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In the ancient times, when the hunters and gatherers were living, periods of food scar-
city were very common. It was, therefore, advantageous to have efficient mechanisms
of energy storage in the body. After all, it was uncertain when the next meal would be
available. This is in sharp contrast to the current modern 24-hour society we are cur-
rently living in with food readily available. The body has not adapted to this excessive
presence of nutrients and still efficiently stores excessive energy. This increased storage
of nutrients, together with the fact that we have adapted a more sedentary lifestyle, led
to a dramatic increase in people suffering from obesity. The world health organization
(WHO) defines overweight and obesity as having a body mass index (BMI, kg/m?) equal
or over 25 or 30, respectively. In 2015, over 600 million adults were obese world-wide.
Obesity has a great impact on society as it contributes to the development of several
diseases including type 2 diabetes (T2D), cardiovascular diseases, and even cancer [1].
More specifically, having a high BMI (>25) was estimated to contribute to 4 million deaths
globally with cardiovascular diseases being the leading cause [2, 3]. These numbers are
expected to further increase in the coming years [4, 5]. Only recently, obesity has been
proposed to be a chronic relapsing disease with food being the pathological agent [6].

OBESITY: RESULT OF A POSITIVE ENERGY BALANCE

Obesity results from a long-term positive energy balance, defined as an energy imbal-
ance, with energy intake exceeding energy expenditure. This results in excessive stor-
age of sugar and fat in the form of triglycerides, in adipose tissue and eventually also
in other organs and tissues. Triglycerides consist of three fatty acids (FA) attached to
a glycerol backbone. Triglyceride-derived FA are, besides glucose, the most important
energy source of our body and are transported within triglyceride-rich lipoproteins to
metabolically active tissues including heart, skeletal muscle as well as white adipose
tissue (WAT) and brown adipose tissue (BAT). The parenchymal cells of these tissues
synthesize lipoprotein lipase (LPL) that is translocated to the luminal side of endothe-
lial cells lining the blood vessels within tissues, and which cleaves off the FA from the
triglyceride molecules. This is followed by FA uptake by FA transporters such as cluster
of differentiation 36 (CD36) and FA binding protein (FABP) into (cardio)myocytes and
adipocytes (Fig. 1). Central in the uptake of glucose and lipids is the anabolic hormone
insulin, which is released by the pancreas upon a rise in plasma glucose or FA levels.
For instance, insulin stimulates adipocytes to enhance translocation of LPL and glucose
transporter type 4 (GLUT4) towards the cell surface and thereby increases the uptake of
triglyceride-derived FA and glucose, respectively [7, 8]. Once taken up, in most cell types
the FA and glucose are burnt into CO, to concomitantly generate the body’s usable



energy source adenosine triphosphate (ATP). ATP is required for many cellular processes,
such as contraction of (cardio)myocytes in heart and skeletal muscles.
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Figure 1. Schematic representation of glucose and lipid fluxes between intestine, liver, white and
brown adipose tissue. See text for explanation. BAT, brown adipose tissue; CD36, cluster of differentiation
36; FA, fatty acid; FATP, fatty acid transport protein; FFA, free fatty acid; GLUT4, glucose transporter type 4;
LPL, lipoprotein lipase; TG, triglyceride; TRL, triglyceride-rich lipoprotein; UCP-1, uncoupling protein-1; WAT,
white adipose tissue.

TYPES OF ADIPOSE TISSUES

In case of a positive energy balance, triglycerides are primarily stored in the adipose
tissue depot. White adipose tissue (WAT) is the most abundant form of adipose tissue
in the body and can be divided into different subcutaneous and visceral depots [9].
Morphologically, the adipocytes within WAT are characterized by a large lipid droplet,
with a few mitochondria that together with the nucleus reside in the small volume of
cytoplasm that surrounds the lipid droplet. Adipose tissue is not only composed of
adipocytes but also contains a so-called ‘stromal-vascular fraction (SVF)’ which consists
of blood cells, endothelial cells and adipocyte precursor cells (pre-adipocytes) [10]. WAT
plays a central role in the regulation of energy metabolism. First, WAT has the capacity to
store excessive glucose and FA in the form of triglycerides via two processes: hyperplasia
and hypertrophy. Hyperplasia involves the maturation of pre-adipocytes into mature
adipocytes resulting in an increased number of adipocytes and only occurs in childhood
and adolescence [11]. In fact the number of fat cells stays rather constant after the age of
20 years [11]. Hypertrophy refers to the expansion of the size of mature adipocytes, and
is the process via which WAT stores excessive nutrients in adulthood. Thus, adipocyte
number and morphology can alter in response to energy balance depending on the
stage of life. Secondly, during energy shortage, the FA within stored triglycerides can
be liberated from white adipocytes via intracellular lipolysis, using adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL), to fuel other organs. On the long term,
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this will result in shrinkage of the adipocytes and weight loss. Besides its function in
energy storage, WAT is also an important endocrine organ because it synthesizes and
secretes several factors (generally called ‘adipokines’), such as leptin, adiponectin,
cytokines and chemokines [10]. Via these signals, WAT influences a range of metabolic
processes like satiety, lipid and glucose homeostasis.

Besides WAT, there is also the functionally and morphologically distinct brown adi-
pose tissue (BAT) depot. BAT is located in the interscapular and subscapular region in
rodents and human babies [12] and primarily in the neck region, above the clavicles
and around the aorta in human adults [13-15]. Rodent studies have shown that besides
brown adipocytes in the classical depots, there are also brown-like adipocytes scattered
within WAT called beige, brite or recruitable adipocytes. These beige cells tend to have
low basal uncoupling protein-1 (UCP-1, function described below) expression, which
however is highly induced upon activation [16]. Although several studies suggest that
human BAT is mainly composed of beige adipocytes [17, 18], for simplicity it will be
referred to as BAT. BAT volume in adults has been estimated to range from 50 mL to 300
mL [19], whereas WAT can comprise 20% of the total body weight [20]. In contrast to the
unilocular white adipocytes, brown adipocytes possess multiple small lipid droplets and
many mitochondria. In fact, the many mitochondria give BAT its brownish color. BAT is
also distinct from WAT in another respect. The mitochondria of brown adipocytes con-
tain the protein UCP-1 within their inner mitochondrial membrane, which ‘uncouples’
the electron transport chain from ATP synthesis. This feature enables BAT to burn FA to
generate heat in a process called ‘adaptive thermogenesis; described in more detail be-
low [12]. BAT has become a‘hot’research topic since five research groups independently
showed the presence of active BAT in adult humans in 2009 [13-15, 21, 22]. BAT activity,
as assessed with ['®FIfluorodeoxyglucose positron emission tomography-computed
tomography (['®FIFDG PET/CT) which is the current ‘gold’ standard to determine BAT
activity in humans, appears to be negatively associated with BMI [13]. Because of this
association and BAT'’s capacity to take up and combust large amounts of glucose and
triglyceride-derived FA from the circulation [23, 24], BAT has since been regarded as a
target to combat adiposity and related diseases. Furthermore, it has become clear that
alike WAT, BAT also secretes factors called ‘batokines’ [25] that are able to influence
systemic energy metabolism. Also similar to WAT, lipid deposition within BAT increases
during the development of obesity, which results in BAT whitening and BAT dysfunction
[26].This is a process that is not completely understood but may be beneficial to prevent
in order to enhance the contribution of BAT to energy metabolism in obesity. To this
end, more research is needed to elucidate what happens to BAT in the early stages of
overweight or obesity development, which up till now is still largely unknown.
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THERMOGENESIS BY BAT

Since active BAT is able to take up and combust large amounts of glucose and triglyc-
erides from the circulation, BAT activation is regarded as a novel potential target for
therapy of adiposity and related cardiometabolic disorders [27]. The physiological acti-
vator of BAT is cold, which leads to the release of the neurotransmitter norepinephrine
(also called ‘noradrenaline’) from sympathetic nerve endings in the vicinity of brown
adipocytes. Norepinephrine binds to adrenergic receptors on the cell membrane of
the brown adipocytes and thereby activates an intracellular cascade of events that,
amongst others, results in the liberation of FA from the intracellular lipid droplets [28].
The released FA enter the mitochondria and via 3-oxidation generate substrates for the
citric acid cycle, which in the end activate the electron transport chain to build up a
proton gradient over the mitochondrial inner membrane, which normally generates ATP
via activating ATP synthase. In brown and beige adipocytes, the presence of UCP-1 un-
couples the proton gradient, resulting in heat production (Fig. 1) [12, 29]. Prolonged BAT
activation depletes the intracellular lipid droplets from triglycerides and these therefore
have to become replenished via the uptake of triglyceride-derived FA and glucose from
the circulation [24, 30]. Again, insulin appears central in this process as insulin signal-
ing is required for uptake of triglyceride-derived FA [31] and glucose [32] by BAT (Fig.
1). Liver and muscle cells are also able to oxidize glucose and FA. Energy metabolism
within these cells follow the principles of Randle, where the intermediate metabolites of
glucose oxidation inhibits FA oxidation and vice versa [33]. On the contrary, active BAT
takes up both substrates and concomitantly activates their oxidation pathways, as well
as triglyceride storage pathways [34, 35]. Therefore, it remains to be studied what the
fate of these substrates is once taken up by BAT and on which substrate activated BAT
primarily depends.

THE ENDOCANNABINOID SYSTEM

Adipose tissues are not the only contributors to energy balance. The brain and nervous
system also vividly interact with other organs, including the heart and skeletal muscles,
in order to impact on whole body metabolism. One of the best known modulators of
energy balance is the endocannabinoid system (ECS) [36]. This system is comprised of
the two main endocannabinoids 2-arachidonoylglycerol (2-AG) and anandamide (N-ara-
chidonoyl-ethanolamine, AEA), their G protein-coupled receptors cannabinoid receptor
1 (CB1R) and 2 (CB2R), and the enzymes responsible for the endocannabinoid synthesis
and degradation. The CB1R is widely expressed, including in the brain and on WAT and
BAT, whereas the CB2R is primarily expressed on immune cells [37]. Activation of the



ECS results, amongst others, in increased food intake, increased motivation to consume
palatable food, increased lipid accumulation in WAT, and reduced thermogenesis in BAT
[36]. In obesity, circulating endocannabinoid levels have been shown to be increased, in
both mice [38,39] and humans [40, 41]. However, the specific organs that are responsible
for the rise in endocannabinoid levels in obesity have not been elucidated as yet [42].
Importantly, blocking the endocannabinoid system, by using the inverse CB1R agonist
rimonabant, has proven to be a very effective approach to combat obesity [43]. Obese
patients who received rimonabant for 12 months showed reduced body weight, reduced
waist circumference and improved blood lipid and glucose levels. However, psychiatric
side effects of rimonabant, likely due to effects on the centrally located CB1R, led to the
withdrawal of this drug from the market in 2008 [44]. Recently, several preclinical studies
have been focusing on specifically targeting peripheral endocannabinoid receptors, to
circumvent the unwanted central side effects of ECS inhibition while preserving (a part
of) the beneficial metabolic effects [45-47]. Besides targeting endocannabinoid recep-
tors, regulating local levels of endocannabinoids in the periphery by interfering with
the activity of the enzymes involved in their biosynthesis and degradation is regarded a
more direct approach.

METABOLIC CONSEQUENCES OF OBESITY

Storage of triglycerides in WAT is not harmful by itself, but the metabolic consequences
of excessive storage in case of obesity, such as insulin resistance resulting in hypergly-
cemia and hyperlipidemia, ultimately leading to type 2 diabetes and cardiovascular dis-
eases, can pose a health risk. In obesity, increased storage of lipids in white adipocytes
will lead to hypertrophy, hypoxia and eventually to cell death, and subsequently to the
recruitment of immune cells such as monocytes that maturate into macrophages [48].
The hypertrophic adipocytes and macrophages release the pro-inflammatory cytokines
tumor necrosis factor a (TNF-a) and interleukin-6 (IL-6). These cytokines can directly
interfere in the insulin signaling cascade resulting in insulin resistance [49], leading to
dyslipidemia and hyperglycemia, which can contribute to the development of T2D [50].
When the adipose tissue has reached saturation of its expansion capacity, lipids will
overflow and accumulate in other organs such as muscle and the liver where intracel-
lular FA will interfere with the local insulin sensitivity [51]. Additionally, insulin resistant
adipocytes have increased intracellular lipolysis, which leads to an increased flux of free
FA to the liver as substrate for hepatic VLDL-triglyceride production [52]. This, together
with enhanced VLDL production as a result of reduced hepatic insulin sensitivity, causes
dyslipidemia [53]. The dyslipidemia is further increased by reduced VLDL catabolism
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since insulin resistance reduces the expression and translocation of LPL in peripheral
tissues [54].

Several studies suggest that, besides elevated circulating levels of low-density
lipoprotein (LDL), elevated levels of remnants of triglyceride-rich lipoproteins (i.e.
chylomicrons and VLDL), are a risk factor for atherosclerosis [55, 56]. Both the uptake
of triglyceride-derived FA from the circulation by LPL expressing organs and exchange
of triglycerides from VLDL with cholesteryl esters from high-density lipoproteins (HDL)
by the action of the cholesteryl ester transfer protein (CETP) results in the formation
of atherogenic cholesterol-enriched particles [57]. Atherosclerosis development is
initiated by local inflammation and the retention of pro-atherogenic cholesterol-rich
lipoproteins, for which triglyceride-rich lipoproteins are precursors, in the vessel wall. In
more detail, monocytes are recruited from the circulation, which thereby differentiate
into macrophages. Macrophages scavenge oxidatively modified and aggregated lipo-
proteins thereby turning into foam cells, which augment the inflammatory response.
The atherosclerotic plaque grows because of further recruitment of immune cells and
increased deposition of cholesterol within macrophages in the vessel wall [58-60]. Even-
tually, the plaque can rupture, resulting in formation of a thrombus that can occlude
vessels that provide oxygen to e.g. the heart or brain, leading to a cardiovascular event,
i.e. myocardial infarction or stroke, respectively.

Taken together, the adverse cardiometabolic consequences of excessive storage of
lipids in WAT and lipid deposition in other organs shows that research should focus on
developing therapeutic strategies to prevent and treat these unbeneficial metabolic
effects.

THERAPEUTIC STRATEGIES TO COMBAT OBESITY AND RELATED METABOLIC
DISORDERS

Current treatment strategies

Since obesity results from a long term positive energy balance, therapeutic strategies
aim to tilt the balance in the opposite direction by decreasing energy intake and/or in-
creasing energy expenditure. Current treatment options that have proven to be effective
in obesity can be subdivided into lifestyle intervention, pharmacotherapy and bariatric
surgery [61]. Although lifestyle interventions that are aimed at decreasing dietary intake
in combination with enhancing physical activity are effective on the short term, the
adherence of patients is very low with drop-out rates of participants up to 80% [62]. With
respect to pharmacotherapy, the most widely prescribed weight-management medica-
tion, at least in the US, is phentermine, a norepinephrine-releasing agent that primarily
suppresses food intake. Also the glucagon-like peptide-1 (GLP-1) analogue liraglutide,



which is widely prescribed for the treatment of T2D, has been approved by the FDA as
an anti-obesity drug because of its favorable satiety profile [63, 64]. Orlistat, a pancreatic
lipase inhibitor that reduces the uptake of fat by the intestine, is commonly used in
Europe [65]. Although phentermine, liraglutide and orlistat are effective in inducing
weight loss, use of either therapeutic is often reported to cause adverse events [66]. The
third and most effective method to treat obesity, albeit with higher risk and selective
eligibility, is bariatric surgery. This procedure aims at reducing the size of the stomach
and in the case of gastric bypass surgery also partly bypassing the small intestines [61].
Taken together, current treatment methods are either not effective on the long-term,
often cause adverse events or are invasive.

Brown(ing) adipose tissue

As outlined above, both preclinical and clinical studies indicate a pivotal role for BAT
in whole-body metabolism. Rodent studies have shown that BAT activation increases
energy expenditure and whole-body insulin sensitivity, and decreases fat mass, plasma
lipid levels and atherosclerosis development [24, 57]. Moreover, increasing whole body
BAT mass in mice, by performing BAT transplantation, improves glucose tolerance and
causes a complete reversal of high-fat diet-induced insulin resistance [67]. In humans,
cold exposure increases BAT activity, as measured by increased uptake of ['*FIFDG by
PET/CT, increases energy expenditure in lean [68] and obese individuals [69] and even
decreases fat mass in healthy lean participants [68]. Moreover, cold exposure increases
insulin sensitivity in healthy individuals [70] and in patients with T2D [71]. Besides ac-
tivating the classical BAT depots, cold exposure also induces the expression of beige
adipocyte markers in WAT in mice [72] and humans [73]. In addition, pharmacological
agents, via enhancing sympathetic outflow (i.e. centrally mediated) or via direct activa-
tion of adipocytes (e.g. adrenergic receptor agonists and agents that enhance NO avail-
ability) are being studied for their potency to activate BAT and/or induce browning of
WAT [19, 74]. Taken together, these studies indicate the potential of BAT activation and
browning of WAT in the search for novel strategies to combat obesity and its related
disorders by increasing energy expenditure.

Anti-inflammatory agents

Because of the profound link between inflammation, obesity and T2D, anti-inflammatory
agents are extensively studied for their therapeutic effectiveness to treat these diseases.
Salsalate, an anti-inflammatory drug belonging to the salicylate class of drugs, is ap-
plied in the clinic to treat pain and inflammation caused by rheumatoid arthritis (RA).
Interestingly, salsalate improves glucose and lipid homeostasis in T2D patients [75] and
increases energy expenditure in healthy subjects [76]. Moreover, salsalate also activates
BAT as shown in mice [77]. Thus, targeting inflammation might also have beneficial
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effects on BAT and/or browning [78]. Whereas salsalate inhibits the transcription of
many inflammatory cytokines, other therapeutics target the functionality of specific
circulating pro-inflammatory cytokines. Approaches targeting TNF-a and IL-6 have been
extensively studied in the context of insulin resistance with controversial results [79]. In
contrast to the numerous studies on the role and therapeutic potential of inhibiting pro-
inflammatory cytokines [79], the potential application of anti-inflammatory cytokines
such as interleukin-37 (IL-37) are still underexplored. Interestingly, mice with transgenic
IL-37 expression were shown to be protected from diet-induced obesity and obesity-
associated inflammation and insulin resistance [80]. However, the precise mechanism of
action leading to these beneficial metabolic effects is not entirely known and requires
further study.

Dietary compounds

A more recent research topic in the search for therapeutic strategies to combat obesity
is the application of dietary components. There is a variety of dietary components that
exert beneficial effects on plasma lipid and glucose levels and that are able to activate
BAT and/or increase browning of WAT [81]. Polyphenols are the most extensively studied
dietary components and these can be found in, amongst others, fruits and vegetables
[82]. For instance, the polyphenol capsaicin activates transient receptor potential vanil-
loid channel 1 (TRPV1), which is present on many metabolic tissues, and thereby in-
creases fat oxidation, improves insulin sensitivity and decreases body fat mass in animal
models [83]. Moreover, capsaicin has been shown to activate BAT in mice and men [19].
Another well-studied polyphenol is resveratrol which has been shown to induce brown-
ing in obese mice [84], and to improve lipid metabolism and reduce atherosclerosis in
hypercholesterolemic mice [85]. Although clinical studies into the beneficial metabolic
effects of resveratrol are less consistent, trials with T2D patients imply an anti-diabetic
effect of resveratrol [86]. Finally, quercetin, which belongs to the polyphenol subclass of
flavonoids, has been shown to attenuate body weight [87] and lipid deposition in WAT
[88] in rodents on a high-fat diet. Moreover, dietary quercetin supplementation lowers
plasma triglyceride levels in mice [89] and in humans [90]. Of note, recent in vitro experi-
ments showed that quercetin induces browning of white adipocytes [91]. However, the
mechanism behind the triglyceride-lowering effect of quercetin, including a potential
role for browning, remains to be studied.

OUTLINE OF THIS THESIS

As is evident from this chapter (Chapter 1), obesity and its related T2D and cardiovas-
cular diseases are multifactorial diseases that form a great health risk. Obesity results
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from a long-term energy imbalance, where energy intake exceeds expenditure. Current
methods to treat obesity are either not effective on the long term or are invasive with a
relatively high risk as with bariatric surgery. Increasing energy expenditure via activation
of BAT seems a promising novel tool. A better understanding of the pathophysiology of
diet-induced obesity on BAT function and whole body metabolism is thus a prerequisite
for the development of novel compounds that would activate BAT and thereby target
these metabolic pathologies. Therefore, we aimed to address four key objectives in this
thesis: 1) to generate in vitro brown adipocyte models for mice and humans to study and
better understand brown adipocyte metabolism and potential species differences, 2) to
gain more insight into the effect and underlying mechanisms of the anti-inflammatory
cytokine IL-37 on the energy balance, 3) to study the effect of diet-induced obesity on
BAT function and the ECS, and 4) to study the therapeutic potential of the dietary com-
pound quercetin on triglyceride metabolism, with emphasis on BAT and WAT.

To address the first key objective, we used an already available murine brown adipocyte
cellline (T37i) and generated new immortalized murine and human brown preadipocyte
cell lines. Since activated BAT is thought to primarily burn FA to produce heat, while tak-
ing up glucose, free FA and triglyceride-derived FA from the circulation, the fate of these
substrates within the adipocytes has not entirely been elucidated. Therefore, the aim of
Chapter 2 was to assess the effect of $3-adrenergic receptor activation on metabolic
fluxes in T37i murine brown adipocytes. Current cell culture models for brown adipo-
cytes constitutively express oncoproteins that drive proliferation that at the same time
might inhibit differentiation capacity. To overcome this caveat, in Chapter 3 we aimed
to generate murine and human brown preadipocyte cell lines that were conditionally
immortalized, to relieve these cells from oncoprotein expression during differentiation.

Inflammation plays an important role in the development of obesity-induced insulin
resistance. Research has primarily focused on the role of pro-inflammatory cytokines in
this pathophysiology and only recently attention was drawn to the anti-inflammatory
cytokine IL-37. IL-37 transgenic mice have been shown to be protected from obesity
and obesity-associated inflammation and insulin resistance. However, the mechanism
behind the beneficial metabolic effects of IL-37 was not entirely known. In Chapter 4,
to address key objective 2, we therefore studied the effect IL-37 on the energy balance
in more detail.

To meet our third objective, we performed two studies in which mice were fed a
high-fat diet in order to study the pathophysiology of diet-induced obesity on BAT and
the ECS. Long-term high-fat diet feeding leads to whitening and dysfunctional BAT.
However what happens to BAT on a short-term of high-fat diet feeding, and thus what
the sequence of events is that causes BAT dysfunction on the long-term is unknown. In
Chapter 5 we aimed to determine how rapid BAT dysfunction occurs upon high-fat diet
feeding and what the related mechanisms are. The ECS is seen as a potential therapeutic
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target since its tone is elevated in obesity. However, more insight is needed in how fast
and in which organs the dysregulation of the ECS sets off, in order to be able to develop
novel and more specific therapeutics. In Chapter 6 we investigated the circulating en-
docannabinoid levels and the gene expression of enzymes involved in endocannabinoid
synthesis and degradation in several metabolic tissues of mice that were fed a high-fat
diet ranging from one day up to 18 weeks.

Although the pathophysiology of dyslipidemia in obesity is multifactorial, the hallmark
of dyslipidemia in obesity is elevated plasma triglyceride levels [53]. Quercetin has been
shown to reduce plasma triglyceride levels in mice and humans, whereas the mecha-
nism remained elusive. To meet our last key objective, we investigated the underlying
mechanism for the quercetin-induced lowering of plasma triglycerides in Chapter 7.

Finally, the results from these studies and their implications will be discussed in Chap-
ter 8.
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ABSTRACT

Activation of brown adipose tissue (BAT) contributes to total body energy expenditure
through energy dissipation as heat. Activated BAT increases the clearance of lipids
and glucose from the circulation, but how BAT accommodates large influx of multiple
substrates is not well defined. The purpose of this work was to assess the metabolic
fluxes in brown adipocytes during $3-adrenergic receptor (33-AR) activation.T37i mu-
rine preadipocytes were differentiated into brown adipocytes and we used Seahorse
respirometry employing a set of specific substrate inhibitors in the presence or absence
of 33-AR agonist CL316,243. The main substrate used by these brown adipocytes were
fatty acids, which were oxidized equally during activation as well as during resting
condition. [U-"*C]-glucose tracer-based metabolomics revealed that the flux through
the TCA cycle was enhanced and regulated by pyruvate dehydrogenase (PDH) activity.
Based on "*C-tracer incorporation in lipids, it appeared that most glucose was oxidized
via TCA cycle activity, while some was utilized for glycerol-3-phosphate synthesis to
replenish the triglyceride pool. Collectively, we show that while fatty acids are the main
substrates for oxidation, glucose is also oxidized to meet the increased energy demand
during short term B3-AR activation. PDH plays an important role in directing glucose
carbons towards oxidation.
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INTRODUCTION

One of the major health threats of today’s society is obesity. Obesity develops as a con-
sequence of a long-term positive energy balance and is associated with the onset and
progression of dyslipidaemia, type 2 diabetes, cardiovascular disease, and certain types
of cancer [1]. Brown adipose tissue (BAT) in adult humans is involved in non-shivering
thermogenesis and thereby contributes to whole body energy expenditure [2-5]. The
functional relevance of BAT activity in adult humans has been underscored in recent
years as repeated BAT activation through cold exposure reduces body fat [6], and im-
proves insulin sensitivity in lean [7, 8], obese [9] and type 2 diabetic individuals [10]. BAT
activation is therefore regarded as a novel therapy to treat obesity and related metabolic
disorders [11].

The therapeutic potential of BAT activation originates from its potent metabolic oxida-
tive capacity that is due to a high number of mitochondria that express uncoupling pro-
tein 1 (UCP-1). UCP-1 activity allows BAT mitochondria to uncouple respiration from ATP
production and generate heat instead [12]. Physiologically, this thermogenic function
is induced by cold exposure which results in enhanced sympathetic outflow towards
brown adipocytes and binding of noradrenaline to the $3-adrenergic receptor (33-AR)
on brown adipocytes. BAT activation induces the release of internally stored substrate
pools as well as the uptake of vast amounts of circulating glucose and lipids [13-17].
Despite the large influx of glucose in activated brown adipocytes, fatty acids are sug-
gested to be the preferred substrates during thermogenesis [12], in line with high fatty
acid oxidation upon BAT activation in mice [16] and in humans [18]. These fatty acids are
released by lipolysis but also originate from the uptake of circulating lipids. Interestingly,
inhibition of lipolysis reduces the uptake of glucose and lipids significantly and results in
a dampened thermogenic response [15, 17]. It has therefore been suggested that sub-
strate uptake is high in activated brown adipocytes to replenish the intracellular lipid
pool [17, 19]. This metabolic effect in BAT has primarily been studied through PET-CT
tracer studies and gene expression arrays, which counterintuitively showed concomitant
increased expression of glycolysis, 3-oxidation, glycogen and fatty acid synthesis gene
[13, 17, 20-22]. This implies that substrate utilization in BAT is regulated in a different
way as compared to that of liver and muscle, which typically follow the principles of the
Randle or glucose-fatty acid cycle. These principles are based on the idea that substrates
compete for their oxidation due to inhibitory effects of intermediate metabolites [23].
For example, during fatty acid oxidation the levels of acetyl-CoA increase. The rise of this
intermediary metabolite has an inhibitory effect on enzymes involved in glucose oxida-
tion. The BAT-specific regulation allowing simultaneous uptake, storage and oxidation of
glucose and fatty acids is poorly understood.
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In this study, we used the T37i murine brown adipocyte cell line to determine meta-
bolic fluxes of the most common substrates glucose, fatty acids and glutamine during
short-term 33-AR activation. We used a set of specific inhibitors to selectively inhibit
either the uptake or oxidation of substrates and determined the contribution of these
substrates to cellular oxygen consumption using Seahorse respirometry. Furthermore,
we applied "*C-stable isotope tracer-based metabolomics to examine the detailed meta-
bolic wiring in these brown adipocytes. We found that pyruvate dehydrogenase plays
a central role in directing glucose to oxidative metabolism during acute activation in
brown adipocytes, while glucose is also utilized to replenish the intracellular triglyceride
pool after long-term stimulation.

MATERIALS AND METHODS

Cell culture of T37i brown adipocytes and Oil-Red-O staining

T37i cells were cultured and differentiated as described previously [24, 25]. In brief,
cells were kept in maintenance culture in DMEM/F12 Glutamax supplement (Life
technologies) containing 10% FBS (BioWhittaker), 100 IU/mL penicillin and 10mg/mL
streptomycin (Life technologies) until passage 37. For differentiation, cells were kept at
complete confluency and after two days 2 nM triiodothyronine (Sigma-Aldrich) and 2
MM insulin (Sigma-Aldrich) was added to the medium for 9 days. During differentiation,
medium was replaced every two days and cells were used for experiments between
differentiation day 10-12. Oil-Red-O (Sigma-Aldrich) staining was performed to evalu-
ate lipid droplet accumulation. In short, cells were washed with PBS and fixed in 10%
(v/v) formalin for 1 h, rinsed in 60% (v/v) isopropanol for 5 min, and stained with filtered
60% Oil-Red-O solution for 15 min. Excess of Oil Red O was removed and cells were
maintained in demineralized water during imaging.

Gene expression and protein content in T37i cells

Total RNA was isolated with TRIreagent (Sigma-Aldrich) according to the manufacturer’s
instructions including addition of DNase treatment (Promega). cDNA synthesis was
performed with 1 ug RNA using the QuantiTect Reverse Transcription Kit (QIAGEN).
LightCycler 480 SYBR Green | Master (Roche) was used for qPCR analysis, primers are
listed in Table 1. Data were analyzed with Light Cycler 480 software release 1.5 and
LinRegPCR version 2015.3, as previously described [26].

For protein extraction, T37i cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4,
150 mM Nacl, 0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v) sodium deoxycholate, 1%
(v/v) Triton X-100) with addition of Complete mini protease inhibitor cocktail (Roche)
and Phosphatase Inhibitor Cocktail 2 and 3 (Sigma-Aldrich). Samples were lysed by tip
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Table 1. Primer sequences of forward and reverse primers for qPCR

Gene Accession Forward primer Reverse primer

Actb NM_007393 AACCGTGAAAAGATGACCCAGAT CACAGCCTGGATGGCTACGTA
Cidea NM_007702 ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT
Dio2 NM_010050 GGCCGTCGGTCCTTCCTT TCCCAGCTGTGTACATGCCTCAAT
Gapdh NM_008084 GGGGCTGGCATTGCTCTCAA TTGCTCAGTGTCCTTGCTGGGG
Ppia NM_008907 CAAATGCTGGACCAAACACAA GCCATCCAGCCATTCAGTCT
Prdm16 ~ NM_027504 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG
Ucp1 NM_009463 ACGTCCCCTGCCATTTACTGTCA GGCCGTCGGTCCTTCCTT

sonication and protein concentration was measured using the BCA protein assay kit
(Pierce). For immunoblot analysis, lysates were diluted in NuPAGE LDS Sample Buffer
and Sample Reducing Agent (Life Technologies) and heated to 70°C. Protein extracts
were separated on pre-cast NUPAGE 4-12% gradient Bis-Tris gels (Life Technologies),
and transferred to a nitrocellulose membrane. Membranes were blocked with 3% BSA
(in PBS containing 0.1% (v/v) Tween-20), and incubated overnight at 4°C with the fol-
lowing primary antibodies: total PDHE1a (#ab67592, Abcam), phospho-Ser232 PDHETa
(#AP1063, Calbiochem) and HSP60 (#4870, Cell Signaling). The immunoreactive bands
were detected with HRP-linked secondary antibodies (Goat anti-rabbit, Goat anti-mouse,
DAKO) and ECL prime western blotting detection reagent (Amersham) and imaged with
the ImageQuant LAS4000 (GE Healthcare). Quantification of bands was performed using
Bio-Rad Quantity one 4.6.6 software.

Oxygen consumption

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) was mea-
sured using the Seahorse XF96 analyzer (Seahorse Bioscience). T37i cells were plated at
differentiation day 9 in 96-well Seahorse plates at a density of 60,000 cells per well and
incubated overnight under normal cell culture conditions. The following day, medium
was replaced by DMEM (Sigma, D5030) containing 17.5 mM glucose (Sigma-Aldrich), 1
mM sodium pyruvate (Lonza), and 2 mM L-Glutamine (Life technologies). Basal respira-
tion was measured three times followed by six measurements after addition of 10 uM
33-AR agonist CL316,243 (Tocris) to induce brown adipocyte activation. ATP-coupled
respiration and the maximal respiration were determined by the addition of 1.5 uM
oligomycin and 1.5 uM FCCP (Sigma-Aldrich), respectively. OCR was corrected for non-
mitochondrial respiration determined by simultaneous addition of 2.5 uM antimycin A
and 1.25 uM rotenone (Sigma-Aldrich).

Glycolytic function was determined in DMEM medium (Sigma, D5030) containing
2 mM L-Glutamine (Life technologies) according to Seahorse XF Glycolysis stress test
manufacturer instructions. In brief, basal ECAR was measured three times followed by six
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measurements after sequential addition of (a) 10 uM CL316,243 or vehicle (medium), (b)
10 mM glucose, (c) 1.5 um oligomycin and (d) 100 mM 2-deoxy-glucose (Sigma-Aldrich).

Substrate dependency and reserve capacity were determined according the Seahorse
XF Mito Fuel Flex Test user guide protocol. Briefly, after measuring basal OCR and after ad-
dition of 10 UM CL316,243 or vehicle; 100 uM POCA (sodium 2-[5-(4-chlorophenyl)-pentyl]
oxirane- 2-carboxylate), a CPT1 inhibitor (kind gift from BYK Gulden Pharmazeutica); 3
MM BPTES (Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide), a glutaminase
inhibitor (Sigma-Aldrich) and 2 pM UK5099, an inhibitor of the mitochondrial pyruvate
transporter (Sigma-Aldrich) were subsequently injected and OCR was determined six
times. Data were analysed using Seahorse XF Mito Fuel Flex test report data analysis.

All ECAR and OCR values were adjusted for cell input using the CyQUANT Cell Prolifera-
tion Assay Kit (Thermo Fischer Scientific) according to the manufacturer’s instruction.
The final measurement point after each compound addition was always used for quan-
tification.

Pyruvate oxidation

Pyruvate oxidation was determined by measuring the release of '*CO, from [1-'*Cl-pyru-
vate [27]. At differentiation day 9, cells were seeded at a density of 500,000 cells in a glass
liquid scintillation vial under normal cell culture conditions. The following day, cells were
washed twice with DPBS prior to a 1 h incubation in Dulbecco’s PBS (Life Technologies)
supplemented with 500 uM [1-"*C]-pyruvate (specific activity: 0.55 mCi/mmol) (Perkin
Elmer) combined with 10 uM CL316,243 or vehicle (PBS). A centre well containing 2 M
NaOH was placed to trap CO,. After 1 h of shaking at 37°C, medium was acidified with
2.6 M perchloric acid to stop the reaction. After 3 h of trapping, the "*CO, collected in the
centre well was counted by liquid scintillation. Pyruvate oxidation flux was determined
by the amount of pyruvate oxidized to CO, normalized to protein content.

Isotopic labelling of polar metabolites

Cells were differentiated in 6-well plates. At differentiation day 10, a time course
incubation was started in DMEM without glucose, pyruvate, glutamine and phenol
red (Life technologies) with addition of 17.5 mM [U-">C]-glucose (Cambridge Isotope
Laboratories)in combination with 10 uM CL316,243 or vehicle (medium). Samples were
harvested by two-phase methanol-water/chloroform extraction as described [28].
Briefly, medium was removed, cells were washed twice with ice-cold 0.9% NaCl, and
metabolism was quenched by the addition of 1 mL ice-cold methanol-water (1:1, v/v).
Cells were removed from the well by scraping and collected in a centrifuge tube. One
mL of chloroform was added to the mixture, followed by tip sonication and centrifu-
gation at 10,000 x g for 10 min. The organic phase of the extraction was collected for
lipidomic analysis (see below). After collection of the aqueous phase, the organic phase
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and insoluble pellet were re-extracted with 1 mL methanol-water (1:1, v/v). The aque-
ous phases of both extractions were collected and evaporated. The metabolite residue
was dissolved in 100 pL 60% (v/v) methanol and analyzed by ultra-high-pressure liquid
chromatography system (Thermo Scientific) with a SeQuant ZIC-cHILIC column (100 x
2.1 mm, 3 um particle size, Merck, Darmstadt, Germany) coupled to a Thermo Q Exactive
Plus Orbitrap mass spectrometer (Thermo Scientific). The column was kept at 15°C and
the flow rate was 0.250 mL/min. The mobile phase was composed of (A) 9/1 acetonitrile/
water with 5 mM ammonium acetate; pH 6.8 and (B) 1/9 acetonitrile/water with 5 mM
ammonium acetate; pH 6.8, respectively. The LC gradient program was: beginning with
100% (A) hold 0-3 min; ramping 3-20 min to 36% (A); ramping from 20-24 min to 20% (A);
hold from 24-27 min at 20% (A); ramping from 27-28 min to 100% (A); and re-equilibrate
from 28-35 min with 100% (A). Data were acquired in full-scan negative ionization mode.
Data interpretation was performed using the Xcalibur software (Thermo Scientific). *C
enrichment was calculated based on mass distribution isotopomer analysis (MIDA), all
results were corrected for their natural >C abundance by solving the associated set of
linear equations for each metabolite using non-negative least squares [29].

Non-stationary metabolic flux analysis

Non stationary metabolic flux analysis was based on the algorithm described in [30]. In
short, the carbon transition model of the TCA cycle (Table 2) was converted into a set of
linear ordinary differential equations describing the time dynamics of the corresponding
Elementary Metabolite Units (EMUs) using an in-house pipeline developed in MATLAB
(The MathWorks, Natick, USA). Subsequently, the flux and metabolite concentrations
were estimated by minimizing the sum of the squared residuals of the measured MID
time data with respect to the model prediction using the Levenberg-Marquardt algo-
rithm.

Table 2. Carbon transition model used for non-stationary metabolic flux analysis

Substrate Reaction Product

citrate(abcdef) alpha-ketoglutarate(abdef) + CO,(c)
acetyl-CoA(ab) + CO,(c)

citrate(bacdef)

pyruvate(abc)

acetyl-CoA(ab) + fumarate_malate(cdef)

alpha-ketoglutarate(abcde) succinate(abcd) + CO,(e)

alpha-ketoglutarate(abcde) succinate(dcba) + CO,(e)

succinate(abcd) fumarate_malate(abcd)

fumarate_malate(abcd) succinate(abcd)

pyruvate(abc) + CO,(d) fumarate_malate(dabc)

R R R N N R )

pyruvate(abc) + CO,(d) fumarate_malate(cbad)
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Isotopic labelling of lipids

The aforementioned organic phase was processed according to the lipodomic sample
preparation work flow described previously [31], with minor modifications. A mixture of
internal standards for multiple lipid classes was added to 250 pL of the organic phase.
The internal standard mixture (all lipids from Avanti Polar Lipids) contained the follow-
ing lipid concentrations: 7.5 nmol of phosphatidylserine PS(14:0),; 3.0 nmol of phospha-
tidylcholine PC(14:0), and sphingomyelin SM(d18:1/12:0); 0.75 nmol of diacylglycerol
DAG(14:0),, triacylglycerol TAG(14:0);, cholesteryl ester CE(14:0), phosphatidylinositol
P1(14:0),, phosphatidylethanolamine PE(14:0),, phosphatidic acid PA(14:0),, Lysophos-
phatidylcholine LPC(14:0); 0.3 nmol of bis(monoacylglycero)phosphate BMP(14:0),;
0.15 nmol of cardiolipin CL(14:0),, phosphatidylglycerol PG(14:0),, lysophosphatidylg-
lycerol LPG(14:0), lyso-phosphatidylethanolamine LPE(14:0) and lysophosphatidic acid
LPA(14:0). After addition of internal standard mixture, the organic phase was evaporated
under nitrogen flow. The lipid extract was dissolved in 100 uL of methanol/chloroform
(1:1, v/v) and analyzed as described [31]. In brief, samples were injected onto a Li-
Chrospher silica-60 (5 um) HPLC column (Merck) coupled to a Thermo Q Exactive Plus
Orbitrap mass spectrometer (Thermo Scientific). Data were acquired in negative and
positive scan mode and processed using in-house developed metabolomics pipeline
written in the R programming language. The identified peaks were normalized to the
intensity of the internal standard for each lipid class. *C enrichment in selected lipids
was calculated based on MIDA, all results were corrected for their natural *C abundance
by solving the associated set of linear equations for each metabolite using non-negative
least squares [29].

Statistical analysis

Groups were compared using a two-tailed Student’s t-test or one-way ANOVA with post
hoc Bonferroni correction using GraphPad Prism (GraphPad Software v5.0). P<0.05 was
considered statistically significant. Data are displayed as mean * SD or SEM, as indicated
in the figure legends.

RESULTS

T37i brown preadipocytes adapt to a BAT bioenergetic profile during
differentiation

To characterize substrate utilization in brown adipocytes upon acute 33-adrenergic
activation, we utilized the T37i brown preadipocyte cell line [24, 25]. Prior to differentia-
tion these cells have a fibroblast-like phenotype (Fig. 1A). T37i cells differentiated into
brown adipocytes after at least nine days of exposure to insulin and triiodothyronine
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(T3). Successful differentiation was characterized by multilocular lipid droplets and in-
duction of the thermogenic gene program (Fig. 1B-C), confirming the brown adipocyte
phenotype.

Inducibility of the B3-adrenergic response serves as ultimate evidence of differentia-
tion into mature brown adipocyte. To determine this, we used Seahorse respirometry to
measure oxygen consumption rate (OCR) in the presence of vehicle or the 33-AR agonist
CL316,243. First, we determined the mitochondrial bioenergetic profile by recording res-
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Figure 1. T37i bioenergetic profile during differentiation and B3-AR stimulation. (A-B) Oil-Red-O
stained phase contrast images of undifferentiated (A) and differentiated (B) T37i cells. (C) Induction of
mRNA expression of brown adipocyte genes after differentiation at day 9 relative to expression at day 0.
(D) Oxygen consumption rate (OCR) of differentiated cells and (E) quantification of basal respiration, ATP-
coupled and leak respiration after successive addition of 1.5 uM oligomycin, maximum respiration induced
by 2 uM FCCP, corrected for non-mitochondrial respiration calculated after addition of 1.25 pM rotenone
and 2.5 uM antimycin A. (F) OCR after CL316,243 and oligomycin addition and (G) quantification of basal,
ATP coupled and CL-uncoupled respiration. Data is presented as average of three experiments + SEM.
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piration under basal, ATP coupled, oligomycin-inhibited (leak) and maximal (uncoupled)
conditions (Fig. 1D). Without 3-AR stimulation, the ATP-coupled and leak respiration
represented 66% and 34% of the basal respiration rate, respectively. The chemical
uncoupler FCCP induced maximal respiration to 334% of basal respiration (Fig. 1E).
CL316,243 also induced uncoupled respiration but the response was less pronounced
and acute compared to FCCP (Fig. 1F). CL316,243 reduced the ATP coupled respiration
to 20% of basal OCR (Fig. 1G). These data confirm that T37i is a bona fide BAT model that
displays a high mitochondrial activity and a robust 33-AR response [32].

B3-AR activation improves metabolic flexibility in brown adipocytes

Substrate availability and utilization dictate the mitochondrial respiratory capacity. Our
first approach to determine substrate utilization under basal conditions and upon 33-AR
activation was to measure respiration in the presence of glutamine oxidation, fatty acid
oxidation and glucose oxidation inhibitors. The effect of a single substrate inhibitor on
respiration determines how much this respiration is dependent on a given substrate—a
parameter known as substrate dependency. Glutamine dependency was determined by
the response to BPTES, an inhibitor of glutaminase [33]. Fatty acid oxidation dependency
was estimated with POCA, a CPT1 inhibitor [34]. Finally, glucose oxidation dependency
was determined by the sensitivity to UK5099, which is an inhibitor of the mitochondrial
pyruvate carrier [35]. The substrate dependency was calculated as a percentage of the
total reduction in OCR when all three inhibitors were administered.

When comparing these three substrates it was evident that addition of BPTES hardly
affected the OCR and hence that glutamine oxidation contributes the least to mitochon-
drial respiration (Fig. 2A). The T37i brown adipocytes were most sensitive to inhibition
of fatty acid oxidation, indicating that they primarily depend on fatty acid oxidation to
maintain mitochondrial respiration (Fig. 2B). This strong reliance on fatty acid oxida-
tion was not further induced by 33-AR activation. It is worth noting that the substrate
dependency was not influenced by B3-AR stimulation, i.e. resting and activated cells rely
predominantly on fatty acid oxidation, although the respiration rates were obviously
higher after CL316,243 treatment (Fig. 2D).

Next, we treated the differentiated T37i cells with combinations of two of the above-
mentioned inhibitors. The residual respiration after the addition of two inhibitors marks
the capacity to operate on a single substrate—a parameter known as reserve capac-
ity (Fig. 2E-G). As these brown adipocytes depend most on fatty acid oxidation, this
pathway also had the largest reserve capacity (Fig. 2H). This highlights that fatty acid
oxidation could compensate for the loss of glutamine and glucose oxidation in both
rest and activated state (Fig. 2H). The reserve capacity of glutamine oxidation was and
that of glucose oxidation was marginal during rest (Fig. 2H, G). However, upon (33-AR
stimulation the reserve capacity of these substrates, especially of glucose oxidation,
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was markedly induced (Fig. 2H). Taken together, this suggests that brown adipocytes
strongly rely on fatty acid oxidation but are metabolically more flexible in their substrate
utilization upon B3-AR activation.
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Figure 2. B3-AR activation improves metabolic flexibility in brown adipocytes. Representative OCR
trace showing substrate dependence for maintaining respiration based on individual inhibitor addition
strategies. Substrate oxidation dependence was determined for (A) glutamine with BPTES, (B) fatty acids
with POCA and (C) glucose with UK5099. (D) Quantification of substrate dependence highlights that both
resting and activated T37i adipocytes predominantly rely on fatty acid utilization to sustain OCR. Represen-
tative OCR trace showing (E) glutamine, (F) fatty acid and (G) glucose reserve capacity for maintenance of
respiration after simultaneous addition of two inhibitors. (H) Quantification of substrate reserve capacity in
resting and activated T37i cells. Glutamine and glucose oxidation reserved capacity is induced in CL316,243
stimulated cells. Line graphs show mean + SD of 6 wells of one representative experiment. Data in bar
graphs are presented as mean + SEM of four experiments; *P<0.05 (unpaired Student’s t-test).

Increased glycolytic flux contributes to uncoupled respiration in activated
brown adipocytes

Despite the large influx of glucose during activation, glucose has been suggested to
play a minor role in BAT oxidative capacity [12]. For the T37i cells, glucose was indeed
the second preferred substrate, although activated cells could increase the oxidation
of glucose markedly if necessary. To establish whether the reduction of ATP-coupled
respiration after 33-AR activation (Fig. 1E,G) increases the glycolytic rate, we measured
the extracellular acidification rate (ECAR) as an indicator of glycolysis. Indeed, addition
of CL316,243 induced glycolysis maximally, as it could not be further induced by the
addition of glucose or oligomycin (Fig. 3A-B). We next evaluated whether glycolysis
contributes to uncoupled respiration by B3-AR stimulation. Uncoupled oxygen con-
sumption without adrenergic activation was measured after addition of oligomycin,
followed by addition of CL316,243 in combination with glucose or the glycolysis inhibi-
tor 2-deoxy-glucose (2DG) (Fig. 3C). The capacity to induce uncoupled respiration was
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blunted when glycolysis was inhibited (Fig. 3D), supporting the notion that glucose

utilization contributes to 33-AR induced uncoupled respiration in brown adipocytes.
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Figure 3. Increased glycolytic flux contributes to uncoupled respiration in activated brown adipo-
cytes. (A) Extracellular acidification rate (ECAR) of vehicle and CL316,243-stimulated cells in response to 10
mM glucose, 1.5 pM oligomycin and 100 mM 2-deoxy-D-glucose (2DG). (B) ECAR fold change compared to
basal ECAR shows increased initial glycolytic flux but unchanged glycolytic capacity. (C) Oxygen consump-
tion rate (OCR) of cells under basal conditions, after addition of 1.5 uM oligomycin and 10 pM CL316,243
combined with 10 mM D-glucose (in red) or with 100 mM 2DG (in blue). (D) 2DG significantly reduces
uncoupled respiration in activated brown adipocytes. Line graphs show a representative experiment with
mean + SD of 12 wells. Data in bar graphs are presented as mean + SEM of three experiments; *P<0.05
(unpaired Student’s t-test).

The glucose carbon flux into the TCA cycle is stimulated in 3-AR activated
brown adipocytes

Fatty acids are an important carbon source of T37i cells, but upon 33-AR stimulation glu-
cose uptake and glycolysis are greatly induced. Inhibition of glycolysis affects uncoupled
respiration indicating that glucose is oxidized to contribute to uncoupled respiration
(Fig. 3C-D). Gene expression studies show that short- and long-term cold-induced BAT
activation increases expression of genes involved in glycolysis, the pentose phosphate
pathway, fatty acid oxidation but also of fatty acid synthesis [20-22]. To assess through
which pathways glucose is preferentially utilized during short-term 33-adrenerigic acti-
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vation, we incubated cells with [U-">C]-glucose in the presence of CL316,243 or vehicle.
We reconstructed metabolic flux distribution by measuring 13C-labeled metabolites
using untargeted metabolomics after 30 min up to 7 h. First, we focused on labelling in
glycolysis and pentose phosphate pathway (PPP) intermediates after acute activation.
The PPP gives rise to NADPH that is required for lipid synthesis and glutathione antioxi-
dant defense system, two processes suggested to be upregulated upon BAT activation
[20]. Indeed, *C-labeling in PPP intermediates appeared to be increased after 30 min
of 33-AR activation (Suppl. Table 1). Possibly, the increased PPP activity in activated
brown adipocytes caused the observed decrease in labelling in glycolytic intermediates
(Suppl. Table 1). However, after = 2 h, labeling of glycolytic and PPP intermediates were
equal in vehicle and CL316,243 treated cells (Suppl. Table 1). Interestingly, despite the
initial reduced label incorporation in pyruvate, TCA cycle intermediates were rapidly
labelled following [U-C]-glucose incubation. The rate of label incorporation in TCA
cycle intermediates was greatly enhanced from 30 min up to 7 h after 33-AR stimulation
(Fig. 4A). To estimate the flux through the TCA cycle we performed non-stationary flux
analysis on the "*C label incorporation mass isotopomer distribution (MID) time patterns
(Fig. 4B-C). Metabolic flux analysis showed that the overall TCA activity was increased
upon (3-AR activation. Pyruvate entered the TCA cycle via pyruvate dehydrogenase
(PDH) and pyruvate carboxylase (PC) activity which were both increased upon (3-AR
activation (Fig. 4D-E). It appears that the overall flux of glucose metabolism is increased
after B3-AR activation.

Short-term 3-adrenergic activation stimulates pyruvate dehydrogenase
activity without stimulating de novo lipogenesis

It has been suggested that glucose enters the TCA cycle merely to be exported to the
cytoplasm as citrate to act as a building block for de novo lipogenesis [19]. Glucose oxida-
tion is tightly regulated at the level of PDH, and increased PDH activity is associated with
de novo lipogenesis [36, 37]. Metabolic flux analysis estimated a 2.5-fold increase in PDH
flux (Fig. 4D-E). To estimate this flux through PDH from our flux distribution measure-
ments, we measured the ratio of '°C-labeled citrate to *C-labeled phosphoenolpyruvate
(PEP). This ratio was markedly increased in the CL316,243-activated cells which is indeed
indicative of increased PDH flux. This allows carbons to enter the TCA cycle more rapidly
in the activated state (Fig. 4A). The activity of PDH is regulated by phosphorylation and
is influenced by many factors including mitochondrial redox status, intracellular ATP,
pyruvate and acetyl-CoA levels [38]. The phosphorylated PDH is inactive, preventing
pyruvate conversion to acetyl-CoA. Stimulation with CL316,243 resulted in a short-term
dephosphorylation of PDH which peaked after 15-60 min of stimulation (Fig. 5B). In-
deed, in this time window pyruvate oxidation rate was doubled (Fig. 5C), accounting for
the strong glucose driven respiration after CL316,243 (Fig. 2C, G-H). Interestingly, 1 h
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Figure 4. Increased glucose oxidation through TCA cycle activity after f3-AR activation. (A) Time
course incubation with [U-C]-glucose results in increased labelling of tricarboxylic acid (TCA) cycle inter-
mediates at early time points after CL316,243 activation, suggesting increased TCA flux. (B) The measured
MID data in dotted lines and predicted MID data in solid lines of vehicle-treated cells and (C) CL316,243-
treated cells. (D) Results of non-stationary metabolic flux analysis of cells after vehicle and (E) $3-AR stimu-
lation. The flux values have unit [/hr] and are normalized to the alpha-ketoglutarate/glutamate concentra-
tion. Data represent mean =+ SD of two separate experiments.

stimulation with CL316,243 increased PDH activity to a similar extent as 1 h stimulation
with the established PDH activator dichloroacetate (DCA), which activates PDH through
the inhibition of PDH kinase [39].

Our combined data support the idea that glucose acutely serves as a substrate to
maintain oxygen consumption through increased PDH activity. At the same time, we
aimed to establish whether glucose also enters lipogenesis. To do this, we examined
the labelling pattern of the three most abundant triglycerides (TG)—TG(48:3), TG(50:3)
and TG(54:3)—after incubation with [U-">C]-glucose using our lipidomics platform
[31,40]. Glucose can contribute to TG synthesis by (1) producing glycerol-3-phosphate
via glycolysis and thereby providing the TG backbone [41]; and/or (2) acetyl-CoA gen-
eration required for de novo fatty acid synthesis (Fig. 6A) [19, 42]. We analysed the TG
species of vehicle or CL316,243-stimulated cells for after 1 and 6 h (Fig. 6B-D). The most
abundant TGs followed a similar labelling pattern, which was particularly enriched with
3C; indicating incorporation of three >C atoms likely through glycerol. This effect was
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serine-293 over the total PDH E1-a. (D) Upon 1 h CL316,243 stimulation pyruvate oxidation (using [1-"“C]-
pyruvate as substrate) is increased to a level that is similar as 1 h stimulation with the established PDH acti-
vator dichloroacetate (DCA). Data in (A) is mean + SD of duplicate experiments, and (B-C) represent mean +
SEM of triplicates; *P<0.05 (one-way ANOVA, Bonferroni corrected).
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Figure 6. Short-term B3-AR stimulation increases fatty acid re-esterification. (A) Schematic illustration
of label incorporation scenarios in lipids. Ac-CoA, acetyl-CoA; G6P, glucose-6-phosphate; G3P, glycerol-3-
phosphate; FA-CoA, fatty acyl-CoA; mal-CoA, malonyl-CoA; PDH, pyruvate dehydrogenase. Solid lines and
dashed lines indicate direct and indirect fluxes. Isotope profile of the three most abundant triglycerides (B)
TG(48:3), (C) TG(50:3) and (D) TG(54:3) after 0, 1 and 6 hours of CL316,243 or vehicle stimulation. Incorpo-
ration of even carbons ("*Ci,.) is relatively low, while the "C; is increased over time suggesting glycerol
incorporation in TG. CL316,243 induces glycerol incorporation significantly after 1 and especially after 6
hours. Bars represent mean + SD of three biological replicates samples; *P<0.05 (one-way ANOVA, Bonfer-
roni corrected).
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even more pronounced in activated brown adipocytes (Fig. 6B-D). The incorporation
of °C,-labeled acetyl-CoA—after malonyl-CoA conversion and incorporation leading to
BCxa-labelled TG —was relatively minor (Fig. 6B-D). Altogether, our results suggest
that short-term B3-AR stimulation specifically induces glycolysis and glucose oxidation
which is mediated by increased PDH activity. While the overall increased TCA cycle activ-
ity sustains increased respiration rates, the increased flux through PDH does not seem
to induce de novo lipogenesis as glucose-derived acetyl-CoA is sparsely incorporated
in TGs. Rather the increased glycolytic flux favours glycerol production required for
esterification of fatty acids.

DISCUSSION

Brown adipose tissue activation is classically accompanied by increased uptake of glu-
cose and lipids from the circulation. The induced uptake of glucose and lipids is such a
key event that it is often used as a proxy for BAT activation [43, 44]. The mechanism un-
derlying simultaneous glucose and lipid uptake and utilization is not fully understood,
despite being at the core of BAT function and its therapeutic potential. In the present
study, we investigated substrate utilization by brown adipocytes during short-term (33-
AR activation. We show that brown adipocytes indeed oxidize fatty acids and glucose
simultaneously. f3-AR activation induced partitioned glucose utilization, i.e. allowing
coinciding glucose oxidization and glucose utilization for alternative metabolic path-
ways, such as glycerol synthesis.

It has been suggested that the purpose of the increased influx of glucose is not to
meet the direct increase in energy demand. Rather, it may be utilized as a building block
for lipid synthesis to replenish the lipid pool for later usage [20, 44]. Our data indicate
that glucose is the second preferred substrate, but glucose oxidation is clearly induced
upon (3-AR activation. In mice, glucose uptake and glycolysis are upregulated during
BAT activation presumably to compensate for the loss of ATP due to UCP-1-mediated
uncoupling [45]. During short-term activation, the increased glycolytic rate did not only
give rise to increased lactate levels (Fig. 3C), but also a considerable amount of glucose
was oxidized into CO, and thereby contributed to uncoupled respiration (Fig. 5D). It has
been recently shown that UCP-1 KO mice have diminished uncoupled respiration after
3-AR activation but glucose uptake and glycolysis were stimulated to similar extent as
in the WT [46, 471. It is therefore likely that next to glucose oxidation, 33-AR stimulation
also induces glucose metabolism to partly channel glucose to alternative pathways.
Proposed alternative pathways are the pentose phosphate pathway, glycerol synthesis
and de novo fatty acid synthesis [20-22]. We observed only a transient increase in PPP
activity and therefore focused on TGs and fatty acid synthesis.
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B-adrenergic signalling induces lipolysis via hormone sensitive lipase and adipose
triglyceride lipase [48]. Genetic and pharmacological inhibition of lipolysis hampers
UCP-1-mediated uncoupling [49], and thereby promotes cold intolerance in mice [17,
50, 511 and humans [13]. With this in mind, it was postulated that fatty acids derived
from intracellular lipid droplets are the main fuel source for brown adipocytes that
must be continuously replenished. Our lipidomics analysis shows that incubation
with [U-"C]-glucose predominantly gives rise to *Cs-labeled TGs. This is supportive of
glucose conversion into glycerol which is subsequently used for TG synthesis [41]. This
is in contrast to previous suggestions that glucose is primarily ending up in complex
lipids through de novo fatty acid synthesis [19]. Such de novo lipogenesis would require
glucose conversion to acetyl-CoA, after which these two-carbon units are utilized as the
building blocks to elongate fatty acid chains. If such a scenario were true, we would have
found TGs with two, four, six or more even “C-labeled TGs (Fig. 6A). This is not the case
suggesting that glucose is primarily entering the TG pool via glycerol, even though it is
still possible that differences in growth phase, glucose concentration, intracellular lipid
content, or specific cellular context affects the metabolic phenotype in BAT [52, 53].

Very recently, the principle that lipolysis is required for BAT activation has been chal-
lenged [54, 55]. The loss of thermoregulation upon whole body or adipose-specific loss
of lipolysis underlines the importance of fatty acids as a substrate for thermogenesis [15,
17, 50, 51]. However, by selectively inhibiting BAT lipolysis only, it was shown that BAT
can be very flexible in its substrate utilization leading to increased uptake of circulat-
ing substrates. The increased uptake of exogenous substrates was especially induced
during cold exposure or specific f3-AR stimulation [54, 55]. We have seen this plasticity
of brown adipocyte metabolism as well. When using a combination of inhibitors that
prevent glucose and fatty acid oxidation, we found an increase in glutamine oxidation.
Similarly, when glutamine and fatty acid oxidation were inhibited, glucose oxidation
was elevated. This flexibility in substrate utilization was induced after 33-AR activation.
The loss of fatty acid oxidation and the rise of intracellular fatty acids can activate peroxi-
some proliferator activated receptor (PPAR) signaling [56], and thereby contribute to
metabolic plasticity to meet the increase energy demands during BAT activation.

Glucose metabolism is regulated at multiple levels. Pyruvate is a key metabolite in glu-
cose metabolismas it lies at the crossroads of glycolysis and TCA cycle activity. Pyruvate is
an important substrate to maintain the high respiration rates during uncoupled respira-
tion. Inhibition of pyruvate entrance into mitochondria has previously shown to attenu-
ate noradrenaline-induced uncoupled respiration [57]. Likewise, inhibition of glycolysis
and thus the reduction of pyruvate levels attenuated uncoupled respiration after f3-AR
stimulation (Fig. 3A). Pyruvate supports TCA cycle activity through decarboxylation by
PDH or carboxylation by PC [58]. Our metabolic flux analysis estimated an increase in flux
through both enzymes. PDH is considered as a gatekeeper for glucose utilization and
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energy metabolism [58, 59]. PDH senses intermediate metabolites —such as pyruvate
and acetyl-CoA— and the NAD*/NADH redox state to control glucose metabolism and
maintain optimal energy homeostasis [38]. In proliferating cells, genetic deletion of PDH
could be compensated by increased uptake of lipids and increased glutamine utilization
that is alternatively metabolized to contribute to lipid synthesis [59]. This underlines the
plasticity of cellular metabolism as well as the contribution of PDH in this process. We
observed an induction of PDH activity upon 33-AR stimulation resulting in increased
pyruvate oxidation which was similar to the maximal level reached by stimulation with
PDH agonist DCA. Activating PDH may therefore favor BAT metabolism to allow optimal
thermogenesis.

Collectively, our data demonstrate that glycolysis and glucose oxidation contribute to
uncoupled respiration, despite that fatty acids are the main fuel for brown adipocytes.
Glucose metabolism appeared to be heavily regulated upon (33-AR stimulation. We
identified PDH as a gatekeeper for glucose utilization that directs most glucose towards
oxidation to maintain uncoupled respiration. The accompanying increase of PC activity
to convert pyruvate to oxaloacetate replenishes the TCA cycle during this high PDH
activity. Oxaloacetate could also act as a precursor for glyceroneogenesis, which is the
formation of glycerol-3-phosphate via phosphoenolpyruvate carboxykinase activity [41,
60], and thereby allow part of the glucose to be directed to glycerol synthesis and stor-
age of free fatty acids as TGs in lipid droplets as substrates for future use. Pharmacologi-
cal targeting of the PDH holds potential as a novel strategy to potentiate BAT function.
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SUPPLEMENTARY APPENDIX

Supplementary table 1. Fractional contribution of °C- glucose corrected for natural abundance in pen-
tose phosphate pathway (PPP) and glycolytic intermediates upon vehicle or CL316,243 time course stimu-

lation
Metabolite 0.5h 1h 2h 4h 7h
Veh CL Veh CL Veh CL Veh CcL Veh CL

R5P 0.118 0.049 0.135 0.057 0.173 0.140 0.273 0.277  0.481 0.430
E ER-4P 0.800 0.765 0.756 0930 0917 0956 0.947 1.000 099 0.977
SED-7P 0.815 0.688  0.803 0.756 0922 0.843 0939 0928 0954 0.956
G6P 0.825 0.682 0.775 0.767 0.881 0.801 0.881 0.903 0.915 0.894
G3P/DHAP 0746 0.624 0716  0.643 0.818  0.841 0.884 0.815 0.976 0.916
& BPG 0.755 0.532 0.681 0.671 0.868 0.789 0911 0.940 0986 0.949
_E PG 0.751 0.507 0.686  0.635 0.872 0.777  0.872 0.940 0.966 0.945
G> PEP 0.721 0.528 0.669 0638 0.847 0.768 0.893 0930 0.942 0.947
Pyruvate 0.771 0.694 0742 0762 0859 0.830 0.891 0.900 0916 0916
Lactate 0.776 0740 0.775 0.795 0.856 0.840 0.868 0.886 0911 0.902
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Supplementary table 2 related to figure 4. Fractional distribution of isotopologues corrected for natural
abundance used to determine metabolite labeling as shown in Figure 4A

Fractional distribution

0.5h 1h 2h 4h 7h

Metabolite Veh CL Veh CcL Veh CL Veh CcL Veh CL

Citrate "*C, 0.579 0451 0.573 0382 0454 0305 0378 0.256 0.303 0.199
Citrate "*C, 0.003 0.015 0.011 0.033 0.019 0.032 0.020 0.033 0.020 0.032
Citrate "C, 0.126 0.191 0.098 0.184 0.159 0.186 0.151 0.176 0.131 0.178
Citrate C; 0.096 0.138 0.094 0.157 0.113 0.158 0.141 0.167 0.123 0.167
Citrate "°C, 0.060 0.083 0.067 0.093 0.083 0.119 0.101 0.125 0.125 0.150
Citrate *Cs 0.116 0.102 0.120 0.122 0.146 0.155 0.173 0.189 0.230 0.209
Citrate ®Cg 0.019 0.021 0.037 0.030 0.026 0.044 0.034 0.054 0.068 0.065

a-Ketoglutarate ’C,  0.780 0.659 0.718 0.571 0550 0439 0411 0338 0278 0.264
a-Ketoglutarate "*C, 0.013 0032 0.023 0.050 0.046 0.063 0.061 0.069 0.056 0.061
a-Ketoglutarate ’C,  0.132  0.175 0.166 0202 0235 0236 0273 0253 0278 0.254
a-Ketoglutarate °C;  0.044 0.070 0.055 0.092 0.093 0.114 0122 0.138 0.146 0.147
a-Ketoglutarate °C, ~ 0.020 0.041 0.026 0.055 0.050 0.093 0086 0.127 0.153 0.171
a-Ketoglutarate °C;  0.011  0.023 0.013 0.031 0026 0054 0047 0076 0.088 0.104

Succinate *C, 0755 0632 0697 0547 0554 0448 0587 0398 0367 0361
Succinate C, 0.015 0048 0026 0.068 0051 0077 0.047 0076 0.060 0.067
Succinate C, 0.145 0203 0.184 0240 0247 0265 0210 0275 0286 0.266
Succinate ®C, 0.050 0056 0.048 0.062 0076 0079 0076 0091 0.116 0.117
Succinate *C, 0.035 0061 0044 0083 0073 0130 0080 0160 0.171 0.190
Fumarate "*C, 0590 0500 0.557 0410 0440 0333 0360 0279 0.256 0.268
Fumarate °C, 0.022 0054 0030 0067 0043 0069 0052 0069 0.056 0.065
Fumarate "°C, 0.110 0160 0.113 0.184 0.149 0.197 0.172 0.198 0.205 0.200
Fumarate C, 0242 0226 0260 0258 0313 028 0357 0323 0365 0340
Fumarate "C, 0.035 0060 0.040 0081 0055 0.115 0059 0132 0.118 0.127

Malate "*C, 0.625 0510 0.573 0419 0480 0365 0401 0316 0267 0284

Malate “C, 0.047 0110 0066 0.119 0077 0.111 0.090 0098 0.092 0.084

Malate "C, 0.087 0128 0.092 0.153 0.125 0.165 0.147 0.172 0203 0.176

Malate C, 0211 0200 0235 0237 0272 0261 0311 0299 0337 0348

Malate "°C, 0.030 0053 0034 0072 0046 0098 0051 0115 0.101 0.108
Glutamate "G, 0.784 0666 0722 0579 0556 0451 0419 0347 0287 0272
Glutamate "C, 0.013 0.031 0.024 0.049 0.047 0063 0062 0070 0057 0.062
Glutamate "°C, 0129 0171 0163 0201 0232 0233 0269 0251 0276 0254
Glutamate "°C, 0.044 0.069 0.053 0.089 0.091 0.111 0120 0.135 0.145 0.145
Glutamate "°C, 0.020 0.040 0.025 0.052 0049 0.09 0085 0123 0.149 0.166
Glutamate "°C, 0.011 0023 0013 0030 0026 0052 0045 0073 0086 0.101
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ABSTRACT

Brown adipose tissue (BAT) is a potential target to treat cardiometabolic disorders
because of its capacity to take up and combust glucose and fatty acids for thermoregu-
lation. Its cellular and molecular investigation in humans is hampered by the limited
availability of cell material and the heterogeneity of BAT between and within individu-
als. In this study, monoclonal lines of conditionally immortalized brown preadipocytes
(iBPAs) of both mouse and human origin were generated. Conditional immortalization
was achieved by doxycycline-controlled expression of simian virus 40 large T antigen
with a Tet-On system. In the presence of doxycycline, both the murine and human cell
lines showed long-term proliferation capacity with a cell doubling time of approx. 24 h.
Shutdown of large T expression by removal of doxycycline and concomitant exposure to
an adipogenic differentiation cocktail, resulted in the acquirement of brown adipocyte
properties in cells of both species. This was evidenced by the accumulation of multilocu-
lar lipid droplets, the upregulation of brown adipocyte markers including uncoupling
protein 1 and the induction of lipolysis and oxygen consumption following adrenergic
stimulation. Notably, shutdown of large T expression prior to the onset of differentiation
appeared to be only critical to induce adipogenesis in the human iBPAs, while their mu-
rine counterparts showed adipogenesis upon exposure to the adipogenic differential
cocktail regardless of large T expression. We suggest that conditionally iBPAs represent
an easy-to-use model for fundamental and applied research into BAT.
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INTRODUCTION

Activation of brown adipose tissue (BAT) represents a therapeutic tool to reduce
cardiometabolic disease by enhancing energy expenditure with increased clearance
of circulating glucose and lipids [1-3]. Cold is the physiological activator of BAT, upon
which the sympathetic nerves that innervate BAT release noradrenaline (NA) that binds
to B-adrenergic receptors on the cell membrane of brown adipocytes [4]. This promotes
intracellular lipolysis leading to liberated fatty acids being directed towards the mito-
chondria for oxidation. This process produces heat in the presence of uncoupling protein
1 (UCP-1), which is uniquely expressed by brown/beige adipocytes [5-10]. In order to re-
plenish the intracellular lipid pools, BAT takes up large amounts of triglyceride-derived
fatty acids and glucose from the circulation.

In recent years many (pharmacological) approaches have been identified to promote
BAT activity, at least in rodents. The development of fundamental and applied research
into human BAT is hampered by the lack of high-throughput brown adipocyte cell
culture models. The use of (primary) brown (pre-)adipocytes, obtained from biopsies,
has important constraints: the amount of available cells is limited and there is a large
heterogeneity of human BAT not only between subjects but also within one subject
depending on the anatomical location from where the biopsy is taken [11]. Moreover,
mature adipocytes are post-mitotic and lipid-laden causing them to be very fragile and
of low buoyant density. As a consequence, it is challenging to bring mature adipocytes
into culture because they float and require ceiling culturing to adhere [12]. Therefore,
the formation of sufficient brown adipocytes for experiments requires proliferation and
differentiation of adipocyte precursors.

To overcome these problems, a number of different mouse brown preadipocyte (BPA)
lines have been generated such as HB2 [13], HIB 1B [14, 15] and T37i [16]. HB2 cells are
brown preadipocytes isolated from the interscapular BAT of p53 knockout mice, while
HIB 1B and T37i cells were derived from transgenic mice expressing the simian virus 40
(SV40) large T (LT) antigen using constitutively active, lineage-restricted promoters to
drive transgene expression. These cell lines have been helpful in increasing our under-
standing of adipocyte biology. However, the absence of the cellular gatekeeper protein
p53 or the constitutive expression of oncoproteins limits their usefulness as model
systems to study the properties of BAT. In addition, in order to study human brown
adipocyte function, Shinoda et al. [17] and Xue et al. [18] generated human BPA lines
by transducing the stromal vascular fraction of human supraclavicular adipose tissues
with retroviral vectors encoding SV40 LT antigen and hTERT (i.e. the catalytic subunit of
telomerase), respectively. Following adipogenic differentiation, these cells express UCP1
and respond to stimulation with noradrenaline and forskolin with an increase in lipolysis
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and mitochondrial respiration. These human BPA lines have been successfully used to
identify BAT-specific genes and to investigate their function.

We postulated that generating conditionally immortalized monoclonal BPA (iBPA)
lines is the next step towards the development of a high-throughput model for human
brown adipocytes. The reasons for this were as follows: 1) Previous constitutive expres-
sion of oncoproteins such as SV40 LT to immortalize cells may affect the differentia-
tion capacity of brown adipocytes through interactions of LT with pocket proteins (in
particular the retinoblastoma protein [pRB]) and with the tumor suppressor protein p53
[19, 20]. 2) Proliferation and differentiation are two opposing processes that generally
do not occur simultaneously. In other words, continuous proliferation pressure due to
permanent immortalization may reduce the differentiation capacity of BPAs. 3) The ad-
ipogenic capacity of existing BPA lines has been shown to be rapidly lost with increasing
passage numbers [13].

These drawbacks prompted us to generate iBPA lines of both mouse and human origin
by using a lentiviral vector (LV) expressing LT in a doxycycline (dox)-dependent manner
to control cell proliferation [21, 22]. The resulting monoclonal cell lines were charac-
terized in terms of their dox-dependent LT expression level and proliferation capacity
and their ability to undergo adipogenic differentiation using multilocular lipid droplet
formation and expression of BAT marker genes as read-out systems. Finally, the effects of
adrenergic stimulation on glycerol secretion, Ucp1/UCPT mRNA expression and oxygen
consumption rate of adipogenically differentiated iBPAs were studied.

MATERIALS AND METHODS

Lentiviral vector (LV) production

LV particles were produced as detailed before [22]. The molecular structure of the shuttle
plasmids used for LV production are depicted in Suppl. Fig. 1. The construction of these
plasmids is described in the Suppl. Materials and Methods.

Isolation and culture of primary mouse and human BPAs

Mouse tissue was collected in accordance with the Institute’s Guide for the Care and Use
of Laboratory Animals and had received approval from the Animal Experiments Com-
mittee of the Leiden University Medical Center (LUMC). Prior to the collection of human
BAT, patients scheduled for surgery in the thyroid region gave written informed consent
for taking biopsies and the procedure was approved by the Medical Ethical Committee
of the Oxford Centre for Diabetes and performed in accordance with the principles of
the revised Declaration of Helsinki.
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Primary mouse BPAs were isolated from pooled interscapular BAT depots of 5 male,
5-week-old C57BI/6J mice (Charles River Laboratories International, Wilmington, MA).
Human primary BPAs were isolated from biopsies obtained from four patients (Suppl.
Table 1). Biopsies of adipose tissue of brown-red color were obtained from an area close
to the isthmus region of the thyroid gland. Isolated tissue was minced with a scissor into
3- to 4-mm pieces, washed once with DMEM/F-12 GlutaMAX (Thermo Fisher Scientific;
catalogue number: 10565018) and cells were separated by incubation in DMEM/F-12 Glu-
taMAX containing T mg/mL collagenase type | (Thermo Fisher Scientific; catalog number:
17018029) at 37°C for 45 min. The resulting cell suspensions were filtered through a 200-
pum pore-sized nylon filter (Sefar, Lochem, the Netherlands; catalogue number: 03-200/39)
and the cells were pelleted by low-speed centrifugation. The cell pellets were suspended
in red blood cell lysis buffer (Thermo Fisher Scientific; catalogue number: 00433357) and
incubated for 5 min (Thermo Fisher Scientific; catalogue number: 00433357) at room
temperature with occasional shaking. After pelleting, the cells were suspended in growth
medium (DMEM/F-12 GlutaMAX supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin) for in vitro culture. Growth
medium was replaced the following day and then every other day.

Transduction of primary BPAs and generation of lines of conditionally
immortalized mouse and human BPAs

The primary mouse BPAs at population doubling (PD) 2 and human BPAs at approxi-
mately PD 6 were transduced with the plasmids LV.iHsEEF1A1.SV40-LT-tsA58. WHVPRE
and LV.iHsUBC.LT-tsA58.WHVPRE (see Suppl. Materials and Methods), respectively. The
next day, the inoculum was replaced by growth medium containing 100 ng/mL dox
(Sigma-Aldrich) to induce LT expression. The cells were subsequently given fresh growth
medium with dox every other day. After 1 week of culture, the transduced cells were
trypsinized and plated at a low density of approx. 10-20 cells/cm? to allow formation
of single-cell clones. Two to three weeks later, individual cell colonies were picked and
separately expanded in the presence of dox.

Culture, differentiation and adrenergic stimulation of mouse and human iBPAs

Mouse and human iBPA clones were cultured in growth medium supplemented with
100 ng/mL dox. Growth medium was replaced every other day and cells were split 1:8
after reaching approximately 70% confluency. For differentiation of the mouse iBPAs,
cells were grown confluent in 2% gelatin (Sigma-Aldrich; catalogue number: G9391)-
coated wells and 2 days later exposed to growth medium containing 5.6 nM bovine
insulin (Sigma-Aldrich; catalogue number: 10305000), 126 uM sodium ascorbate (Sigma-
Aldrich; catalogue number: A-7631), 1T uM of the peroxisome proliferator-activated
receptor y (PPARy) agonist rosiglitazone (Sigma-Aldrich; catalogue number: R2408) and
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10 mM HEPES (adjusted to pH 7.40 with NaOH). This medium was replaced every other
day for up to 14 days. For differentiation of the human iBPAs, cells were grown conflu-
ent in 2% gelatin-coated wells. After reaching confluence, the medium was replaced
by growth medium without dox. Two days later, differentiation was induced by growth
medium supplemented with 150 nM human insulin (Sigma-Aldrich; catalogue number:
19278), 1 uM dexamethasone (Sigma-Aldrich; catalogue number: D2915), 1 uM rosi-
glitazone, 1 nM triiodothyronine (T3, Sigma-Aldrich; catalogue number: T6397), 500 uM
3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich; catalogue number: 17018) and 125
MM Indomethacin (Sigma-Aldrich; catalogue number: 17378), which was refreshed after
48 hours and replaced on day 4 by growth medium supplemented with 150 nM insulin,
1 nMT3, and 1 uM rosiglitazone. The latter medium was replaced every other day up to
day 16. Exposing the murine and human iBPA clones to these differentiation cocktails
will be referred to as culturing under adipogenic culture/differentiation conditions.

The various clones were screened for their adipogenic capacity, i.e. their ability to
develop multilocular lipid droplets and to express the BAT marker gene Ucp1/UCPT.
Every other day during the differentiation process of the selected mouse and human
iBPAs, pictures were taken to capture cellular morphology using the ZOE fluorescent cell
imager (Bio-Rad, Hercules, CA) and cells were collected in Tripure (Roche Life Science,
Almere, the Netherlands) for RNA isolation and gene expression analysis as described
below (n=4 cultures per time point and experimental group).

Differentiated iBPAs (at differentiation day 14 and 16 for the mouse and human iBPAs,
respectively) were stimulated with 1 uM noradrenaline (Sigma-Aldrich; catalogue num-
ber: A7257) or vehicle for 8 hours. Subsequently, supernatant was collected for colo-
rimetric determination of glycerol production (Instruchemie, Delfzijl, the Netherlands)
and cells were lysed in TriPure. All data was generated using cells that underwent 40-50
PDs.

Analysis of cell proliferation

To draw growth curves, the primary mouse BPAs and conditionally immortalized murine
cells were subcultured 1:4 and 1:8 on reaching confluency so that each passage corre-
sponded to 2 and 3 PDs, respectively. To assess their proliferation rate and dependence
on the activity of SV40 LT antigen, the mouse iBPAs were cultured at low density in
medium with or without 100 ng/mL dox. At different days after culture initiation, cells
were collected in medium and counted using an Accuri flow cytometer (BD Biosciences,
Breda, the Netherlands).

Western blotting

Western blotting was carried out as detailed before [23] with primary mouse monoclonal
antibodies directed against LT (1:2,000; Santa Cruz Biotechnology, Dallas, TX; catalogue
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number: sc-147) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading con-
trol; 1:100,000; Merck Millipore, Burlington, MA; catalogue number: MAB374) and goat
anti-mouse IgG secondary antibodies linked to horseradish peroxidase (1:15,000; Santa
Cruz Biotechnology). Data was analyzed by Quantity One software (Bio-Rad Laborato-
ries) using the GAPDH signals for normalization purposes.

RNA isolation and reverse transcription-quantitative PCR (RT-qPCR) analysis

Total RNA was isolated using TriPure Isolation reagent according to the manufacturer’s
protocol. cDNA synthesis was performed using M-MLV reverse transcriptase (Promega
Benelux, Leiden, the Netherlands; catalogue number: M1705), random primers, dNTPs
and RNasin ribonuclease inhibitor (all from Promega Benelux) and 1 pg of input RNA.
Real-time quantitative PCR was carried out on a CFX96 Real-time PCR machine (Bio-Rad
Laboratories) using GoTag qPCR master mix (Promega Benelux; catalogue number:
A6002). mRNA expression of the mouse iBPAs was normalized to that of the ribosomal
protein-encoding reference gene Rplp0, also known as 36b4. mRNA expression of the
human iBPAs was normalized to reference gene LRP10. The primer pairs used for mouse
and human iBPAs are listed in Tables 1 and 2, respectively. The forward and reserve
primer of each primer pair were located in different exons except for the primers of
murine Pparg.

Table 1. Nucleotide sequences of primer pairs used for RT-qPCR of murine mRNAs

Gene Forward primer Reverse primer

Fabp4 ACACCGAGATTTCCTTCAAACTG CCATCTAGGGTTATGATGCTCTTCA
Lpl CCCTAAGGACCCCTGAAGAC GGCCCGATACAACCAGTCTA
Pparg GTGCCAGTTTCGATCCGTAGA GGCCAGCATCGTGTAGATGA
Ppargcla TGCTAGCGGTTCTCACAGAG AGTGCTAAGACCGCTGCATT
Prdm16 ACTTTGGATGGGAGCAGATG CTCCAGGCTCGATGTCCTTA
Rplp0 GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG
Ucp1 TCAGGATTGGCCTCTACGAC TGCATTCTGACCTTCACGAC

Table 2. Nucleotide sequences of primer pairs used for RT-qPCR of human mRNAs

Gene Forward primer Reverse primer
FABP4 CCTTTAAAAATACTGAGATTTCCTTCA GGACACCCCCATCTAAGGT
LPL TCAACTGGATGGAGGAGGAGT CAGGAGAAAGACGACTCGGG
LRP10 CAGACTGTCACCATCAGGTTC GAGAGGGGAGCGTAGGGTTA
PPARG GTCGTGTCTGTGGAGATAAAGC AACAGCTTCTCCTTCTCGGC
PPARGC1A TGCATGAGTGTGTGCTCTGT GCACACTCGATGTCACTCCA
PRDM16 CACGAGTGCAAGGACTGC TGTGGATGACCATGTGCTG
uce1 ACCGCAGGGAAAGAAACAGC TCAGATTGGGAGTAGTCCCT
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Oxygen consumption

Oxygen consumption rate was measured using the Seahorse XF96 analyzer (Agilent
Technologies, Santa Clara, CA). Mouse and human iBPAs were cultured and differenti-
ated in Seahorse cell culture plates as described in the section ‘Culture, differentiation
and adrenergic stimulation of mouse and human iBPAs. One hour prior to the oxygen
consumption measurement, the differentiation medium was replaced by Seahorse
XF Base Medium (Agilent; catalogue number: 102353-100) containing 5 mM glucose
(Sigma-Aldrich; catalogue number: G8769), 0.5 mM sodium pyruvate (Life Technolo-
gies Europe; catalogue number: 11370-070), 1x GlutaMAX (Life technologies Europe;
catalogue number: 35050061) and 10% FBS (Life Technologies Europe). Basal respira-
tion was measured three times followed by six measurements after addition of 1 uM
noradrenaline or vehicle.

Oxygen consumption rate values were adjusted for cell input using the CyQUANT Cell
Proliferation Assay Kit (Thermo Fischer Scientific; catalogue number: C7026) according
to the manufacturer’s instruction. The last measurement point before compound addi-
tion was used for quantification.

Statistical analysis

Data are represented as means + standard error of the mean (SEM). Effect of adrenergic
stimuli on iBPAs was analyzed by Student’s t-test. GraphPad Prism version 6.0 (GraphPad
Software, La Jolla, CA) was used for all calculations. Differences at P values < 0.05 were
considered statistically significant.

RESULTS

Generation of conditionally immortalized mouse BPAs

Mouse primary BPAs were isolated from the pooled interscapular BAT depots of 5 mice
and transduced with an LV conferring dox-dependent expression of the SV40 LT (Suppl.
Fig.1). Immunocytological staining (Fig. 1A) and western blotting (Fig. 1B) showed LT
expression in the transduced BPAs but not in primary BPAs following the exposure of
both cell types to dox. Primary BPAs gradually stopped proliferating after about 18 PDs
(Fig. 1C), whereas the transduced LT-expressing BPAs kept proliferating for at least 60
PDs without showing any obvious decrease in their proliferative capacity (Fig. 1C).
Low-density cultures of the LT-expressing murine BPAs were used for isolating
single-cell clones, which were picked and numbered in order of appearance. From over
50 rapidly growing cell clones, clone #6 was selected to further study the long-term
dox-dependent proliferation capacity of iBPAs since it was one of the most adipogenic
clones (see below). LT expression of clone #6 cells before (day 0) and 2, 4, 6 and 8 days
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after dox removal was analyzed by immunocytological staining and western blotting.
Clone #6 displayed dox-inducible LT expression; LT was highly expressed in the presence
of dox, and LT levels gradually declined in its absence, being no longer detectable 6
days after dox removal (Fig. 1D, E and F). Consistent with these findings iBPAs showed

A primary BPAs transduced BPAs B C

—— transduced BPAs
—— primary BPAs
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Figure 1. Conditional immortalization of mouse BPAs. (A, B) Confirmation of LT expression in dox-ex-
posed transduced BPAs (18 PDs) by immunocytological staining (A) and western blotting (B). In both cases,
dox-treated primary BPAs that underwent 18 PDs served as negative controls. Cell nuclei were visualized by
Hoechst 33342 (blue) and stained for LT (red). (C) Growth curves of primary BPAs and transduced BPAs. Cells
were cultured in the presence of dox. (D-F) Analysis by immunocytology (D) and western blotting (E, F) of
LT expression in clone #6 iBPAs before (day 0) and at 2, 4, 6 and 8 days after dox removal. (G) Quantification
of cell numbers in cultures of clone #6 iBPAs exposed for the indicated days to medium with or without dox.
BPA, brown preadipocyte; LT, large T; dox, doxycycline; PD, population doubling; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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dox-inducible proliferation capacity as shown by immunostaining for the cellular
proliferation marker Ki-67, which was no longer detectable 6 days after dox removal
(Suppl. Fig.2). In the presence of dox, cells proliferated with an average doubling time
of approx. 24 hours, whereas in the absence of dox, the cell number slightly increased
up to day 4 and then remained constant (Fig. 1G). The small increase in the number of
iBPAs during the first 4 days after dox removal is likely due to the slow decline of the
LT expression level following transgene silencing. Taken together, the expression of LT
enabled BPAs to continuously proliferate and bypass senescence.

Mouse iBPAs possess adipogenic capacity

In order to assess their adipogenic capacity, cells from each clone were cultured in
growth medium and when these clonal preadipocyte cell lines reached 100% conflu-
ence (day 0), dox was removed from the culture medium at which time point the cells
were induced to differentiate to brown adipocytes under adipogenic culture conditions
for 14 days (Fig. 2A). Cells from clones #6 and #7 exhibited the highest differentiation ca-
pacity based on the extent of lipid droplet formation and highest Ucp1 expression level
(data not shown). To better characterize the adipogenic potential of these two clones,
microscopic images of cell cultures subjected to adipogenic differentiation conditions
were taken every two days (Fig. 2B). The cells of both clones gradually accumulated
small lipid droplets acquiring the multilocular phenotype typical for brown adipocytes
and after 14 days of adipogenic differentiation > 90% of the cells was lipid-laden (Fig.
2B). Interestingly, proliferation pressure (i.e. the presence of dox) did not seem to reduce
the adipogenic potential of mouse iBPAs (Fig. 2B).

Mouse iBPAs were further analyzed by RT-qPCR to assess the expression of brown
adipocyte markers during adipogenesi