigma-Aldrich Cat# G6025
Geranylgeraniol Abcam Catit ab142436
Gallein Santa Cruz Catif sc-202631
Rho inhibitor, Rhosin Calbiochem Catit 555460
Squalene Sigma-Aldrich Cat# 53626
Coenzyme Q9 Sigma-Aldrich Cat# 27597
Coenzyme Q10 Sigma-Aldrich Cat# C9538
Tamoxifen Sigma-Aldrich Cat# T5648
4-Hydroxytamoxifen Sigma-Aldrich Cat# H7904
D-glucose Sigma-Aldrich Cat# G7021
Oligomycin Adipogen Cat# 11342
Isoproterencl Sigma-Aldrich Cat# 15627
Dibutyryl-cAMP Sigma-Aldrich Catit D0B27
FCCP Sigma-Aldrich Cat# G2920
Rotenone Sigma-Aldrich Catit R8875
Antimycin A Sigma-Aldrich Cat# AB674
Sodium pyruvate Invitrogen Cati#t 11360070
Seahorse XF Base Medium Agilent Cat# 102353
Complete Protease Inhibitors Roche Catit 05056489001
Halt Phosphatase Inhibitors ThermoFischer Cat# 78426
Click-IT Geranylgeranyl Alcohol, Azide Invitrogen Cat# C10249
Biotin Alkyne Invitrogen Cat# B10185
Phalloidin-iFluor 488 Reagent Abcam Cat# ab176753
Critical Commercial Assays

High Capacity cDNA RT kit Applied Biosystems Cat# 4368814
TruSeq RNA library prep kit llumina Cat# RS-122-2301
DC Protein Assay Bio-Rad Cat# 5000111
Click-IT Protein Reaction Kit Invitrogen Cat# C10276
XFE96 FluxPak Agilent Cat# 102416-100
Glycerol reagent Sigma-Aldrich Cat# F6428
QBT fatty acid uptake assay kit Molecular Devices Cat# R6132
Luciferase reporter system Promega Catét E1501

Autokit Total Ketone Bodies R1 Set
Autokit Total Ketone Bodies R2 Set

Wako Chemicals
Wako Chemicals

Cat# 415-73301
Cat# 413-73601

Deposited Data

RNA sequencing data for clinical transcriptome study

European Nucleotide Archive

PRJEB23275

Experimental Models: Cell Lines

immortalized brown adipocytes
hMADS cells

Christian Wolfrum
Ez-Zoubir Amri

Klein et al., 2002
Elabd et al., 2009
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains

C57BL/6N mice Charles River C57BL/6NCrl Strain code 027
Ucp1-CreERT2 x LoxP-Red mice Christian Wolfrum Rosenwald et al., 2013
Pggt16™" mice Martin Bergo Sjogren et al., 2007
Adip-CreERT2 mice Christian Wolfrum Rosenwald et al., 2013
Oligonucleotides

qPCR primers Microsynth Listed in Table S4
siRNAs Microsynth Listed in Table S3
Software and Algorithms

Harmony - Operetta software Perkin Eimer version 3.5

ImageJ NIH, USA version 1.50b
Phenomaster software TSE systems version 5.6.5

Wave - XF96 software Agilent version 2.3.0.19
ImageQuant LAS 4000 GE Healthcare version 1.1

GraphPad Prism 7 GraphPad software version 7.03

ViiA7 software Applied Biosystems version 1.2.3

GenS BioTek version 1.10

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Professor
Christian Wolfrum (christian-wolfrum@ethz.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical Transcriptome Study

The clinical study was approved by the Local Ethics Committee of the University Hospital in Bratislava, Slovakia and it conforms to
the ethical guidelines of the 2000 Helsinki declaration. All study participants provided witnessed written informed consent prior
entering the study. Deep neck brown and adjacent subcutaneous white adipose tissue samples were obtained from the lower third
of the neck by an experienced ENT surgeon during neck surgery under general anesthesia. The deep neck adipose tissue sample was
taken from pre- and paravertebral space between common carotid and trachea in case of thyroid surgery and just laterally to carotid
sheath in case of branchial cleft cyst surgery. In all cases, the surgical approach was sufficient to reach and sample the deep neck
adipose tissue without any additional morbidity. Patients with malignant disease and subjects younger than 18 years were excluded
from participation in the study. Adipose tissue samples were immediately cleaned from blood and connective tissue, and frozen in
liquid nitrogen until further processing. In order to identify patients with active BAT, we first quantified expression of brown adipocyte
marker genes in individual biopsies using gPCR. By analyzing BAT and WAT biopsies of 18 patients, we identified 10 individuals with
active BAT (2 male/8 female; 39.6 + 4.7 years; BMI 23.5 + 0.8 kg/m?; waist circumference 82.5 = 4.3 cm; body fat 28.2 + 2.0 %; thyroid
surgery n=9 or branchial cleft cyst surgery n=1). Adipose tissue biopsies of these patients were subjected to RNA sequencing. Our
cohort consists of 2 male and 8 female patients, which is mainly due to the fact that prevalence of BAT is higher in females than in
males and also because more females were willing to participate in our study. We have analyzed BAT and WAT transcriptomes of all
patients and could not find any difference between male and female tissues in Principal component analysis (Perdikari et al., 2018).

Retrospective "®FDG-PET/CT Cohort Study

The retrospective study was approved by the ethics committee of the canton of Zurich. 8409 '®FDG-PET scans were reviewed of
patients who had been hospitalized in the winter months (Nov-Feb) at University Hospital of Ziirich between November 2009 and
February 2015. Of those, 2789 patients (1105 female/1684 male; mean age 60.0 + 14.8 years; mean BMI 24.5 + 4.9 kg/m®) were iden-
tified who had been hospitalized up to 12 months prior to the scan (median time to PET: 4.7 months) and had electronic patient files
available. All scans were manually reviewed by specialized physicians for presence of active BAT, which was graded using a previ-
ously published anatomical system (Becker et al., 2016). Electronic patient files were searched for administered medication of the
class of statins. Statistical analysis was performed with R version 3.4.4. The formula for the general linear model was ‘BAT-
Grade'[0-3] ~ Statin[binary] * age * BMI * sex. Step-wise model selection was performed with the function stepAIC from the package
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MASS version 7.3-50. The according scatterplot was created with the package ggplot2 version 2.2.1. Both males and females were
included in the analysis, however, statin use was significantly associated with BAT inactivity even after adjustment for sex, age and
BMI (Table S1).

Clinical Fluvastatin Study

The clinical study was approved by the ethics committee of the canton of Zurich. The study is registered under the ClinicalTrials.gov
identifier NCT03189511, where the detailed study protocol can be accessed. In short, 16 healthy male Caucasian volunteers with a
BMI of 19-27 kg/m? (23.1+1.7 kg/m?) and between 18 to 50 years of age (25.1+1.4 years) were included. We have focused on males in
a non-overweight BMI range to reduce the variability of the observed effects. In female volunteers a potential variability for the men-
strual cycle would have to be accounted for. In addition, the inclusion of female volunteers would include the need for negative preg-
nancy tests and safe contraception during the study period, since this study involved ionizing radiation. For a power of 80%, at a type
one error level of 5% a minimal sample size of 10 participants is needed to detect a significant difference (50% drop in activity). In
order to account for heterogeneity of the sample and dropouts, we recruited 16 participants. All participants were first screened by
indirect calorimetry for an increase in cold-induced thermogenesis of at least 5% of resting energy expenditure at warm conditions.
The schedule of both study visits spaced 14 days apart was identical: The volunteer arrived in a fasted state for oral administration of
200mg Mirabegron (Betmiga, Astellas Pharma, Switzerland). Volunteers were given standard hospital gowns for the entire duration of
the study visit. After 90 minutes waiting time, standardized cold stimulation with water cooling pads (Hilotherm Clinic; 10°C setting)
was commenced lasting another 120 minutes. Skin and room temperatures were monitored with surface temperature probes. No
shivering was reported by any of the participants. At the end of the cooling period the participant was transferred to the PET/MR table
(SIGNA PET/MR, GE Healthcare, Waukesha, WI, USA). The scan procedure was performed by experienced technicians and were
compliant with EANM standards. Low blood sugar (<7 mM) was confirmed with a finger prick blood test. For the scan, the partici-
pants received 75 MBq of '®FDG intravenously via the antecubital vein, with immediately following partial-body (vertex to mid-torso)
PET/MR scan for 50+10 minutes. All scans were performed in the afternoon (between 2-4 pm). SUVlean was calculated using the
Janmahasatian formulation (Janmahasatian et al., 2005). After the scan, the location of metabolically active brown fat in the supra-
clavicular region was determined qualitatively on the PET/MR images and targeted by an ultrasound-guided coaxial core-needle
(16G size, 10mm core length, BARD Mission) biopsy under local anesthesia. Samples (~1-2 mg) were immediately frozen in dry
ice. Volunteers remained in a fasted state until after the biopsy. At the end of the 15! visit, volunteers received the study medication
and instructions for the intake over the next 14 days, until the 2" study visit (2x40mg fluvastatin daily per os). The core-needle biopsy
on the second visit was performed through the same access point as the first one, with the same anatomical landmarks with the help
of a screenshot of the first biopsy (representative example in Figures S7A-S7D), and with the same depth of needle insertion (if
possible), in order to ensure sampling as close as possible to the location of the first biopsy. Two volunteers were excluded from
the analysis, one due to non-compliance (no change in cholesterol levels) and in the second we failed to obtain sufficient amount
of tissue for the gene expression analysis.

Mouse Experiments

Allanimal procedures were approved by the Veterinary office of the Canton of Zlrich. Sample size was determined based on previous
experiments in our lab and similar studies reported in the literature. All mice used for the experiments were male, housed 3-4 litter-
mates per cage in individually ventilated cages at standard housing conditions (22°C, 12 h reversed light/dark cycle, dark phase start-
ing at 7am), with ad libitum access to chow (18 % proteins, 4.5 % fibers, 4.5 % fat, 6.3 % ashes, Provimi Kliba SA) and water. Health
status of all mouse lines were regularly monitored according to FELASA guidelines. 12-14 weeks old male C57BI6 mice (Charles
River) were subjected to statins (10 mg/kg/day) or GGTI-298 (1 mg/kg/day) treatment for 6 consecutive days by oral gavage or intra-
peritoneal injection, respectively. Mice were kept for 2 days at 22°C, followed by 4 days of cold exposure at 8°C, or 2 days of CL-
316.243 injection (0.1 mg/kg/day) to activate thermogenesis. GGOH (50 mg/kg/day) was administered to 10-week old C57BI6
mice housed at 22°C for 4 consecutive days by IP injection. Neither acute cold exposure nor CL-316.243 was applied to investigate
the effect of GGOH on browning of iIWAT.

Pggt1b™" mice (Sjogren et al., 2007) were crossed to Adjp-CreERT2 mice (Rosenwald et al., 2013) to achieve inducible adipocyte-
specific ablation of GGTase . At 12 weeks of age, recombination of the floxed allele was induced by oral tamoxifen gavage (2mg/day
in sunflower oil, Sigma-Aldrich). To induce thermogenesis, mice were injected with CL-316.243 (IP 0.1 mg/kg/day) or exposed to 8°C.
All studies were performed on 12-14 week old male mice. In high fat diet cohorts (23.9 % proteins, 4.9 % fibers, 35 % fat, 5.0 %
ashes, Provimi Kliba SA), the feeding regimen (8 weeks) was initiated at age of 6 weeks.

The UcpT-tracer mouse line (Ucp7-CreERT2 x LoxP-Red) was previously described (Rosenwald et al., 2013). To investigate the
effect of statins on the number of UCP1* cells, 14-week old male mice were treated with fluvastatin (10 mg/kg/day) by IP injection
for 6 consecutive days. First two days, mice were kept at 22°C to achieve inhibition of mevalonate pathway before they were moved
to 8°C (days 3-6). To induce CreERT2 activity, mice were injected with tamoxifen (day 3-4, 2 mg/day).

Cell Culture - hMADS Cells

HMADS cells originating from the prepubic fat pad of a 4-month-old male were kindly provided by Dr. Amri and cultured as previously
described (Elabd et al., 2009). Briefly, cells (between passage 14 and 16) were grown in low glucose DMEM supplemented with
15mM HEPES, 10% FBS, 2mM L-glutamine, 1% Penicillin/Streptomycin and 2.5ng/ml recombinant human FGF-2 (Peprotech) in
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normoxic humidified cell culture incubator (5% CO, and 37°C). The medium was changed every other day and FGF-2 was omitted
after cells reached confluence. Differentiation of 48 hours post-confluent cells was induced (day 0) by adipogenic medium (DMEM/
Ham’s F12 media (Lonza) containing 10pg/ml Transferrin, 10nM insulin and 0.2nM triiodothyronine) supplemented with 1uM dexa-
methasone and 500uM isobutyl methylxanthine (IBMX) and from day 2 to 9, cells were cultured in adipogenic medium containing
100nM rosiglitazone. All compounds were obtained from Sigma-Aldrich (specification in Key Resources Table), except for rosiglita-
zone (Adipogen). Cells were kept in culture until day 18 in absence of rosiglitazone to obtain mature white adipocytes. To obtain
brown adipocytes, cells were exposed to an additional rosiglitazone pulse between days 14 - 18. To investigate the effect of phar-
macological agents on browning of white adipocytes, treatment was performed between day 14 and 18 in combination with rosigli-
tazone. To knockdown candidate genes, 50nM siBNA pools (Microsynth) were delivered into mature adipocytes on day 13 using
Lipofectamine RNAIMAX (Invitrogen) according to manufacturer’s instructions. A control siRNA pool was used in all experiments
as a control. To make sure that the observed phenotypes are not due to off-target effects of the control siRNA pool, we validated
the critical experiments using scrambled siRNA pools (Figures S7E-S7J). All siRNA sequences and corresponding knockdown effi-
ciencies are listed in Table S3. After 24 hours, transfection medium was replaced by fresh adipogenic medium containing 100nM
rosiglitazone. Adipocytes were cultured until day 18, when cellular respiration was determined or cells were harvested for RNA
and protein analysis. All cell lines used were regularly tested negative for mycoplasma contamination throughout the whole duration
of this study.

Cell Culture - Immortalized Murine Brown Adipocytes

Preadipocytes isolated from the iBAT stromal-vascular fraction of late fetal and newborn C57BI/6 mice (both genders) and immor-
talized by introducing the SV40 antigen were kindly provided by Prof. Klein (Klein et al., 2002). Preadipocytes (between passage 4 and
6) were grown on collagen-coated plates in DMEM containing 10% FBS and 1% Pen/Strep (Gibco) in normoxic humidified cell cul-
ture incubator (5% CO, and 37°C). After reaching confluence, adipogenic differentiation was induced by supplementing the medium
with IBMX (500uM), dexamethasone (1uM), insulin (20nM), T3 (1nM) and indomethacin (125pM). All compounds were obtained from
Sigma-Aldrich (specification in Key Resources Table). After 48 hours, medium was replaced by fresh maintenance medium contain-
ing (insulin and T3), which was replaced every other day. For siRNA-mediated knockdown, differentiating adipocytes (day 5) were
trypsinized, counted and replated on collagen-coated multi-well plates to reduce cell density. Cells were allowed to attach, recover
and maturate before siRNA transfection (100nM siRNA pools, day 6) or treatment with different compounds (day 7). Cells were har-
vested on day 9 for RNA and protein analysis, or cellular respiration measurements. All sSiRNA sequences are listed in Table S3. All cell
lines used were regularly tested negative for mycoplasma contamination throughout the whole duration of this study.

METHOD DETAILS

Intraperitoneal Glucose Tolerance Test

To measure glucose tolerance, mice were fasted for 6 hours by removal to a clean cage without food at the end of the dark
(active) phase. Mice were weighed and after fasting glucose levels were obtained from a small tail clip using a standard glucometer
(ACCU-CHEK Aviva, Roche), D-glucose (Sigma-Aldrich) was injected intraperitoneally at dose 1 mg/g body weight. Blood glucose
levels were measured 15, 30, 60 and 120 minutes after glucose injection using glucometer.

Body Composition Measurement
Live mice body composition was measured with a magnetic resonance imaging technique (EchoMRI 130, Echo Medical Systems).
Mice were fasted for 4 hours before measurement. Fat and lean mass was analyzed using Echo MRI 14 software.

Indirect Calorimetry

Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems) according to the manufacturer’s guide-
lines. O, and CO; levels were measured for 60s every 13 minutes continuously. Energy expenditure was calculated according to
the manufacturer’s guidelines. The respiratory quotient was estimated by calculating the ratio of CO, production to O, consumption.
Animals were single-caged and acclimated to the metabolic cage for 48 hours prior metabolic recording. Locomotor activity, food
and water intake were monitored throughout the whole measurement.

Tissue Harvest

Animals were euthanized singly in carbon dioxide atmosphere. All tissues were carefully dissected, weighed and snap frozen in liquid
nitrogen until further processing. Popliteal lymph nodes were carefully removed from iWAT for all gene and protein expression an-
alyses. For RNA and protein isolation, whole adipose tissue depot was homogenized.

Analysis of Preadipocyte Proliferation and Adipocyte Differentiation

To study the effect of statins on preadipocyte proliferation, immortalized murine preadipocytes were plated on 96-well Operetta
plates at low density (2.000 cells/cm?) and allowed to attach and recover for 12 hours. Cells were treated for 48h with atorvastatin,
cerivastatin, simvastatin, fluvastatin and rosuvastatin (all statins were purchased from Sigma-Aldrich) at two different concentrations
(1 and 10uM). Cells were fixed with 4% formaldehyde for 20 min and washed 3 times with PBS. Immediately after washing, cells were
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stained with Hoechst (Cell Signaling) and Syto60 (Invitrogen), to visualize nuclei and cytosol, respectively. Differentiated adipocytes
at day 9 were used for differentiation analysis. Briefly, cells in 96-well optical plate, exposed to statins for the last 48 hours (day 7-9),
were fixed with 4% formaldehyde for 20 min and washed 3 times with PBS. Immediately after washing, cells were stained with Bodipy
(Invitrogen) for lipid droplets and Hoechst (Cell Signaling) for nuclei. Twenty-five pictures per well were taken with an automated mi-
croscope imaging system (Operetta, PerkinElmer). Pictures were analyzed using the Harmony software. In differentiation assay, all
cells (Hoechst stained nuclei) surrounded by lipid droplets were considered adipocytes. In proliferation assay, nuclei were counted.

Cellular Respiration

For measurement of cellular respiration, immortalized murine brown adipocytes were cultured on collagen-coated cell culture dishes.
Differentiating adipocytes were trypsinized and replated on day 5 at density 7.000 cells per well and allowed to recover for 48 hours
before treatment. Since hMADS cells grow in a monolayer, they were differentiated directly on collagen-coated 96-well Seahorse
microplates. On the day of experiment, adipogenic medium was replaced with XF Assay Medium (pH 7.4, Seahorse Bioscience) sup-
plemented with glucose (1g/L; Sigma-Aldrich), 2mM sodium pyruvate (Invitrogen) and 2mM L-glutamine (Invitrogen). The oxygen
consumption rate (OCR) was measured using the Extracellular flux analyzer XF96 (Agilent). Test compounds were sequentially in-
jected to obtain following concentrations: 1ug/ml Oligomycin, 1uM isoproterenol, (0.5mM dibutyryl cAMP for hMADS), 1ug/mi
FCCP, 3uM Rotenone with 2pg/ml Antimycin A. All compounds were purchased from Sigma-Aldrich, except for Oligomycin
(Adipogen). OCR levels (pmol/min) were normalized to protein amount per well (ug protein). Non-mitochondrial respiration was sub-
tracted to obtain basal, basal uncoupled, stimulated uncoupled and maximal mitochondrial respiration.

Fatty Acid Uptake

Fatty acid uptake was measured by a fluorescence-based assay utilizing BODIPY dodecanoic acid fluorescent fatty acid analogue
(QBTTM Fatty Acid Uptake Assay kit, Molecular Devices, USA). Briefly, the cells were fasted for 2 hours in serum free culture media
prior analysis. Isoproterenol (1uM; Sigma-Aldrich) was added and plate was incubated for another 30 minutes at 37°C in humidified
CO; incubator. After stimulation, the cells were loaded with fatty acid analogue according to manufacturer’s instructions and uptake
kinetics was measured every 30s for 30 min with Aex = 485 nm and Aem = 515 nm using the microplate reader Synergy MX and Gen5
software (BioTek). Linear phase of fluorescence signal corresponding to fatty acid uptake was used for calculation after normalization
to background fluorescence and protein content. The data are presented as relative fluorescence per ug protein per minute.

Lipolysis

Lipolytic activity of mature brown adipocytes was determined as glycerol release into culture media. Briefly, the cells were serum
starved for 2 hours in low-glucose medium (Gibco) prior to the analysis. Isoproterenol (1:M; Sigma-Aldrich) was added and plate
was incubated for another 30 minutes at 37°C in humidified CO, incubator. Media were collected and spun down to pellet detached
cells. Glycerol was assessed in the supernatant using the Glycerol reagent (Sigma-Aldrich) according to manufacturer’s instructions
and normalized to protein content in the well. Absorbance (at 540 nm) was measured using the microplate reader Synergy MX and
Genb5 software (BioTek).

Glucose Uptake

Glucose uptake in mature brown adipocytes was determined as the amount of "*C-2-deoxyglucose taken up by cells per minute.
Briefly, cells were starved in low glucose DMEM (Gibco) for 2 hours. Starved cells were washed twice warm PBS and incubated
at 37°C in low glucose DMEM for additional 50 minutes. Isoproterenol (1uM) was added to assess isoproterenol stimulated glucose
uptake. Cells were washed twice with fresh Krebs-Ringer-HEPES buffer (50 mM HEPES, 137 mM NaCl, 4.7 mM KCI, 1.85 mM CaCl,,
1.3 mM MgSO., pH 7.4) containing 0.1% fatty acid-free BSA and incubated in presence of '*C-2-deoxyglucose (0.1 uCi/well;
PerkinElmer) for exactly 10 minutes. Cells were washed 4 times with ice cold PBS and lysed in 0.1M NaOH. Lysates were mixed
with 3 ml scintillation cocktail and radioactivity was quantified in disintegrations per minute (DPM) using the Liquid Scintillation
Analyzer TRI-CARB 2000CA (PerkinElmer) and normalized to protein content in the corresponding well.

Ketone Bodies Measurement
Levels of ketone bodies in cell lysate and cell-conditioned media were determined using a commercially available kit according to
manufacturer’s instructions (Wako Chemicals) and normalized to protein amount.

Ucp1 Promoter Activity

Ucp1 promoter activity was determined in a murine immortalized brown adipocytes expressing Luciferase under Ucp1 promoter.
Preadipocytes were cultured on collagen-coated plates in DMEM containing 10% FBS and 1% Pen/Strep (Gibco). Adipogenic dif-
ferentiation was induced by supplementing the medium with IBMX (500puM), dexamethasone (1uM), insulin (20nM), T3 (1nM) and
indomethacin (125uM) 2 days after reaching confluence. After 48 hours, medium was replaced by fresh maintenance medium con-
taining 20nM insulin, 1nM T3 and 1M 4-hydroxytamoxifen (to induce Cre), which was replaced every other day. All compounds were
purchased from Sigma-Aldrich. The cells were treated with different concentration of simvastatin from day 7 for 48 hours. On day 9,
cells were washed with PBS, lysed in passive lysis buffer and luciferase activity was measured using Dual Luciferase Reporter Assay
(Promega) on Synergy MX (BioTek) and normalized to protein content.
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RNA Extraction, cDNA Synthesis, Quantitative RT-PCR

Total RNA was extracted from tissues or cells using Trizol reagent (Invitrogen) according to the manufacturer's instructions. DNase
treatment (NEB BiolLabs) was included to remove traces of genomic DNA. Reverse transcription was performed to generate cDNA
library by using the High Capacity cDNA Reverse transcription kit (Applied Biosystems), with 1ug of RNA. Quantitative PCR was
performed on a ViiA7 (Applied Biosystems) and relative mRNA concentrations normalized to the expression of RPL13A7 (human
fat samples) or TBP (cell culture) were calculated by the AACt method. Primer sequences are found in Table S4,

Protein Extraction and Western Blot

Adipose tissue samples and in vitro differentiated adipocytes were homogenized in RIPA buffer (50mM Tris-HCI pH 7.4, 150mM NaCl,
2mM EDTA, 1.0% Triton X100, 0.5% sodium deoxycholate) supplemented with protease (Complete, Roche) and phosphatase (Halt
phosphatase inhibitor cocktail, ThermoFisher) inhibitor cocktails. Lysates were cleared by centrifugation at 12,000g for 15 minutes
at 4°C. Protein concentration of the supernatants was determined by DC Protein Assay (Bio-Rad). Equal amount of proteins
(5-20 pg) were separated on 12% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane (Bio-Rad) and stained for
UCP1 (1:1000, Pierce), phospho-HSL (Ser660; 1:1000, Cell Signaling), total HSL, phospho-CREB (Ser133; 1:1000, Cell Signaling), total
CREB (1:1000, Cell Signaling), phospho-AKT (Thr308; 1:1000, Cell Signaling), AKT (1:1000, Cell Signaling), HMGCS2 (1:1000, Abcam),
HMGCR (1:1000, Abcam), cleaved Caspase 3 (1:1000, Cell Signaling), GAPDH (1:1000, Cell Signaling), Na*/K* ATPase (1:10.000,
Abcam), PPARy (1:1000, Cell Signaling), RHOA (1:1000, Cell Signaling), RHO (1:1000, Cell Signaling), CDC42 (1:1000, Cell Signaling),
RAP1A/B (1:1000, Cell Signaling), RAC1/2/3 (1:1000, Cell Signaling), PGGT1B (1:1000, Abcam), RABGGTB (1:1000, Abcam), YAP1/
TAZ (1:1000, Cell Signaling), HSP90 (1:1000, Cell Signaling) and y-tubulin (1:10.000, Sigma-Aldrich). Signal of the HRP-conjugated sec-
ondary antibodies (1:10.000, Calbiochem) was visualized by the Image Quant system (GE Healthcare Life Sciences). All antibodies are
listed in the Key Resources Table.

Click Chemistry

To identify proteins incorporating the geranylgeranyl group, mature immortalized brown adipocytes were treated for 24 h with sim-
vastatin to block mevalonate pathway and endogenous GGPP production. Maintenance medium was supplemented with GGOH
(Abcam) or geranylgeranyl alcohol azide (Invitrogen) and cells were allowed to incorporate the regular/labeled isoprenoid group
for 24 hours. Cells were washed 3 times with PBS, scraped in ice-cold RIPA buffer and extracted proteins were precipitated using
methanol/chloroform. Proteins were resuspended in 0.1M Tris-HCI (pH 8.0) containing 1% SDS. The click reaction was performed
using the Click labeling kit (Invitrogen) according to manufacturer’s instructions. Biotin-alkyne was used as substrate for this reaction.
Proteins were precipitated and washed to remove unbound biotin, dissolved in Laemmili buffer, heat denaturated for 10 minutes at
70°C and separated on PAGE, Proteins were transferred to nitrocellulose membrane and geranylgeranyl-biotin complexes were de-
tected using Streptavidine-HRP (Cell Signaling).

Subcellular Fractionation

In order to analyze subcellular distribution of small GTP-binding proteins, cells were fractionated using differential centrifugation.
Mature adipocytes cultured on P10 dishes were treated with statins or GGTI-298 inhibitor, washed 3 times with ice-cold PBS and
scraped in fractionation buffer (250mM Sucrose, 20mM HEPES (pH 7.4), 10mM KCI, 1.5mM MgCl,, 1mM EDTA, 1mM EGTA)
supplemented with 1TmM DTT (Sigma-Aldrich) protease (Complete, Roche) and phosphatase (Halt phosphatase inhibitor cocktail,
Thermo Fisher) inhibitors cocktails. Cells were passed through a 25 gauge needle 10 times and incubated on ice for 20 min. In
the first centrifugation step (500g/5min/4°C) nuclei were pelleted. Supernatant containing cytosol, membranes and organelles
was transferred into a clean Eppendorf tube and centrifuged (10,000g9/5min/4°C) to pellet mitochondria and other organelles.
Supernatant containing cytosol and membranes was transferred into an ultracentrifugation tube and membranes were pelleted by
ultracentrifugation (100,000g/60min/4°C; Optima MAX-XP, Beckman Coulter). Supernatant was saved as cytosolic fraction. After
washing the membrane pellet twice with fresh fractionation buffer, pellet containing membranes was resuspended in ice-cold
RIPA buffer.

F-actin Staining

F-actin was stained in both cell lines using Phalloidin-iFluor 488 Reagent (Abcam). Cells were treated with statins for 48 hours,
washed with PBS and fixed 20 minutes with 4% Formaldehyde (Sigma-Aldrich). Fixed cells were permeabilized for 5 minutes using
0.1% Triton and washed 3 times with PBS. F-actin fibers were stained for 1 hour with Phalloidin dye diluted 1:1000 in PBS with 0.1%
BSA (Sigma-Aldrich). Nuclei were stained in parallel using Hoechst (Cell Signaling). After cells were washed 3 times with PBS, pic-
tures were obtained using the automated Operetta imaging system (PerkinElmer).

RNA Sequ g, Mapping and Anal
RNA extracted from brown and white adipose tissue biopsies was quality checked by Tapestation (Agilent). All samples had a RIN
value of greater than 8. For the preparation of libraries the TruSeq mRNA sample preparation kit (lllumina) was used. Sequencing was
performed as 50 bp, single reads and 7 bases index read on an lllumina HiSeq2000 instrument. Approximately 20-30 million reads
per sample were obtained. The raw reads were first cleaned by removing adapter sequences, trimming low quality ends, and filtering
reads with low quality (phred quality <20). Sequence alignment of the resulting high-quality reads to the human genome (build
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GRCh38) and quantification of gene level expression was carried out using RSEM (version 1.2.18). To detect differentially expressed
genes, we applied a count based negative binomial model implemented in the software package edgeR (R-version 3.1.2, edgeR
3.8.5). The gene-wise dispersions were estimated by conditional maximum likelihood and an empirical Bayes procedure was
used to shrink the dispersions towards a consensus value. The differential expression was assessed using an exact test adapted
for over-dispersed data. The genes were filtered for significant differential expression using an adjusted P-value cutoff at 0.05 (after
Benjamini-Hochberg multiple testing correction).

Quantification of Cre Recombination in Mouse Tissues

Genomic DNA was prepared by following protocol. The tissue was crushed in a Thermolyser LT (Qiagen) in 1 ml 50mM NaOH. 250 pl
of 1 M Tris-HCl was added to neutralize the tissue lysate. The samples were centrifuged and the supernatant was diluted in MQ water.
Quantification of the number of recombined LoxP-Red and non-recombined ApoB genomic loci copies was performed by gPCR.
Absolute standard curves were prepared from synthesized pUC57recloxPRed-ApoB plasmid. Reactions were performed with
following primers at final concentration 250 nM and Fast SYBR Green master mix (Applied Biosystems). Recombined "stop”
tdRFP: FW GCGCATGAACTCTTTGATGAC, RV TCGCGGTTGAGGACAAACTC; ApoB: FW GTCCAGGTTGAATCACGGGT, RV
AGGATCCTGCAAGGTCAAGC.

Metabolomic Analysis

For metabolomic analysis, tissue samples were weighed and homogenized in 10 volumes of extraction solvent, acetonitrile: meth-
anol: water (40:40:20) pre-chilled to -20°C. All samples were kept on dry ice during processing. Homogenates were briefly spun down
and supernatants were subjected to metabolomic analysis by flow-injection —time of flight mass spectrometry (Fuhrer et al., 2011) on
an Agilent 6550 QTOF instrument. Metabolites were identified by matching measured and theoretical m/z within a tolerance of
0.001 amu.

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vivo studies, littermates randomly assigned to treatment groups were used for all experiments. Sample sizes were determined
on the basis of previous experiments using similar methodologies. The animal numbers used for all experiments are indicated in the
corresponding figure legends. In the clinical transcriptomic study, only volunteers with active BAT (enrichment of brown adipocyte
marker genes in BAT compared to WAT) were included. In the clinical fluvastatin trial, 2 volunteers were excluded from the analysis,
one due to non-compliance (no change in cholesterol levels) and in the second we failed to obtain sufficient amount of tissue for the
gene expression analysis. All animals were included in statistical analyses, and the investigators were not blinded. All cell culture ex-
periments were performed with 2-3 technical replicates for RNA and protein analysis, 5-6 replicates for measurement of cellular
respiration and Ucp1 promoter activity, and independently reproduced 2-4 times. No Results are reported as mean + SEM for mouse
and cell culture data and mean + SD for the clinical trial. Two-tailed unpaired Student’s T-test was applied on comparison of two
groups. In case of non-normal data distribution, a non-parametric Wilcoxon test was performed. ANOVA was applied on compari-
sons of multiple groups. Pearson's correlation coefficient was calculated and all statistical analyses were performed using GraphPad
Prism 7 and R version 3.4.4. Statistical differences are indicated as * for P < 0.05, ** for P<0.01 and *** for P<0.001.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data from the clinical transcriptome study reported in this paper is The European
Nucleotide Archive: PRJIEB23275.
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Abstract

Aims/hypothesis In the context of diabetes, the health benefit of antioxidant treatment has been widely debated. In this study, we
investigated the effect of antioxidant treatment during the development of insulin resistance and hyperphagia in obesity and
partial lipodystrophy.

Methods We studied the role of antioxidants in the regulation of insulin resistance using the tamoxifen-inducible fat-specific
insulin receptor knockout (iFIRKO) mouse model, which allowed us to analyse the antioxidant’s effect in a time-resolved
manner. In addition, leptin-deficient ob/0b mice were used as a hyperphagic, chronically obese and diabetic mouse model to
validate the beneficial effect of antioxidants on metabolism.

Results Acute induction of insulin receptor knockout in adipocytes changed the substrate preference to fat before induction of a
diabetic phenotype including hyperinsulinaemia and hyperglycaemia. In healthy chow-fed animals as well as in morbidly obese
mice, this diabetic phase could be reversed within a few weeks. Furthermore, after the induction of insulin receptor knockout in
mature adipocytes, IFIRKO mice were protected from subsequent obesity development through high-fat diet feeding. By genetic
tracing we show that the persistent fat mass loss in mice after insulin receptor knockout in adipocytes is not caused by the
depletion of adipocytes. Treatment of iIFIRKO mice with antioxidants postponed and reduced hyperglycaemia by increasing
insulin sensitivity. In ob/ob mice, antioxidants rescued both hyperglycaemia and hyperphagia.

Conclusions/interpretation We conclude that fat mass reduction through insulin resistance in adipocytes is not reversible.
Furthermore, it seems unlikely that adipocytes undergo apoptosis during the process of extreme lipolysis, as a consequence of
insulin resistance. Antioxidants have a beneficial health effect not only during the acute phase of diabetes development, but also
in a temporary fashion once chronic obesity and diabetes have been established.

Keywords Acetovanillone - Adipocyte - Adipocyte quantification - Adipocyte-specific - Adipose tissue - Antioxidants -
Apocynin - CreERT2 - Diet-induced obesity - Fat - Hyperglycaemia - Hyperinsulinaemic—euglycaemic clamp - Hyperphagia -
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Research in context

What is already known about this subject?

e Insulin resistance in adipocytes causes hyperglycaemia

e Antioxidants are proposed to reduce insulin resistance in adipose tissue and thereby inhibit hyperglycaemia

What is the key question?

e  Whatis the effect of antioxidants during the acute development of type 2 diabetes that is triggered by insulin

resistance in adipocytes?
What are the new findings?

e The extreme lipolysis caused by insulin resistance in adipocytes does not reduce adipocyte number when

hyperglycaemia is at a high level

*  Hyperglycaemia caused by adipocyte-specific insulin resistance is reversible, but adipose tissue mass loss is
irreversible, which we found to be the case even in a mouse model of high-fat-diet-induced obesity

*  Antioxidants can have a beneficial health effect in mouse models of acute and chronic hyperglycaemia by

regulating food intake

How might this impact on clinical practice in the foreseeable future?

e This reported effect of antioxidants suggests that treating oxidative stress during the development of type 2
diabetes might be considered as a supplemental option to existing therapies

Abbreviations
ApoB Apolipoprotein B

epiWAT  Epididymal white adipose tissue

HFD High-fat diet

iBAT Interscapular brown adipose tissue

iFIRKO  Inducible fat-specific insulin receptor knockout
ingWAT  Inguinal white adipose tissue

IR Insulin receptor

NAc N-acetylcysteine

qPCR Quantitative PCR

RER Respiratory exchange ratio
Introduction

Type 2 diabetes is defined as a metabolic disorder
characterised by systemic insulin resistance which results in
hyperglycaemia. Epidemiological studies identified high BMI
as a risk factor for developing diabetes [1]. Insulin resistance
of adipose tissue leads to increased plasma NEFA levels
through aberrant regulation of lipolysis. In humans,
lipoatrophy was shown to drive systemic insulin resistance
[2], while disruption of the insulin signalling cascade in adi-
pocytes in mice causes lipoatrophy and promotes the devel-
opment of type 2 diabetes [3, 4]. Thus, it has been proposed
that elevated NEFA concentrations in blood are the primary
cause of insulin resistance through lipid accumulation in non-
adipose tissues [5]. In recent years, a new generation of

genetic insulin receptor (IR) knockout mouse models enabled
researchers to establish the causal link between adipose tissue
insulin resistance and the development of type 2 diabetes [3,
6]. The tamoxifen-inducible fat-specific IR knockout
(IFIRKO) mouse model established for the first time a
causal relationship between insulin resistance in adipocytes
and early stages of type 2 diabetes development [6].
Interestingly, IR ablation in adipocytes not only promotes
lipolysis but also reduces blood leptin concentrations,
which has been suggested to cause the hyperglycaemic
phenotype of iFIRKO mice. Leptin informs the brain on
the body’s energy reserves [7]. Low blood leptin concen-
trations indicate imminent depletion of fat stores and trigger
responses that aim at acquiring and preserving energy [8].
In consequence, congenital leptin deficiency causes overeat-
ing which leads to obesity in early life in humans [9, 10],
as well as in mice [11]. Another factor reported to contrib-
ute to insulin resistance in the adipose tissue is oxidative
stress [12—14]; however, this concept has been widely
criticised for the lack of evidence and negative outcomes
in both human correlative food supplementation studies and
mouse experiments [15].

Methods

Animal work Adipog-CreERT2 animals were created by bac-
terial artificial chromosome (BAC) cloning of CreERT2 into
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the RPCI-24-69M4 BAC vector (BACPAC, Oakland, CA,
USA) and pronuclear injection. iFIRKO mice were created
by breeding Adipog-CreERT2 with IR™™ mice
(B6.129S4(FVB)-Insr™"*™/J) [16], which had been back-
crossed to C57BL6 mice for 10 generations. Breeding with
Rosa26-tdRFP mice (G1(ROSA)26S0r™"™") [17] resulted in
the iFIRKO-chaser mouse (loxPStoploxP-tdRFP transgene).
Male mice of 10-14 weeks of age were used for all experi-
ments and unless stated otherwise were housed at 23°C on an
inverted light cycle. ob/ob (B6.Cg-Lep®/J) mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA).
Breeding and experiments were performed in the SLA-
Schwerzenbach animal facility of ETH Zurich. Feeding a
high-fat diet (HFD) with 60% of energy derived from fat (pu-
rified diet #2127; Kliba-Nafag, Kaiseraugst, Switzerland) in-
duced obesity. CreERT2 activity was induced by gavage of
2 mg tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) per
mouse in 100 ul sunflower oil for 3 consecutive days. The
antioxidants N-acetylcysteine (NAc) and apocynin (also
known as acetovanillone) were dissolved in drinking water
at concentrations of 15 mmol/l and 40 mmol/l, respectively.
Body composition was measured with NMR scanning
(EchoMRI, Houston, TX, USA). GTT and ITT were per-
formed after a 4-5 h fast. Fasting blood glucose was mea-
sured from the tail vein with ACCU-Check Aviva Blood
Glucose Meter System (Roche, Basel, Switzerland).
Glucose solution (1 g glucose per kg body weight, in
0.9% NaCl, Braun, Kronberg, Germany) or insulin solution
(0.6, 1, 1.5 or 2 U insulin Actrapid HM per kg body weight,
Novo Nordisk [Bagsverd, Denmark], in 0.9% NaCl) was
injected intraperitoneally. All experiments were performed
according to national and institutional guidelines, which
are in line with Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines and the EU directive
2010/63/EU.

Indirect calorimetry Indirect calorimetry was performed with a
metabolic cage system (PhenoMaster, TSE Systems, Bad
Homburg, Germany). O, consumption (VO,) and CO, pro-
duction (VCO,) were calculated using TSE PhenoMaster
V5.6.5 with corresponding coefficients of 3.941 (CVO, ) and
1.106 (CVCO»). Respiratory exchange ratio (RER) was cal-
culated as the ratio of VCO; to VO,. Mice were acclimated to
the system for 24 h before measurements.

Blood plasma content measurement Insulin concentration
was measured using the Mouse/Rat Insulin kit (Meso Scale
Discovery, Rockville, MD, USA). NEFA levels were mea-
sured using the NEFA-C kit (Wako Chemicals, Neuss,
Germany). Leptin concentrations were measured with the lep-
tin Mouse/Rat ELISA (BioVendor, RD291001200R,
Heidelberg, Germany) and T, concentrations with the T,
ELISA kit (Invitrogen, EIAT4C, Carlsbad, CA, USA).
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Hyperinsulinaemic-euglycaemic clamp Before the
hyperinsulinaemic—euglycaemic clamp, mice were fasted for
5 h. The surgery as well as overall clamp procedure were
performed as previously published [18].

Western blots IR-{3 subunit (Santa Cruz Biotechnology, #SC-
711, Dallas, TX, USA) and Pan-Actin (Cell Signaling
Technology, #8456, Danvers, MA, USA), were used in
western blots. Band intensity was quantified using the
ImageJ 1.52a function ‘Analyse—Measure’. The western
blot protein band signal was calculated as ([integrated
density of IR-f3 / integrated density of Pan-Actin] — back-
ground signal) normalised to the /R sample.

mRNA analysis Total RNA was isolated with TRIzol
(Invitrogen, Carlsbad, CA, USA), then reverse-transcribed
with the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA, USA). Sybr Green
quantitative PCR (qPCR) was used (Thermo Fisher
Scientific, Waltham, MA, USA). Primer sequences are listed
in electronic supplementary material (ESM) Tables 1, 2. Gene
expression was referenced to that of TATA-box binding pro-
tein (encoded by Thp).

Quantification of Cre recombination in mouse tissues Tissue
was homogenised in 1 ml of 50 mmol/l NaOH (Sigma-
Aldrich) with Thermolyser LT (Qiagen, Hilden, Germany)
and 250 ul of 1 mmol/l Tris/HCI (Sigma-Aldrich) was
added to neutralise the pH. Samples were centrifuged
twice at 12,000 g for 5 min and the aqueous phase was
transferred to a fresh tube. To quantify labelled adipo-
cytes, primers (ESM Table 2) were designed to identify
recombined loxP sites in tandem red fluorescent protein
(tdRFP) transgene (loxPStoploxP-tdRFP) [17], which re-
flects the amount of adiponectin-positive cells.
Apolipoprotein B (ApoB) was used for total cells.
Absolute recombined loci were quantified by quantitative
PCR of genomic DNA using a standard curve generated
from synthesised plasmid pUC57recloxPRFP-ApoB.

Statistical analysis All results are expressed as mean + SEM;
all graphics and statistical analyses were performed using
GraphPad Prism 7. Statistical significance was calculated using
multiple two-tailed unpaired Student’s 7 tests, or two-way
ANOVA with Sidak’s multiple comparisons test. Statistical sig-
nificance is indicated as: *p < 0.05, **p <0.01, ***p <0.001.

Results
iFIRKO mice show impaired glucose homeostasis In order to

investigate the effect of adipose tissue insulin resistance on
whole-body metabolism, we studied inducible adipocyte-
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<« Fig. 1 Inducible fat-specific IR knockout first reduces RER then leads to

hyperinsulinaemia that correlates with hypoleptinaemia and insulin
resistance, before it reduces the mass of all adipose tissue depots. (a)
Western blot of IR-p and Pan-Actin in adipose tissue and liver lysates
(n=5 for IR" and iFIRKO). (b) Quantification of western blot band
intensity of IR-3 normalised to Pan-Actin and expressed as fold vs
wild-type (/R™™) in adipose tissue and liver lysates (n=35 for /R"™ and
iFIRKO). (¢) Time course of RER (VCO0,/VO; ) during induction of IR
knockout by tamoxifen (arrows indicate tamoxifen gavage) (n =5 for IRY
ﬂ; n =06 for iFIRKO). (d) Time course of NEFA concentration in mice fed
ad libitum (n=6-13 for IR"": n=6 for iFIRKO). (e) Total fat mass
measured by EchoMRI 0, 7 and 28 days afler tamoxifen (2= 8 for IRV
Tn=6 foriFIRKO). (f) iBAT, ingWAT and epiWAT wet weight 5 days (5
d) or 28 days (28 d) after tamoxifen (n=11 for IR (5 d); n=6 for
iFIRKO (5 d): n=8 for [R"" (28 d); n=7 for iFIRKO (28 d)). (g)
Plasma leptin concentration measured with ELISA 3, 5 and 28 days
after tamoxifen (n=5-6 for IR""; n=5-7 for iFIRKO). (h) Plasma
insulin concentration measured by ELISA 7 and 28 days after
tamoxifen (n=6-7 for IR n=6-8 for iFIRKO). (i) IPGTT in 4 h-
fasted iFIRKO and /R™™ control mice, 7 days after tamoxifen
administration (n=8§ for IRV n=6 for iFIRKO). (j) Amount of
triacylglycerol in soleus muscle, 2 weeks after tamoxifen administration
(n=06 for IR"™; n=7 for iIFIRKO). (k) Glucose infusion rate during
steady state of hyperinsulinacmic—euglycaemic glucose clamping in
iFIRKO and /R™™ littermate controls (n=9 for IRY™ n=7 for
iFIRKO). (1) Endogenous glucose production rate under basal and
insulin-stimulated conditions (n=5 for IR™; »=4 for iIFIRKO). (m)
Uptake of 14C-glucose per mg tissue into soleus muscle and ingWAT
(n=5-6 for IR"™; n=6 for iIFIRKO). In (k-m) hyperinsulinaemic—
euglycaemic clamps were performed 7 days after tamoxifen
administration. Data are mean = SEM. Student’s 7 test: *p <0.05,
=< 0.01, *#%p <0.001 for iFIRKO vs IR"™ or as shown. In (i)
difference is significant for all time points below the line. d, days; EGP,
endogenous glucose production rate; GIR, glucose infusion rate; M.
soleus, soleus muscle; TAG, triacylglycerol; Tam, tamoxifen

(Fig. la, b). Three days after tamoxifen treatment, we mea-
sured VCO, and VO, and observed a decrease in the RER in
iFIRKO mice (Fig. 1¢c), while VO, and activity levels of mice
remained unchanged (ESM Fig. 1a, b). Thyroid hormones are
supposed to be plasma markers for increased basal metabolic
rates. We found an increase in Ty, which is the precursor of Ts,
in iIFIRKO mice (ESM Fig. l¢). To resolve the timeline, we
measured plasma NEFA concentrations in randomly fed mice
after induction of the IR knockout. Coinciding with the
change in RER, NEFA concentration increased by 40% in
plasma of iFIRKO mice 3 days after induction (Fig. 1d).
One week of IR ablation in adipocytes did not change the
overall fat mass, while 4 weeks post induction we observed
a significant change in adipose tissue mass (Fig. le).
Interestingly. at day 5 of IR knockout in adipocytes, a reduc-
tion in IBAT and ingWAT but not in epiWAT mass was seen
(Fig. 1f). The reduction of ingWAT mass was accompanied by
reduced Lep, Adipog and Retn gene expression in this fat
depot (ESM Fig. 1d) in conjunction with a 70% reduction of
plasma leptin levels (Fig. 1g), while plasma insulin concentra-
tion increased fourfold in iIFIRKO mice at day 7 (Fig. 1h). At
7 days of IR knockout, we performed an IPGTT to avoid

@ Springer

confounding effects from gut glucose absorption and an ITT,
which showed that iFIRKO mice were glucose intolerant and
insulin resistant (Fig. 11 and ESM Fig. le).

Four weeks after knockout, a normalisation of insulin
and leptin plasma concentrations (Fig. lg, h) and
adipokine gene expression (ESM Fig. 1d) was observed.
iFIRKO mice had half as much fat as the /R™" control
mice (Fig. le) and the decrease in fat mass correlated
with an increase in lean mass (ESM Fig. 1), while total
body mass remained unchanged (ESM Fig. 1g). During
the same course of time, epiWAT mass was also reduced
(Fig. 1f). The increase in liver mass could only account
for a minor part of lean mass changes (ESM Fig. 1f).
Unexpectedly, we observed no significant increase in liv-
er triacylglycerol content (ESM Fig. 1i), while muscle
triacylglycerol was reduced in iFIRKO mice (Fig. 1k
and ESM Fig. 1j).

To further dissect the pathophysiology of adipose-specific
deletion of IR, we performed hyperinsulinaemic—euglycaemic
clamps in iIFIRKO mice and their littermate IR controls. At
7 days, we observed a glucose infusion rate of close to zero in
iFIRKO mice (Fig. 1k and ESM Fig. 1k, I). Furthermore,
iIFIRKO mice demonstrated higher hepatic glucose output
(Fig. 11) and lower glucose uptake by the soleus muscle and
the ingWAT (Fig. Im and ESM Fig. 1m). Blood glycerol
concentrations remained unchanged during the course of IR
knockout (ESM Fig. In, o).

Fat loss after IR knockout induction in adipocytes is chronic,
but not caused by adipocyte loss To study the effect of
adipocyte-specific IR ablation on adipose tissue mass under
obesogenic conditions, we induced the knockout after
16 weeks of HFD (Fig. 2). In diet-induced obese mice, the
genetic ablation of IR strongly reduced body weight (Fig. 2a).
We observed that following IR knockout in adipocytes, 10.4 g
loss of body weight was due to a 12.7 g loss in fat mass (Fig.
2b), which was paralleled by a reduction in the size of all
adipose depots analysed (ESM Fig. 2a). Along with this, lean
mass increased i iIFIRKO mice (ESM Fig. 2b). Similar to
previous findings in chow-fed iFIRKO mice, leptin concen-
tration was reduced in diet-induced obese mice after induction
of TR knockout in adipocytes by 70% (ESM Fig. 2c¢), and liver
weight was increased by 0.8 g 4 weeks after induction of IR
knockout in adipocytes (ESM Fig. 2d).

Subsequently, we sought to metabolically characterise al-
ready obese iIFIRKO and IR mice that were on an HFD. We
observed that obese iFIRKO mice developed extreme
hyperglycaemia 1 week after induction of IR knockout in
adipocytes and returned to normoglycaemia at 4 weeks, a
pattern that was similar to the aforementioned development
of glucose levels in chow-fed iFIRKO mice (Fig. 2c).
Additionally, 1 week after induction of IR knockout in
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Fig. 2 Diet-induced obese mice chronically lose fat tissue mass by induc-
tion of adipose tissue-specific IR knockout while, in parallel, mice are
protected from diet-induced obesity when knockout is carried out before
the initiation of HFD feeding. (a) Body mass and (b) fat mass of HFD-
induced obese mice before and after induction of IR knockout by tamox-
ifen in adipose tissue (1 = 5-16 for IRY™; n = 5-16 for iFIRKO). (¢) Ad
libitum-fed blood glucose after two consecutive periods of induction of
IR knockout in HFD-induced obese mice (n=4-7 for IRH""; n=5-9 for
iFIRKO). (d) Effect of HFD on body mass of lean mice after induction of
adipose tissue-specific IR deletion (n=11 for IR"’H; n=35 for iFIRKO).
(e) Evaluation of body composition and EchoMRI measurements of lean

adipocytes, obese iIFIRKO mice were insulin resistant (ESM
Fig. 2e). While obese iFIRKO mice showed no difference in
ambulatory activity (ESM Fig. 2f), the development of whole-
body insulin resistance coincided with a reduced RER (ESM
Fig. 2g, h). To our surprise, IR knockout in adipocytes of
obese mice led to an increased VO, rate, which lasted from
day 3 to day 10 (ESM Fig. 2i, j).

Because blood glucose levels in iIFIRKO mice normalised
4 weeks after induction of IR knockout in adipocytes, while
fat mass did not, we induced the knockout for a second time in
the same mouse cohort in order to test whether fat mass could
be reduced even further. Interestingly, renewed ablation of [R
further reduced fat mass (Fig. 2b). Furthermore, the second
induction of knockout led to the development of another
hyperglycaemic phase, which again reversed within 4 weeks
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and fat mass in iFIRKO and /R™" littermate controls before and after an
11 week HFD challenge, Adipose tissue-specific IR knockout was in-
duced at the initiation of the HFD challenge (n=11 for IR"'ﬂ‘, n=>35 for
iFIRKO; d. days). (f~h) Total adipocyte number in whole iBAT, ing WAT
and epiWAT depots 1 week after tamoxifen induction, as measured by
quantitative PCR for the evaluation of all cells that demonstrated the
loxPStoploxP-tdRFP recombination (n=12 for JR""™; n=14 for
iFIRKO). Grey bars in (a-d) indicate time period of tamoxifen gavage.
Data are mean + SEM. Student’s 7 test: **p <0.01, ***p <0.001 for
iFIRKO vs JR" or as shown. Tn (a, b, d) difference is significant for
all time points below the line. d, days: Tam, tamoxifen

(Fig. 2c). This second knockout induction did not lead to liver
mass alterations in hyperglycaemic iFIRKO mice, and only
when normoglycaemia had already developed was an addi-
tional increase of liver mass observed. This indicates that nor-
malisation of blood glucose levels might be independent of
ectopically stored fat in the liver (ESM Fig. 2d).

In a different experimental approach, we induced IR
knockout in adipocytes of adult chow-fed mice and subse-
quently changed their diet to an obesogenic HFD, to test the
potential of re-growth of adipose tissue after it was rendered
insulin resistant. Because of the inducible character of our
adipocyte-specific insulin-resistant mouse model, newly dif-
ferentiated cells will contain an unrecombined /R gene once
tamoxifen is washed out. Starting at equal body and fat mass
before the induction of knockout, iFIRKO mice gained less
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weight on HFD than ZR"" control mice (Fig. 2d) and stayed
protected from the obesogenic effect of HFD throughout week
12 (Fig. 2e). The difference in fat mass was even higher than
that of body weight, because the lean mass was increased in
iFIRKO mice (ESM Fig. 2b).

To address the question of whether IR knockout in adipo-
cytes leads to their loss, we applied a new mouse model spe-
cifically generated to count adipocyte cells in iFIRKO mice.
This triple-transgenic model, called the iFIRKO-chaser
mouse, was created by combining the transgenes Adipog-
CreERT2 and /R™" with the floxed stop tdRFP allele
(loxPStoploxP-tdRFP). After quantification of the recombina-
tion events in all cells of the adipose tissue depots iBAT,
ingWAT and epiWAT, we could demonstrate that, 1 week after
the induction of IR knockout, the total adipocyte number
remained unchanged between /R"™" control and iFIRKO mice
(Fig. 2f-h). This suggests that adipose tissue mass reduction is
due to lipid content reduction per adipocyte and not to disap-
pearance of adipocytes.

Antioxidants improve glucose intolerance of iFIRKO mice To
elucidate the cause of hyperglycaemia in the iFIRKO ani-
mals, we analysed the development of glucose levels in a
time course experiment, in vivo. We could show that
hyperglycaemia development started 4 days after the induc-
tion of IR knockout in adipocytes (Fig. 3a), which notably is
| day after the observed switch in energy substrate from
glucose to fat. More specifically, the ad libitum random-fed
blood glucose concentration increased from 8.96 +0.3 mmol/
1in ZR"™ control mice to 26.5+ 1.6 mmol/l in iFIRKO mice,
6 days after the induction of IR knockout time point when the
peak of hyperglycaemia was observed. Throughout the time
course experiment, hyperglycaemia (>19 mmol/l) in iFIRKO
mice persisted for 7 days (until day 12 post induction of IR
knockout) and subsequently decreased for 3 days, until sim-
ilar levels were observed compared with ZR"" control litter-
mates on day 15 of IR knockout induction.

Despite reduced circulating leptin levels, iFIRKO mice did
not consume more food than ZR" control mice after induction
of IR knockout in adipocytes (Fig. 3b). Only on day 9 could
food consumption be linked to blood glucose levels. When
measuring random-fed blood glucose levels in mice, which
were pair-fed to JR™" littermate controls, we observed that
adipocyte-specific IR deletion-induced hyperglycaemia re-
solved faster in pair-fed iFIRKO mice (Fig. 3c). With a 2 day
delay after the development of hyperglycaemia, iFIRKO mice
showed an increase in water consumption (Fig. 3d).

Since many studies have reported that oxidative stress can
cause insulin resistance by modulating lipotoxicity, we sought
to evaluate whether antioxidants could have a beneficial role
in our adipocyte-specific insulin-resistant model. As an anti-
oxidant treatment, we chose the combination of NAc and
apocynin. When mice were treated with antioxidants 1 day
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before induction of IR knockout, the development of
hyperglycaemia in the iIFIRKO mice was delayed by 1 day.
Furthermore, antioxidant treatment reduced the random-fed
hyperglycaemia to 17.0+ 1.7 mmol/l compared with 26.5 +
1.6 mmol/l in the untreated iFIRKO mice 6 days post induc-
tion of IR knockout (Fig. 3a). Acute administration of
apocynin alone could not reproduce the beneficial effect of
both antioxidants (Apo+NAc cocktail) (ESM Fig. 3a, b).
Another effect of the antioxidant cocktail on iFIRKO mice
was the reduction of food intake by 40% (Fig. 3b). The in-
crease in water intake, which developed in iFIRKO mice
7 days after IR knockout, was blunted by the antioxidant
cocktail (Fig. 3d). The reduction of fat mass caused by IR
knockout was unchanged by antioxidant treatment (Fig. 3e).
Although antioxidant administration did not lead to a reduc-
tion of fat mass in /R™" control mice, it counteracted the
increase in fat mass observed in /R™" control mice. Body
mass was reduced in both iFIRKO and /R"" control mice by
antioxidant treatment (ESM Fig. 3c). This reduction in body
mass on day 7 of treatment is due to a comparable reduction in
lean mass of both iFIRKO and /R"" mice (ESM Fig. 3d).

To delineate the adipose-specific IR knockout-induced
hyperglycaemia as well as the improvement in glucose toler-
ance caused by antioxidant supplementation, we evaluated
substrate preference and energy expenditure in iFIRKO and
littermate ZR™" control mice. As mentioned above, iIFIRKO
mice had a significantly lower RER compared with littermate
controls (Fig. 1b). Surprisingly, we observed that antioxidant
supplementation reduced RER in wild-type mice but not in
iFIRKO mice (Fig. 3f, g). Most importantly, the /R control
group that was not supplemented with antioxidants did not
demonstrate any significant RER differences compared with
the other groups after fasting (Fig. 3f. g). Physical activity was
similar in all groups (ESM Fig. 3e) and both iFIRKO and
IR mice supplemented with antioxidants showed reduced
VO, compared with the non-supplemented controls (ESM
Fig. 3f, g). Along with the VO, rate, energy expenditure was
reduced in the antioxidant-treated mice (ESM Fig. 3h, i).
Interestingly, while the VO, and VCO, rates remained un-
changed after IR knockout in adipocytes, the supplementation
of antioxidants reduced VCO, during the dark phase more
strongly in iFIRKO mice than in IR"" controls (ESM Fig.
3j, k).

As we could show that supplementation of antioxidants in
iFIRKO mice led to a reduction in daily food intake (Fig. 3b),
we measured random-fed and fasted blood glucose levels in
wild-type and iFIRKO mice, which were not supplemented
with antioxidants. Notably, we observed that the effect of an-
tioxidants of reducing hyperglycaemia was present only in the
random-fed and not in the fasted iFIRKO animals (Fig. 3h).
To investigate the effect of antioxidants on insulin sensitivity,
we performed an ITT 1 week after the induction of IR knock-
out in adipocytes. Similar to our previous results, we observed
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Fig. 3 Supplementation of drinking water with apocynin (Apo, 40 mmol/
1) and NA¢ (15 mmol/I) postpones and reduces hyperglycaemia, reduces
food intake and cnhances insulin sensitivity. (a) Blood glucose in ad
libitum-fed iFIRKO and JR™™ mice in either the presence or absence of
Apo+NAc supplementation (1 = 6 for IR""™; n = 6 for IR"" (Apo+NAc);
n="6 for iIFIRKO; n =5 for iIFIRKO (Apo+NAc)). (b) Recording of food
intake in ad libitum-fed iIFIRKO and /R™" mice in cither the presence or
absence of Apo+NAc supplementation (n = 613 for IR"; n = 6 for IR"™
(Apo+NAc); n =6 for iIFIRKO; n = 5-12 for iFIRKO (Apo+NAc)). (¢)
Blood glucose from pair-fed iFIRKO mice upon pair-feeding with IR™";
ad libitum-fed iFIRKO mice were used as controls (n=7 for IR =4
for iIFIRKO ad libitum-fed: n = 6 for iFIRKO pair-fed). (d) Water intake
in ad libitum-drinking iFIRKO and /R"" mice in either the presence or
absence of Apo+NAc supplementation (n=6 for IR"; n=6 for [R™"
(Apo+NAc): n=6 for iIFIRKO; n=35 for iIFIRKO (Apo+NAc)). (e) Fat
mass measured with EchoMRI in iFIRKO and /R mice either in the
presence or absence of Apo+NAc supplementation (n =6 for IR""; n=6
for IRV (Apo+NAc); n = 6 for iFIRKO; n = 5 for iFIRKO (Apo+NAc)).
(f) RER (VCO,/VO, ) time course (adipose tissue-specific IR knockout
was induced where indicated with the arrows) and (g) RER AUC of

dark/light cycle for iFIRKO and /R™" mice in either the presence or
absence of Apo+NAc supplementation (n=6 for [RV™; n=5 for
iFIRKO): d, day. (h) Blood glucose levels in ad libitum-fed and fasted
iFIRKO and JR™ mice in cither the presence or absence of Apo+NAc
supplementation (n=6-11 for IRM; n=5 for IRV (Apo+NAc); n=6—
11 for iFIRKO; n=35 for iFIRKO (Apo+NAc). (i) ITT using 0.75 U
insulin per kg body mass (n=6-11 for IR"™, n=5 for IR"™ (Apo+
NAc); n=5 for iFIRKO; n=6-11 for iFIRKO (Apo+NAc)). Data are
mean + SEM. Two-way ANOVA with Tukey’s multiple comparisons test:
in (a. b, d. e. g-i) 'p<0.05 for IR™ vs IR"" (Apo+NAc), p<0.05,
“p<0.01, "p<0.001 for IRV vs iFIRKO; *p<0.05, ¥p <0.01,
i <0.001 for IRM vs iFIRKO (Apo+NAc): *p<0.05, ¥p<0.01,
855 <0.001 for IR"™ (Apo+NAc) vs iFIRKO; p<0.05, "p<0.01,
Ty <0.001 for iIFIRKO vs iFIRKO (Apo+NAc), *p<0.01,
&8y 20.001 for IRM™ (Apo+NAc) vs iFIRKO (Apo+NAc). In (¢)
“p<0.001 for IRM vs iFIRKO: *p<0.05. **p <0.001 for IR" vs
iFIRKO pair-fed; ™p < 0.001 for iFIRKO vs iFIRKO pair-fed. In (a-d
and i) difference is significant for all time points below the line. d, day;
Ins, insulin; Tam, tamoxifen
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that antioxidants improved insulin sensitivity in iFIRKO mice
but had no significant effect in wild-type mice (Fig. 3i).

Antioxidants reduce hyperphagia and improve glucose ho-
meostasis in 0b/ob mice After demonstrating a protective role
of the antioxidant cocktail in hyperglycaemic iFIRKO mice,
we evaluated whether this phenomenon is observed in other
mouse models. Therefore, we examined the effect of supple-
mentation of antioxidants in leptin-deficient 0b/ob mice. At
12 weeks of age, ob/ob mice had developed hyperglycaemia
(Fig. 4a), accompanied by hyperphagia (Fig. 4b) and polydip-
sia (Fig. 4¢). We observed that after 24 h of antioxidant sup-
plementation, there was already a significant reduction in the
levels of random-fed blood glucose in 0b/ob mice, compared
with the control ob/ob mice which did not receive any antiox-
idant supplementation (Fig. 4a). In accordance with the effect
of antioxidants in the iFIRKO mouse model, we observed that
antioxidant supplementation did not acutely improve insulin

sensitivity in this diabetic mouse model. (Fig. 4d). Therefore,
we assume that regulation of food intake could be responsible
for the observed beneficial hypoglycaemic effect of antioxi-
dant supplementation. By measuring the daily food intake of
ob/ob and wild-type mice, in combination with antioxidant
supplementation, we confirmed that antioxidants significantly
reduced food intake in 0b/ob but not in wild-type mice (Fig.
4b and ESM Fig. 4a). Food over-consumption of heavily
obese ob/ob mice (Fig. 4b) normalised to that of the control
group by 2 days of treatment with antioxidant cocktail supple-
mented into the drinking water (Fig. 4b). We assume no taste
aversion since antioxidant cocktail supplementation did not
change daily water intake (Fig. 4c). Additionally, supplemen-
tation of apocynin alone could not reproduce the same effect
as the administration of both antioxidants in parallel (ESM
Fig. 4b, ¢). Finally, the short-term antioxidant supplementa-
tion did not demonstrate any effect on the fat or lean mass of
ob/ob mice (Fig. 4e).
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Fig.4 Supplementation of drinking water with apocynin (Apo, 40 mmol/
1) and NAc (15 mmol/l) reduces hyperphagia and improves glucose ho-
meostasis in leptin-deficient ob/ob mice. Apo+NAc supplementation was
continuous and started on day 0 after measurement. (a) Blood glucose
levels in ad libitum-fed 0b/ob mice during treatment with antioxidants
(n=9 for wt: n=8 for wt (Apo+NAc); n=7 for ob/ob; n=8 for ob/ob
(Apo+NAc)). (b) Daily food intake in 0b/ob mice during antioxidant
treatment (n=9 for wt; n =8 for wt (Apo+NAc): n=6 for ob/ob; n=9
for ob/ob (Apo+NAc)). (¢) Daily water intake in 0b/ob mice during anti-
oxidant treatment (n =11 for WT: n=11 for WT (Apo+NAc); n=4 for
ob/ob; n=3 for ob/ob (Apo+NAc)). (d) ITT blood glucose over time, in
min, after intraperitoneal injection 0f 0.6 U insulin per kg after & h fasting.
Values normalised to blood glucose levels at injection (7 =6 for WT; n=
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7 for WT (Apo+NAc): n=7 for ob/ob; n=8 for ob/ob (Apo+NAc)). (e)
Body composition 15 days (—15 d) before and 8 days after (d8) antioxi-
dant treatment (7 = 7 for wt (=15 d); n = 4 for wt (d8 Apo+NAc); n =6 for
oblob (—15 d); n=4 for ob/ob (d8 Apo+NAc). Data are mean + SEM.
Two-way ANOVA with Tukey’s multiple comparisons test: in (a—d)
"p<0.05, “""p<0.001 for wt vs ob/ob; *p<0.05, *p<0.01,
#3p <0001 for wt vs ob/ob (Apo+NAc); *p <0.05, *p <0.001 for wt
(Apo+NAc) vs ob/ob; 1p < 0.05, Mp < 0.01, ™p < 0.001 for ob/ob vs ob/
0b (Apo+NAc); ¥p <0.05, ““p <0.01, ““*p <0.001 for wt (Apo+NAc)
vs ob/ob (Apo+NAc). In (e) 'p <0.05 vs wt (~15 d); p <0.05 vs oblob
(=15 d); p<0.05 vs wt (d8 Apo+NAc); 'p<0.05 vs oblob (d8 Apo+
NAc). In (a—d) difference is significant for all time points below the line.
d, day: Ins, insulin: WT, wild-type
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Discussion

Based on the use of the new iFIRKO-tracer mouse model, we
conclude that the iFIRKO mouse model does not resemble the
typical lipoatrophic mouse models such as the FAT-ATTAC
[19] or the A-Zip/F-1 mouse models [20], which exhibit a loss
of adipocytes and ectopic deposition of lipids. The finding that
adipose tissue can re-establish its storage function within a
few weeks supports the notion of its high plasticity [21].
Importantly, in iFIRKO mice there seems to be no full com-
pensation for the reduction of adipocyte size and mass of the
various adipose tissue depots, because they are protected from
excessive weight gain when mice are fed an obesogenic diet
after the induction of IR knockout.

The adiponectin gene regulatory elements that we used to
target adipocytes are currently the most specific known [22,
23]. The inducible nature of our iFIRKO mouse model
allowed us to study different phases of the development of
type 2 diabetes. At the start of the initial phase, insulin resis-
tance could arise as a consequence of lipolysis-induced
hyperinsulinaemia through lipotoxicity [24-27]. Our pair-
feeding experiment indicates that hyperphagia of iFIRKO
mice is not causative for the initial hyperglycaemia develop-
ment, but rather that it contributes at a later phase. Results of
hyperinsulinaemic—euglycaemic clamp experiments suggest
that the subsequent development of hyperglycaemia in
iFIRKO mice might be due to reduced hepatic insulin sensi-
tivity of liver, which results in an increased endogenous glu-
cose production [28]. One important conclusion is that lipids
released from adipose tissue can be utilised by the respective
tissues, which is supported by our finding of reduced lipid
content in muscle, the observed switch in energy substrate
and the reversibility of the type 2 diabetes symptoms in
iFIRKO mice. While in lean iFIRKO mice an increase of Ty
was detectable, in obese iFIRKO mice the increased lipid
metabolising led to higher VO, rates. Further experiments at
thermoneutrality or in the absence of Ucpl could help to
delineate the contribution of brown adipose tissue to this
elevated basal metabolic rate.

One key molecular mechanism behind lipotoxicity is lipid-
induced mitochondrial oxidative stress [13, 29]. Ethnological
studies suggest that plants with antioxidant capacity can be used
to treat diabetes-like symptoms [30, 31]. However, more recent
clinical studies, which tested food supplementation with differ-
ent antioxidants in the context of human diabetes, have
questioned their beneficial effects [32, 33]. Unlike other studies
[12, 34], we used a combination of the potent antioxidants NAc
[35, 36] and apocynin [37, 38] to treat mice briefly before and
while they were developing diabetes. The proposed targets of
antioxidants are reactive oxygen species; however, as reactive
oxygen species are very unstable molecules and oxidative stress
is tightly regulated by antioxidant enzymes [39, 40], the exact
contribution is hard to define. A few reports exist which

demonstrate an improvement in insulin resistance in leptin-
deficient ob/ob mice, while other studies supplementing food
with antioxidants (e.g. apple polyphenol extracts or melatonin)
have failed to report an effect on food intake [41, 42]. A blood
glucose-lowering effect of apocynin, structurally related to van-
illin [43], was reported in morbidly chronically obese KKAy
mice [12]. In our system, acute treatment with apocynin reduced
hyperglycaemia in neither iFIRKO mice nor ob/ob mice. The
suggestion that the effect of the antioxidants NAc and apocynin
is leptin independent is further supported by our observation
that they mediate an effect during the early phase of diabetes
development in iFIRKO mice in which leptin is almost absent.

Melatonin in its function as an antioxidant was reported to
improve non-alcoholic fatty liver disease symptoms [42].
Additionally, the supplementation of apple polyphenol extracts
reduced inflammation in ob/ob mouse liver, which was sug-
gested as the site of its action [41]. We demonstrated here that
iFIRKO mice are insulin resistant even under fasting condi-
tions; however, as fasting lowered the RER of the control
groups, we conclude that the substrate change from glucose to
lipids observed after antioxidant treatment is not directly causal
for the alterations of insulin resistance. Rather, we propose that
the accumulation of oxidative damage over several days is re-
quired to cause insulin resistance. Unfortunately, the identifica-
tion of factors that are secreted from tissues damaged by oxida-
tive stress is beyond the scope of this study.
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SUMMARY

UCP1-dependent thermogenesis is studied to define
new strategies to ameliorate obesity and type 2 dia-
betes; however, animal models are mostly limited to
germline mutations of UCP1, which can effect adap-
tive changes in UCP1-independent pathways. We
develop an inducible mouse model for the sequential
ablation of UCP1* brown and brite/beige adipocytes
in adult mice. We demonstrate that activated brown
adipocytes can increase systemic energy expendi-
ture (EE) by 30%, while the contribution of brite/beige
UCP1* cells is <5%. Notably, UCP1* adipocytes do
not contribute to circulating FGF21 levels, either at
room temperature or after cold exposure. We demon-
strate that the FGF21-mediated effects on EE and
glucose homeostasis are partially dependent on the
presence of UCP1* cells, while the effect on weight
loss is not. In conclusion, acute UCP1* cell deletion
may be a useful model to study the impact of brown
and brite/beige adipocytes on metabolism.

INTRODUCTION

Brown adipose tissue (BAT) generates heat by dissipating the
inner mitochondrial proton gradient, thereby uncoupling oxida-
tive phosphorylation from ATP production through uncoupling
protein 1 (UCP1). UCP1 converts glucose and lipids to heat
and thereby increases energy expenditure (EE) to maintain
body temperature (Cannon and Nedergaard, 2004). The finding
that active BAT can be found in cold-exposed adult humans
has increased scientific interest in its therapeutic potential to
counter diabetes and obesity (Hany et al., 2002; Nedergaard
et al., 2007; Saito et al., 2009; van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009). In fact, pharmacological and genetic
activation of UCP1 in rodents has been shown to protect them
from diet-induced obesity (DIO) (Liu et al., 2003; Poher et al.,
2015; Wankhade et al., 2016).

Various transgenic mice models lacking UCP1 were generated
to understand the importance of UCP1 and brown adipocytes.
For instance, the deletion of brown cells by the specific expres-
sion of diphtheria toxin A chain in brown adipocytes resulted

3424 Cell Reports 30, 3424-3433, March 10, 2020 © 2020 The Author(s).
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in increased body weight and insulin resistance (Dulloo and
Miller, 1984; Lowell et al., 1993). In another model in which
UCP1 expression was specifically induced by the use of an
aP2-UCP1 transgenic allele, high levels of UCP1 in adipocytes
led to cytotoxicity and resulted in the ablation of UCP1* brown
adipocytes (Kopecky et al., 1995). These mice were cold sensi-
tive and protected from DIO (Kozak, 2010). Other studies re-
ported reduced cold-induced thermogenesis in UCP1-deficient
mice (Enerback et al., 1997).

These conflicting results in UCP1-deficient models were ad-
dressed in a study by Feldmann et al. (2009), in which they re-
ported that chow diet-fed UCP1-deficient mice housed at ther-
moneutrality became obese. Based on their findings, they
postulated that housing at ambient temperatures induced
thermal stress and consequently increased the metabolic rate
and food intake to maintain body temperature (Golozoubova
et al., 2004). Deletion of UCP1 resulted in compensatory mech-
anisms to maintain body temperature in mice at ambient
temperatures, thus explaining the lack of an obesogenic effect
in UCP1-knockout mice (Feldmann et al., 2009). To circumvent
the problems associated with compensatory mechanisms in
UCP1-deficient mice, we generated a model to acutely ablate
UCP1* brown adipocytes in adult mice. Using this model, we
investigated the contribution of brown and recruited brite/beige
cells to total EE at ambient temperatures, as well as the depen-
dency of fibroblast growth factor 21 (FGF21) on brown adipo-
cytes to achieve its beneficial metabolic effects.

RESULTS

An Efficient Deletion of UCP1-Expressing Adipocytes in
an Inducible Adult Mouse Model

Considering the limitations presented by the use of UCP1-defi-
cient mice, we sought to use a model that allows for inducible
and transient deletion of UCP1" cells. Therefore, we generated
the UCP1DTR2GFP mouse line (UCP-DTR) (Rosenwald et al.,
2013) to investigate the impact of acute and transient deletion
of cells expressing UCP1. These mice carry a diphtheria toxin
receptor (DTR) and an EGFP cassette under the control of the
UCP1 promoter. To test the efficacy of DT-mediated ablation,
8- to 12-week-old wild-type (WT) littermates and UCP1-DTR
mice were treated with DT at room temperature (RT; 23°C)
(Figure 1A). We observed that interscapular BAT (iBAT) of
UCP1-DTR mice appeared to be much paler brown compared
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Figure 1. Ablation of UCP1* Cells in an Inducible Adult Mouse at Room Temperature (RT)
(A) Experimental scheme for the ablation of UCP1” cells at RT (23°C, mild cold stress). WT littermates group (blue): did not carry the UCP1-DTR transgene. DTR
group (red): carried the UCP1-DTR transgene. At 9 to 12 weeks old, the mice were given 3 consecutive doses of 100 ng DT every 6 h on day 0 to ablate UCP1* cells
in the DTR group, and tissues were harvested after 7 days.

(legend continued on next page)
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to the iBAT of WT littermates (Figure 1B), which is in line with
reduced iBAT weight (Figure 1C). Notably, the appearance and
weight of inguinal white adipose tissue (ingWAT) and epididymal
WAT (eWAT) remained unchanged, and similar lean mass (Fig-
ures 1B, 1C, and S1A) was observed. As expected, protein
levels of UCP1 in iBAT, axillary BAT (aBAT), and cervical BAT
(cBAT) were decreased in UCP1-DTR mice compared to WT lit-
termates, demonstrating the efficient deletion of brown adipo-
cytes (Figures 1D and S1B) (Sun et al., 2018). In contrast,
UCP1 protein levels in ingWAT showed a high variance and no
reduction in UCP1-DTR mice (Figures 1D and S1B). To test
whether the ablation of UCP1* cells upon DT injection resulted
in an immune response in iIBAT, we analyzed the immune cell
composition of iBAT, which was unchanged (Figures 1E and
S1C). This is in line with a previous report that demonstrated
that DT injection did not lead to changes in serum C-reactive
protein (CRP), tumor necrosis factor o (TNF-=), and interleukin-
6 (IL-6) (Sun et al., 2018),

To determine whether the loss of UCP1* brown cells under
mild cold stress (23°C) would force the recruitment of UCP1*
brite/beige adipocytes in ingWAT, we examined thermogenic
gene expression in adipose tissue. Ucpl expression was
upregulated in both ingWAT and iBAT of UCP1-DTR mice,
indicating a compensatory reaction to the loss of functional
UCP1" cells (Figures 1F and 1G). In parallel, we observed a sig-
nificant upregulation of Pgc7a in iBAT, suggesting increased
mitochondrial biogenesis (Figure 1F).

As an alternate approach to guantify the deletion of Ucp1*
adipocytes, we used the UCP1 tracer-depleter mice (UCP1-
DTR x UCP1-CreER x ROSA-tdRFP) (Rosenwald et al., 2013),
which enabled us to quantify the numbers of UCP1* cells based
on the recombined alleles. Therefore, UCP1 tracer-depleter mice
were injected with tamoxifen to label all UCP1* cells with red
fluorescent protein (RFP). After 3 weeks, DT was injected to
induce the ablation of UCP1-expressing cells. In line with the
protein data, we observed a 95% reduction in UCP1* cells in
iBAT upon DT injection relative to those injected with saline
(Figure 1H). As reported previously, ingWAT contained substan-
tially fewer UCP1-expressing cells, and in agreement with our
protein expression data, the numbers were not significantly
reduced after DT injection (Figure 1H). Here, we show that the
UCP-DTR mouse is an efficient model for ablating UCP1* cells
in iBAT, aBAT, and cBAT in adult mice and allows the study of
the contribution of UCP1-expressing adipocytes to metabolism.

Ablation of UCP1* Cells Has No Impact on EE at RT
Conditions

To determine whether the efficient deletion of UCP1-expressing
cells in iBAT affects energy metabolism and glucose tolerance,

8-week-old mice were fed either a standard chow or a high-fat
diet (HFD) for 6 weeks at 23°C and were treated with DT or saline
(non-DT) twice per week (Figure 2A). While HFD-fed mice re-
vealed higher body weight compared to chow-fed mice,
UCP1-DTR and WT littermates showed a similar body weight
gain, regardless of diet (Figures S2A and S2B). DT and non-DT
treatment did not affect body weight gain in both UCP1-DTR
and WT mice either under chow or HFD feeding (Figures S2A
and S2B). Glucose tolerance was unchanged in UCP1* brown
adipocyte-deleted UCP1-DTR mice, regardless of diet (Figures
2B and $2C), indicating that UCP1* brown cell do not influence
HFD-induced glucose intolerance. Moreover, plasma insulin,
leptin, adiponectin, triglyceride, free fatty acids, and cholesterol
levels were unchanged (Figures 2C and S2D-S2l).

To assess whether UCP1* brown adipocyte-deleted mice are
able to maintain their body temperature, chow diet-fed mice
were treated with DT, We observed a similar body temperature
under fed and fasting conditions between both genotypes at
RT (Figure 2D), indicating that UCP1* brown cells have no impact
on body temperature under mild stress conditions (23°C) (Fig-
ure 2D). Furthermore, at basal conditions, no changes in any of
the measured parameters of EE, oxygen consumption (VO,),
carbon dioxide production (VCO,), respiratory exchange ratio
(RER), food intake, or physical activity were observed between
the two genotypes (Figures 2E-2l and S2J), suggesting that
the contribution of brown adipocytes to EE and fuel selection
at mild cold stress conditions (23°C) was below the detection
limit of our system (observable effect size is >5%) (Sun et al.,
2018). These data demonstrate that UCP1* cells in iBAT,
aBAT, and cBAT in adult mice do not contribute to energy meta-
bolism in RT conditions.

Activation of ingWAT UCP1 Has a Negligible Effectin EE
Based on our findings that at RT, DT injection did only ablate
UCP1* cells in iBAT, we next dveloped a strategy to deplete
UCP1* brite/beige cells to study their contribution to energy
metabolism. Therefore, UCP1-DTR mice were treated with
B-3-adrenergic receptor (83-AR) agonist (CL316, 243) (CL)
to activate the expression of the transgene. Mice were divided
into 3 groups: (1) WT littermates, which have UCP1* brown
and brite/beige cells; (2) UCP1-DTR mice, which were injected
with DT only at the beginning of the experiment to delete
preexisting brown cells (DTR group, expected to have no
UCP1* brown cells, but to recruit UCP1" brite/beige cells
upon B-adrenergic activation); and (3) UCP1-DTR mice,
which received DT with each injection of CL to constantly
ablate newly formed brite/beige cells (DTR+DT group, ex-
pected to have neither UCP1" brown nor brite/beige cells)
(Figure 3A).

(B) Representative tissue images of WT and DTR mice.
(C) Tissue weights (n = 6 in each group).

(D) Quantification of UCP1 protein levels in iBAT, aBAT, cBAT, and ingWAT (n = 6 each group).

(E) Fluorescence-activated cell sorting (FACS) analysis of immune cells in iBAT 2 days after DT injections WT n=5; DTRn =7).

(F and G) Gene expression of thermogenic genes Cox7a?, PgcTa, Prdm16, and Ucp? in iBAT and ingWAT (WT n = 5; DTR n = 6).

(H) Percentage of recombined cells in UCP1 tracer-depleter mice 1 week after saline or DT injection (WT n=7; DTR n = §).

Values are presented as means + SEMs. **p < 0.01 and ***p < 0.001 by Student’s t test. n = number of mice. aBAT, axillary BAT; BAT, brown adipose tissue; cBAT,
cervical BAT; DTR, diphtheria toxin receptor; iBAT, intrascapular brown adipose tissue; ingWAT, inguinal white adipose tissue; WT, wild type.
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Figure 2. UCP1* Cell Deletion Has No Impact on Energy Expenditure (EE) at Basal Conditions

(A) Experimental scheme for DT and saline (non-DT) treatment at RT (23°C). Eight-week-old WT littermates group (blue) and UCP1-DTR transgene (red) mice were
fed either a standard chow or a high-fat diet (HFD) for 6 weeks, and 3 consecutive doses of 100 ng DT (chow) and 200 ng (HFD) were injected every 6 h on day
0 and once on day 3. Tissue were harvested on day 5.

(B) Intraperitoneal glucose tolerance test (ipGTT) in mice fed an HFD for 5 weeks (WT+saline n = 5; WT+DT n =7, DTR+saline n = 5, DTR+DT n = 5).

(legend continued on next page)
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The significant reduction in UCP1 protein levels in iBAT of DTR
and DTR+DT groups illustrated that the initial DT injections
efficiently ablated preexisting UCP1* cells in iBAT; but more
important, CL treatment was not sufficient to induce the forma-
tion of new UCP1* cells in this tissue (Figures 3B and 3C).
Conversely, UCP1* brite/beige cells formed in ingWAT upon
CL treatment in the WT and DTR, but were efficiently ablated
by additional injections of DT in the DTR+DT group (Figures 3B
and 3C). Moreover, Ucp? mRNA was reduced in iBAT of the
DTR and DTR+DT groups relative to WT mice (Figure 3D). In in-
gWAT, increased Ucp? and PgcTa in the DTR group indicated
the formation of brite/beige cells and were significantly
decreased after continued DT injection in the DTR-DT group
(Figure 3E).

Since our model allowed the formation of brite/beige cells in
ingWAT in the absence of iBAT under stimulated conditions,
we assessed the contribution of the newly formed brite/beige
cells to energy metabolism. Tissue weight and fasted blood
parameters were not different between the 3 groups (Figures
S3C-83G, data not shown). As expected, CL administration
resulted in higher oxygen consumption (VO) and changes in
RER in WT mice (Figures 3F and 3G). In contrast, CL-treated
DTR and DTR+DT groups showed VO, and RER comparable
to basal levels (Figures 3F and 3G), suggesting the efficient
ablation of functional UCP1* brown adipocytes. We failed to
observe an increase in VO, or changes in RER between DTR
and DTR+DT groups after CL stimulation (Figures 3F and 3G),
despite increased UCP1 levels in ingWAT in DTR mice. These
results indicate that the contribution of the newly formed
UCP1" brite/beige cells to EE is below the detection limit of the
system (Sun et al., 2018).

As it has been debated that brown and brite/beige cells
contribute to circulating FGF21 levels, we determined the levels
of circulating FGF21 in mice with or without UCP1* cells housed
at 23°C (RT) or 8°C (cold) (Figure 3H). Notably, circulating FGF21
levels were similar between both genotypes at RT and under
cold exposure (Figure 3H).

UCP1 Is Required for Some of the FGF21-Mediated
Metabolic Effects

FGF21 reduces body weight and improves glucose metabolism
in DIO independently of UCP1 (BonDurant et al., 2017; Samms
et al., 2015; Véniant et al., 2015). Thus, mice with an acute
ablation of UCP1* cells were used to examine whether FGF21-
mediated weight loss and energy metabolism are dependent
on the presence of UCP1" cells. HFD-fed UCP1-DTR mice and
WT littermates were treated with DT to ablate UCP1"* cells and
subsequently subjected to the continuous administration of
recombinant FGF21 or saline using mini-osmotic pumps (Fig-
ure 4A). To delete newly formed UCP1" brite/beige cells that
can be attributable to FGF21 treatment, mice were further in-
jected with a bolus of DT 2 days after pump implantation.

Expectedly, UCP1" cells were deleted in FGF21-treated UCP1-
DTR mice, as demonstrated by a significant reduction in UCP1
protein levels in iIBAT and ingWAT (Figures 4B and 4C). In iBAT
and ingWAT, mRNA expression of Ucpl was significantly
increased in FGF21-treated WT mice compared to WT mice
treated with saline (Figures 4D and 4E), indicating that FGF21
enhances browning. FGF21 administration in both WT and
UCP1-DTR mice resulted in the loss of 20% of their initial body
weight after 8 days, suggesting that this weight loss effect is in-
dependent of UCP1" cells (Figure 4F). This decrease was partly
attributed to slightly reduced food intake (Figure S4B). Notably,
FGF21 treatment increased oxygen consumption in the WT
mice (Figure 4G). However, we did not observe an increase in
oxygen consumption in the DTR+FGF21 compared to the
WT+saline group (Figure 4G), suggesting that the increased
oxygen consumption upon FGF21 treatment is dependent on
the presence of UCP1" brown adipocytes. RER was unchanged
between the groups (Figure 4H), and DTR+FGF21 mice showed
a substantial increase in activity in light and dark phases
(Figure 41). FGF21 signaling has been shown to improve glucose
homeostasis and to lower circulating lipids (Véniant et al., 2012).
In line with these findings, FGF21-treated WT (5.533 + 0.423)
and UCP1-DTR (5.683 + 0.452) mice exhibited a lowering of
fasting blood glucose compared to WT+saline (8.3 = 1.372)
(Figure 4J). Glucose clearance as assessed by the glucose toler-
ance test (GTT) showed that DTR+FGF21 mice exhibit signifi-
cantly impaired glucose tolerance compared to WT+FGF21
mice (area under the curve [AUC]: WT+saline, 998.8 + 76.89;
WT+FGF21, 638 + 38.83; DTR+FGF21, 886 + 102.4) (Figure 4K),
indicating that the positive effect of FGF21 on glucose meta-
bolism is partly dependent on the presence of UCP1* cells.
However, plasma insulin and triacylglycerol (TAG) levels were
lower in WT and UCP1-DTR groups treated with FGF21 relative
to saline controls (Figures 4L and S3D). Our results suggest that
the main beneficial effects of FGF21 such as weight reduction
are not directly dependent on UCP1* cells, whereas its effects
on glucose metabolism are dependent on UCP1* cells.

DISCUSSION

The UCP1-DTR mouse line reported here is, to our knowledge,
the first mouse line with an inducible system that allows the
efficient ablation of UCP1* cells in adult mice, which can be
used to determine the contribution of brown and brite/beige
adipocytes to systemic metabolism. In UCP1-deficient mice,
which are mainly used to study the contribution of BAT to meta-
bolism (Enerbéack et al., 1997), BAT is still present. Thus, brown/
brite/beige cells may still be able to contribute to alternate
thermogenic mechanisms, and furthermore, adipokine-medi-
ated signaling would remain active in these mice (Kazak et al.,
2015). Contrary to UCP1-deficient mice, our model allows for
an acute and transient deletion of UCP1* brown adipocytes by

(C) Plasma insulin levels were measured in mice fed a chow diet (n = 6 in each group).

(D) Body temperature measurement in mice fed a chow diet (WT+saline n = 4; WT+DT n = 5, DTR+saline n = 4, DTR+DT n = 5).

(E-I) EE (E), oxygen consumption (VO,) (F), carbon dioxide production (VCO;) (G), respiratory exchange ratio (RER) (H), and food intake (I) were monitored over
6 days in mice fed a chow diet (WT+saline n = 6; WT+DT n = 5, DTR+saline n = 6, DTR+DTn=7).

Values are expressed as means + SEMs. The statistical tests used were t test (B and C) and ANOVA (D).
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DT treatment. As DT is efficiently cleared from the blood in ~6 h
(Wrobel et al., 1990), our model can be used to study new UCP1*
cell formation in ingWAT (Barbatelli et al., 2010; Lee et al., 2015;
Rosenwald et al., 2013). While iBAT is to a large extent already
functional at RT (21°C), UCP1 expression in brite/beige cells is
substantially increased upon cold induction in ingWAT (Kalino-
vich et al., 2017). In agreement with these findings, ablation
of UCP1* cells at RT in iBAT is very efficient, whereas UCP1*
brite/beige cells in ingWAT are not ablated. Upon $3-AR agonist
activation, UCP1* brite/beige cells in ingWAT express higher
levels of both UCP1 protein and DTR protein, which enables
the ablation of these cells.

Several studies have suggested compensations by other tis-
sues to account for the loss of non-shivering thermogenesis in
different model systems of chronic ablation (Schulz et al.,
2013). One argument against such an effect in the acute model
presented here is the fact that we observe a reduction in EE
under cold stimulation, but not at RT, which is in line with the
calculated contribution of iBAT to systemic EE. Furthermore,
we recently demonstrated (Sun et al., 2018) that ablation in a
model of increased EE is normalized by the ablation of BAT,
suggesting that no compensation is observed in the acute
modulation. Lastly, an increasing number of publications
suggest possible cross-talk between skeletal muscle and BAT
via humoral-mediated factors including cytokines in the regula-
tion of energy homeostasis (Bal et al., 2017). The role of FGF21
in cross-communication between BAT and muscle has been
proposed (Li et al., 2017; Rodriguez et al., 2017); however, we
show here that there was no difference in circulating FGF21
levels in WT and UCP1* at RT and after cold exposure. Similarly,
it has been reported that mild cold adaptation resulted in a
significant upregulation of IL-6 (Jansky et al., 1996; Liu et al.,
2007). In addition, the serum of mice acclimatized to severe
cold exhibited higher TNF-2 compared to thermoneutrality,
while leptin levels were significantly downregulated after mild
and severe cold adaptation (Bal et al., 2017). We show here
that the deletion of UCP1-expressing adipocytes in an inducible
adult mouse model has no impact on the plasma leptin level at
mild cold adaptation, regardless of diet. Furthermore, TNF-«
levels were unchanged, and IL-6 levels were significantly
decreased in UCP1-DTR mice treated with DT in cold (Sun
et al., 2018).

UCP1-deficient mice exhibited similar EE at RT with WT an-
imals and blunted response to a B3-AR agonist treatment (En-
erbéck et al., 1997; Lowell et al., 1993). In accordance with
these observations, the UCP1-DTR model shows no changes
in oxygen consumption and RER at RT. It has been recently

reported that UCP1" brite/beige cells contribute only ~10%
of the thermogenic capacity of BAT (Nedergaard and Cannon,
2013). Accordingly, our data demonstrate that oxygen con-
sumption is mainly regulated by UCP1* cells in iBAT and
that UCP1* brite cells under physiological conditions do not
contribute to oxygen consumption or weight gain on an
HFD. It should be noted that enhanced induction through
alternate pathways may induce both formation and activity
of these cells; thus, every model would need to be tested
independently for the contribution of brown and brite/beige
cells to energy metabolism.

FGF21 has been identified as a novel circulating hormone
that controls EE, and treatment with FGF21 can induce
enhanced EE and lead to weight loss that is concomitant with
improved systemic metabolism (Straub and Wolfrum, 2015).
Since FGF21 is expressed in UCP1* cells and FGF21 levels are
induced upon cold, it has been suggested that circulating
FGF21 may in part be derived from brown adipocytes (Hondares
et al., 2011; Keipert et al., 2015, 2017). We show here that the
acute deletion of UCP1* cells has no impact on circulating
FGF21 levels either at RT or in cold, indicating that brown adipo-
cytes do not contribute to circulating FGF21 levels. In UCP1-
deficient mice, FGF21 levels in BAT are substantially higher as
part of a compensatory response (Keipert et al., 2015, 2017).
Whether under these conditions BAT is a source of FGF21 would
require the generation of a UCP1-DTR, UCP1-deficient double-
knockout (KO) animal.

Previous studies using the UCP1-KO model system have
proposed that the effects of FGF21 on body weight are inde-
pendent of UCP1 (Samms et al., 2015; Véniant et al., 2015).
In agreement with these studies, we show here that the abla-
tion of both brown and brite adipocytes does not alter weight
loss, which can be achieved by chronic FGF21 infusion. This
finding would foment the simple conclusion that FGF21 acts
independently of BAT to affect energy metabolism, which is
supported by a careful analysis of the data. In agreement
with the study by Samms et al. (2015), we could show that
the induction of EE upon FGF21 infusion is not observed in
mice lacking UCP1" cells, which is in contrast to the finding
of Véniant et al. (2015). Similarly, we did not observe any differ-
ences in basal EE in mice lacking UCP1" cells. Why then is
weight gain not affected? Samms et al. (2015) reported that
food intake was lower in UCP1-KO mice infused with FGF21,
for which we observed a trend in our infusion model. In contrast
to all other studies, we observed that FGF21 also increased
voluntary movement of the mice only upon the infusion of
FGF21. These data indicate that BAT is affected by FGF21

Figure 3. Ablation of UCP1"* Brite Cells after CL Injection

(A) Experimental scheme for ablation of UCP1” cells after CL treatment. WT group (orange): mice not carrying the UCP1-DTR transgene obtained DT on day 0.
DTR group (gray): UCP1-DTR mice receiving DT only on day 0. DTR+DT group (black): UCP1-DTR mice receiving DT continuously. All of the mice were treated
with B-3-adrenergic receptor agonist (CL316, 243) (CL) every 24 h, and tissue was harvested 24 h after last CL/CL+DT injection.

(B and C) Representative western blot and quantification of UCP1 in iBAT and ingWAT (WT n = 10; DTR n = 11; DTR+DT n = 10).

(D and E) Gene expression of thermogenic genes Cox7al, Pgcia, Prdm16, and Ucp1 in iBAT and ingWAT (WT n = 10; DTR n = 11; DTR+DT n = 10).

(F and G) VO; (F) and RER (G) were monitored (WT n = 10; DTR n = 11; DTR+DT n = 10).

(H) Plasma FGF21 levels (WT n = 5; DTR n = 6).

Values represented as means + SEMs. ** or *p < 0.05, """ or **p < 0.01, and ****** or *¥¥p < 0.001 by 2-way ANOVA + Tukey's multiple comparison. *, WT
versus DTR; #, WT versus DTR+DT; $, DTR versus DTR+DT. Unless indicated otherwise, n denotes individual mice.
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and that the absence of this tissue leads to compensatory
changes in basal metabolism, food intake, and ambulatory
behavior, resulting in a similar net body weight loss. In addition
to its beneficial effect on weight reduction, FGF21 has been re-
ported to lower plasma glucose and triglyceride levels indepen-
dent of UCP1 (Samms et al., 2015; Véniant et al., 2015). Con-
trary to these findings, we show here that FGF21-treated
UCP1-DTR mice exhibited impaired glucose tolerance
compared to control mice, indicating that UCP1* cells are
partially required for the beneficial effects of FGF21 on blood
glucose levels. Supporting our findings, Lan et al. (2017)
showed that the acute insulin-sensitizing effects of FGF21
require direct binding to adipose tissue, whereas long-term ef-
fects such as weight loss are more centrally regulated and
depend on the binding of FGF21 in the hypothalamus, but
not on adipose tissue. These findings clearly demonstrate
that signals that originate from BAT are important modulators
of various mechanisms regulating energy and glucose meta-
bolism. This in turn has important implications for the study
of the effects of FGF21 in humans.
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Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® LEAD CONTACT AND MATERIALS AVAILABILITY
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
© Quantification of UCP1 ablation with UCP1-tracer
mouse
© Diphtheria toxin (DT)-mediated brown and brite adipo-
cytes ablation
© Beta-3-adrenergic receptor agonist (CL316, 243) (CL)
stimulation
O Indirect calorimetry
© Osmotic Pump Implantation and FGF21 Treatment
© Glucose tolerance test
© Plasma parameters
O Body temperature
© SVF isolation and FACS
© Western blot analysis
© RNA extraction and quantitative real-time PCR
o QUANTIFICATION AND STATISTICAL ANALYSIS
o DATA AND CODE AVAILABILITY
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCP1 antibody Abcam Cati#f ab10983; RRID: AB_2241462
HSP90 (C45G5) Rabbit mAb antibody Cell Signaling Cat# 4877; RRID: AB_2233307
APC/Cy7 anti-mouse CD45 antibody Biolegend Catif 103115; RRID: AB_312980
Brilliant V71 anti-mouse CD3 antibody Biolegend Cat# 100241; RRID: AB_2563945
PE/Cy7 anti-mouse CD19 antibody Biolegend Cat# 115519; RRID: AB_313654
FITC anti-mouse Ly-6G antibody Bioclegend Cat# 127605, RRID: AB_1236488
PE anti-mouse/human CD11b antibody Biolegend Cat# 101208, RRID: AB_312791
Pacific Blue anti-mouse F4/80 antibody Bioclegend Cat# 123123, RRID: AB_893487
Chemicals, Peptides, and Recombinant Proteins

Diphtheria toxin Millipore, Cat#322326-1MG

Tamoxifen (#T564, Sigma-Aldrich) Sigma-Aldrich Cat#T564

Recombinant human FGF21 Elli Lily N/A

CL 316243 Sigma-Aldrich Cat#C5976

Trizol reagent Invitrogen Cat# 15596026
-2147483641-1359662100Live/dead fixable dead Thermofisher Cat# L34960

cell stains

Critical Commercial Assays

FGF 21 Mouse/Rat ELISA R&D SYSTEMS cat#MF2100

Ultra-sensitive mouse insulin ELISA kit Crystal Chem, Cat#90080

FGF 21 Mouse/Rat ELISA R&D SYSTEMS Cat#MF2100

Mouse Leptin ELISA Kit Crystal Chem Cat#90030

Mouse Adiponectin ELISA Kit Crystal Chem Cat#80569

Triglycerides Roche Cat#11489232

Cholesterol Roche Cat#11877771

Free fatty acids Wako Nefa Cat#9196

High Capacity cDNA RT kit Applied Biosystems Cat# 4368814

Pierce BCA Protein assay Kit Thermo Fisher Cat#23225

Experimental Models: Organisms/Strains

UCP1-DTR-eGFP Christian Wolfrum Rosenwald et al., 2013
UCP1-CreER Christian Wolfrum Rosenwald et al., 2013
8.58.5ROSA-tdRFP Christian Wolfrum Rosenwald et al., 2013
Oligonucleotides
Primers for qRT-PCR N/A Microsynth
Mouse Cox7al primer sequence Forward: CAGCGTCATGGTCAGTCTGT N/A
Mouse Cox7al primer sequence Reverse: AGAAAACCGTGTGGCAGAGA N/A
Mouse PGC1a primer sequence Forward: ACCCCAAAGGATGCGCTCTCGTT N/A
Mouse PGC1a primer sequence Reverse: TGCGGTGTCTGTAGTGGCTTGATT N/A
Mouse PRDM16 primer sequence Forward: CGCTTCGAATGTGAAAACTG N/A
Mouse PRDM16 primer sequence Reverse: AAGGTCTTGCCACAGTCAGG N/A
Mouse UCP1 primer sequence Forward: GGGCATTCAGAGGCAAATCAGCTT N/A
Mouse UCP1 primer sequence Reverse: ACACTGCCACACCTCCAGTCATTA N/A
Mouse 36B4 primer sequence Forward: GCCGTGATGCCCAGGGAAGA N/A
Mouse 36B4 primer sequence Reverse: CATCTGCTTGGAGCCCACGTT N/A
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms

TSE PhenoMaster software TSE PhenoMaster Version 5.6.5
GraphPad Prism 8 software GraphPad Prism Version 8.2.0
ViiA7 software Applied Biosystems Version 1.2.3
Other

Standard chow Kliba-Nafag, Kaiseraugst #2222

60% calories from fat high-fat diet Kliba-Nafag #2127

LEAD CONTACT AND MATERIALS AVAILABILITY

UCP1-DTR mice line generated in this study are available under request for distribution through a completed Material Transfer Agree-
ment. Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Christian Wolfrum (christian-wolfrum@ethz.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

UCP1-DTR-eGFP mice were generated as previously described (Rosenwald et al., 2013). Mice were kept on a C57/B6N background
and housed at 23°C under a 12-hour light/dark cycle with free access to water and standard chow (purified diet #2222; Kliba-Nafag,
Kaiseraugst, Switzerland; 18% protein, 7% fat, 58% carbohydrate by mass) or a 60% calories from fat high-fat diet (purified diet
#2127; Kliba-Nafag; 23.9% protein, 35% fat, 23.2% carbohydrate by mass) the latter was started at the age of eight weeks and main-
tained for 6 to 12 weeks on HFD. In chow-fed experiments, 8-12 weeks old UCP1-DTR-eGFP and littermate WT controls male mice
were used. Body weight was monitored weekly. All animal studies conformed to the Swiss animal protection laws and were approved
by the cantonal Veterinary Office in Zurich, Switzerland.

METHOD DETAILS

Quantification of UCP1 ablation with UCP1-tracer mouse

According to standard protocol, CreERT2 activity was induced by gavaging UCP1-tracer-depleter (UCP1-DTR x UCP1-CreER x
ROSA-tdRFP) mice with 2 mg (80 mg/kg mouse) of Tamoxifen (#T564, Sigma-Aldrich) in 100ul sun flower oil per day for two consec-
utive days to label all UCP1+ cells with RFP. Quantification of recombination was performed as described pervious (Rosenwald et al.,
2013). The UCP1-tracer-depleter mouse model allows labeling of brown and brite adipocytes up on tamoxifen treatment. To quantify
labeled cells, iIBAT and ingWAT were excised and genomic DNA (gDNA) was prepared by lysing the tissue in 1 mL of 50 mM NaOH
(Sigma-Aldrich) with metal beads for 6 minutes with the Thermolyser LT (QIAGEN). Subsequently, tissues were rotated (1000 rpm) at
92°C for 1 h and neutralized with 250 pl of 1 M TrisHCI (Sigma-Aldrich). The samples were centrifuged twice at 12000 rpm for 5 mi-
nutes and the agueous phase was transferred to a new tube and diluted at a ratio of 1:30. To quantify the exact number of labeled
adipocytes, the number of recombined loxP site loci in genomic DNA was quantified by gPCR (Rosenwald et al., 2013). The apoli-
poprotein B gene (ApoB) used as an internal control, to quantify the total cell number.

Diphtheria toxin (DT)-mediated brown and brite adipocytes ablation

To ablate UCP1+ cells, littermate WT or UCP1-DTR mice were subjected to three subcutaneous doses of 100ng (for mice on chow) or
200ng (for mice on HFD) Diphtheria toxin (#322326-1MG, Millipore, Zug, Switzerland) or saline (non-DT) injection every 6h. Three days
later DT or saline was also administrated once per day depending on the experimental setup. Body weight was measured every
second day after DT or non-DT injection to monitor the effect of DT on body weight gain.

Beta-3-adrenergic receptor agonist (CL316, 243) (CL) stimulation
UCP1-DTR or littermate control WT mice were received three intra-peritoneal (i.p.) injections of 0.1mg/kg CL-316243 (# C5976,
Sigma-Aldrich) 18h after the third initial DT injection. Repeated CL/CL+DT injections were given every 24h for consecutive 3 days.

Indirect calorimetry

Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems; TSE systems, Bad Homburg, Germany) or
with the Promethion High-Definition Behavioral Phenotyping System for Mice. UCP1-DTR or littermate WT mice were acclimated to
metabolic cages for two days prior to DT-mediated ablation and subsequent measurement. Mice had free access to water and food
weight was measured daily. For 60 s every 10 min, Oxygen consumption (O,) and CO, volumes were measured continuously using
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the manufacturer's software (TSE PhenoMaster, version 5.6.5) with the coefficients of 3.941 (CVO2) and 1.106 (CVCO2) and
normalized to the lean body mass. Lean and fat body mass was measured by a magnetic resonance imaging technique (EchoMRI
130, Body Composition Analyzer, Echo Medical Systems) before DT administration. RER was calculated by volume CO,/volume O,.
Analyses were conducted on averaged measurements over the course of 12h representing the light or dark cycles for 4 to 10 days,
unless otherwise indicated.

Osmotic Pump Implantation and FGF21 Treatment

For FGF21 experiments, mice were fed HFD for 12 weeks and. UCP1-DTR or litermate WT mice were acclimated to metabolic
cages for two days before DT injection. Then treated with 3x200ng of DT every 6h, after 48h from the initial DT injection, mice
were subcutaneously given 5mg/kg bodyweight of carprofen (Novocarp) as an analgesic prior to osmotic pump implantation.
Mice were subcutaneously implanted with mini osmotic pumps (Alzet Model 1002, 0.25ul/h infusion rate) containing saline or recom-
binant human FGF21 (Elli Lily; dose 1mg/kg/day). Mice were monitored post-surgery and allowed to recover for 2 days during which
they received a daily i.p. injection of carprofen (5mg/kg) for three days. Two days after FGF21/saline pump implantation, mice were
given a booster dose of 200ng DT to further ablate newly formed UCP1+ cells induced by FGF21 infusion for indirect calorimetry
measurements and analyzing of metabolic parameters.

Glucose tolerance test

Mice were fasted for 6h and baseline glucose levels were measured. Thereafter, glucose (2 g/kg body weight (D-glucose, Sigma in
0.9% saline)) was injected i.p. and blood glucose concentration was measured from tail-tip blood after 15, 30, 45, 60, 90, and 120 min
by using a glucometer (Accu-Check Aviva glucose strip system, #07400918016, #06453988016; Roche Diagnostics International,
Basel, Switzerland).

Plasma parameters

Mice were fasted for 6h before tissue and blood sampling. Circulating insulin concentration was measured by using ultra-sensitive
mouse insulin ELISA kit (Crystal Chem, #90080), FGF21 concentration was measured by using the FGF21 Mouse/Rat ELISA kit (R&D
SYSTEMS, #MF2100). Plasma triglycerides (Cobas Roche/Hitachi Kit #11489232, Roche Diagnostics International), Cholesterol
(Cobas Roche/Hitachi Kit #11877771, Roche Diagnostics International) and free fatty acids (Wako Nefa kit #9196, Wako Pure Chem-
ical Industries, Tokyo, Japan) were measured by colorimetric assays as per manufacturer’s instructions. Circulating adiponectin
(Crystal Chem, #80569) and leptin (Crystal Chem, #90030) concentrations were measured by mouse leptin and adiponectin ELISA
Kit according to the manufacturer’s protocols.

Body temperature

Eight to ten weeks old chow-diet fed WT and UCP1-DTR mice were injected with saline (non-DT) or 100ng DT every 6 hours (3x) on
day 0, after 72 h of last DT or saline injection, fed-state rectal body temperature was measured and the mice were fasted for 2, 4, 6 and
8 hours for fasting rectal body temperature measurement.

SVF isolation and FACS

For SVF (stromal vascular fraction) isolation, iBAT was obtained from UCP1-DTR or littermate WT mice and prepared as previously
described (Kulenkampff and Wolfrum, 2018). Surface antigens such as APC/Cy7 anti-mouse CD45 Antibody #103115, Brilliant Violet
711 anti-mouse CD3 Antibody # 100241, PE/Cy7 anti-mouse CD19 Antibody #115519, FITC anti-mouse Ly-6G Antibody #127605,
PE anti-mouse/human CD11b Antibody#101207 and Pacific Blue anti-mouse F4/80 Antibody #123123 were obtained from Bio-
Legend and the cells were stained for 15min on ice. Live/dead staining was performed by using live/dead fixable dead cell stains
(# L34960, Thermofisher). Cells were fixed with 4% PFA for 15min, diluted in FACS buffer (PBS, 3% FBS, 1% P/S, 1mM EDTA)
and FACS analysis was performed on BD LSRFortessa. All antibodies are listed in the key Resource table.

Western blot analysis

Tissue samples were lysed in cold RIPA buffer (50mM Tris-HCI pH 7.4, 150mM NaCl, 2mM EDTA, 1.0% Triton X-100, 0.5% sodium
deoxycholate) containing protease (Complete, Roche) and phosphatase (Thermo Fisher) inhibitor cocktails. The samples were
centrifuged at 24,000 g for 10 min at 4°C, and protein concentrations were measured by using Pierce BCA Protein assay Kit
(#23225, Thermo Fisher Scientific). Equal amounts of proteins (10-20 ng) were resolved on 10% SDS-polyacrylamide gel (PAGE)
gel and transferred onto a nitrocellulose membrane (Bio-Rad). The following primary antibodies were used: UCP1 (1:1,000, #
ab10983, Abcam) and HSP90 (1:1000, # 4877, Cell signaling). Thereafter, membranes were incubated with corresponding secondary
HRP-conjugated antibodies (1:10.000, Calbiochem) and signals were detected by an LAS 4000 mini Image Quant system (GE
Healthcare Life Sciences).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from tissue using Trizol reagent (# 15596026, Invitrogen) according to the manufacturer's protocol.
Genomic DNA was treated by DNase (NEB BioLabs). Reverse transcription was performed using the High Capacity cDNA Reverse
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transcription kit (# 4368814, Applied Biosystems) with 0.5-1ug of the total RAN. Quantitative PCR was performed on a ViiA7 (Applied
Biosystems) using Sybergreen (Themofisher). Relative mRNA concentrations normalized to the expression of 36B4 were calculated
by the AACt method. Primer sequences are listed in the Key Resources Table.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean + standard error of the mean (SEM). The significance was determined using a two-tailed, unpaired
Student’s t-test, one-way ANOVA with Newman-Keuls correction for multiple group comparisons, or two-way ANOVA with Bonfer-
roni multiple comparisons/Tukey’s multiple comparison. Statistical tests were calculated using the GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). P-values < 0.05 were considered significant. All statistical details can be found in the figure legends.
Power calculation analysis was not performed. Sample size was determined based on previous experiments performed in our
laboratory. The evaluator was blinded to the identity of a specific sample as far as the nature of the experiment allowed it.

DATA AND CODE AVAILABILITY

Original data for uncropped and unmodified images in this paper are available upon request.
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