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Abstract

Obesity constitutes a major health issue as it is a prerequisite for the progression of medical
conditions such as hypertension, insulin resistance, and dyslipidemia, finally leading to
comorbidities such as cardiovascular disease and type 2 diabetes mellitus. Adipose tissue
significantly contributes to the development of these diseases by regulating whole body lipid
and glucose homeostasis. Two major types of adipose tissue can be distinguished. White
adipose tissue is the main organ to store nutrients in the body whereas brown adipose tissue
(BAT) uses glucose and fatty acids (FAS) to produce heat via the uncoupling protein 1 (UCPL1).
Understanding the molecular regulatory mechanisms controlling adipose tissue function and
metabolism is important to develop novel therapeutic approaches to counteract obesity-related
diseases.

N-acetylaspartate (NAA) is an important metabolite in brain physiology. We were the first to
show that NAA is synthesized by mitochondrial N-acetyltransferase 8-like (NAT8L) and
catabolized by cytoplasmic aspartoacylase (ASPA) in adipocytes. These two enzymes build the
so called NAA pathway. We showed that manipulation of the NAA pathway impacts lipid
turnover (lipogenesis and lipolysis), marker gene expression, and cellular respiration in brown
adipocytes. The first part of this thesis shows that Nat8l overexpression regulates lipid and
energy metabolism by activating the main triglyceride hydrolase ATGL and the transcription
factor PPARa. The increased metabolic flux through the NAA pathway is a prerequisite to
increase the expression of UCP1 in brown adipocytes. Further, the NAA pathway in BAT
provides a novel route to transport acetyl-CoA from mitochondria to the cytoplasm. Cytoplasmic
acetyl-CoA controls histone / protein acetylation, thereby regulating cellular metabolism. ATP
citrate lyase (ACLY) has been described as the main enzyme to provide cytoplasmic acetyl-
CoA. Analysis of Nat8l-silenced brown adipocytes and BAT from total body Nat8I-knock-out
(Nat8l-ko) mice revealed a compensatory upregulation of ACLY. Further, we show a connection
of the NAA pathway to the regulation of the histone / protein deacetylase sirtuin 1. This
compensatory upregulation of ACLY and the connection to sirtuin signaling argues for
considering NAA metabolism as an important regulator of intracellular acetyl-CoA availability
and distribution, thereby impacting energy homeostasis.

In the second part of this thesis, we show that the NAA pathway is highly regulated by metabolic
triggers such as high / low nutrient availability, circulating FAs, insulin secretion, and B-
adrenergic stimulation. Analysis of NAA concentrations in Nat8l-ko mice revealed that NAT8L is
the main enzyme to produce NAA. On chow diet, Nat8l-ko mice show reduced body weight and
decreased blood glucose levels (mild hypoglycemia), whereas glucose tolerance and insulin
sensitivity are not different when compared to wt mice. Weight loss upon overnight fasting and
total energy expenditure (EE) is increased in Nat8I-ko mice. On high-fat diet (HFD), Nat8I-ko

mice show reduced weight gain and mild hypoglycemia accompanied by improved glucose




tolerance while insulin sensitivity was unchanged. Further, weight loss upon overnight fasting
and total EE is also increased in Nat8l-ko mice on HFD when compared controls. Finally, cold
exposure revealed that Nat8l-ko mice on chow diet loose more weight than Nat8l-ko mice on
HFD. This suggests that the carbohydrate to lipid ratio in the diet impacts substrate utilization
and energy homeostasis in Nat8l-ko mice. Thus, although the function of the NAA pathway in
adipose tissue is not clear yet, this thesis provides fundamental evidence for an important role
of NAA metabolism in adipocyte energy homeostasis. Taken together, we show that the NAA

pathway is important to regulate whole body physiology.




Kurzfassung

Fettleibigkeit stellt ein ernsthaftes Gesundheitsproblem dar und ist die Voraussetzung fir die
Entwicklung von Symptomen wie Bluthochdruck, Insulinresitenz und Dyslipidamie und fihrt
letztendlich zu Begleiterkrankungen des Herz-Kreislaufsystems und Diabetes Mellitus.
Fettgewebe tragt als wichtiger Regulator des Lipid- und Zuckerhaushalts maRgeblich zur
Entwicklung dieser Krankheiten bei. Es gibt zwei Hauptarten von Fettgewebe; weilRes
Fettgewebe stellt den Hauptenergiespeicher des Koérpers dar und braunes Fettgewebe (BAT)
besitzt die Fahigkeit, Glukose und Fettsauren (FAs) mit Hilfe des Proteins Uncoupling Protein 1
(UCP1) zu verbrennen. Es ist daher notwendig die molekularen Mechanismen, welche die
Funktion und den Stoffwechsel in den Fettgeweben kontrollieren, zu verstehen, um neue
Therapieansatze gegen die oben genannten Krankheiten zu entwickeln.

N-Acetylaspartat (NAA) ist ein wichtiger Metabolit in der Physiologie des Gehirns. Wir haben
gezeigt, dass NAA in Fettzellen durch das mitochondriale Enzym N-acteyltransferase 8-like
(NAT8L) gebildet und vom zytosolischen Enzym Aspartoacylase (ASPA) wieder abgebaut wird.
Wir konnten ebenfalls zeigen, dass eine Veranderung des NAA Stoffwechsels in braunen
Fettzellen Auswirkungen auf den Lipidstoffwechsel (Lipogenese und Lipolyse), die
Genexpression und die zellulare Atmung dieser Zellen hat. Im ersten Teil dieser Arbeit wird
gezeigt, dass die Uberexpression von Nat8l in braunen Adipozyten den Lipid- und
Energiestoffwechsel (ber die Aktivierung der Triglyzerid-Hydrolase ATGL und des
Transkriptionsfaktors PPARa reguliert. Der erhthte metabolische Fluss durch den NAA
Stoffwechselweg ist notwendig, um die Expression von UCP1 in diesen Zellen zu erhéhen.
AulBerdem konnte gezeigt werden, dass NAA eine Transportform fir Acetyl-CoA vom
Mitochondrium in das Zytosol darstellt. Zytosolisches acetyl-CoA beeinflusst den zellularen
Stoffwechsel durch die Regulierung von Histon- und Proteinacetylierungen, wobei bisher das
Enzym ATP-Citrat Lyase (ACLY) als Hauptlieferant fir zytosolisches acetyl-CoA galt. Die
Analyse von braunen Adipozyten, in denen Nat8Il gesilenced wurde bzw. BAT von Nat8I-knock-
out (Nat8l-ko) Mausen zeigt, dass ACLY kompensatorisch hochreguliert ist. Au3erdem konnte
eine Verbindung des NAA Stoffwechsels mit der Regulierung der Histon / Proteindeacetylase
Sirtuin 1 gezeigt werden. Daher ist es wahrscheinlich, dass der NAA Stoffwechsel die
intrazellulare Verteilung und Verflugbarkeit von Acetyl-CoA reguliert und dadurch den
Energiestoffwechsel beeinflusst.

Im zweiten Teil dieser Arbeit wird gezeigt, dass der NAA Stoffwechsel durch verschiedene
Faktoren wie Nahrstoffverfigbarkeit, freie FAs, Insulinsekretion und B-adrenerge Stimulation
beeinflusst wird. Die Analyse von NAA in Nat8I-ko Mausen zeigt, dass NAT8L das Hauptenzym
fur die NAA Synthese ist. Nat8l-ko Mause auf Chow-Di&at (CD) sind im Vergleich zu Wildtypen
leichter und haben verringerte Blutglukosewerte (milde Hypoglykémie), die Glukosetoleranz

bzw. die Insulinsensitivitat ist unverdndert. Der Gewichtsverlust Gber Nacht (ohne Futter), sowie




der Totalenergieverbrauch (EE) sind allerdings erhoht in Nat8l-ko Mausen. Nat8l-ko Mause auf
High-Fat Diat (HFD) nehmen im Vergleich mit den Kontrollmausen weniger Gewicht zu und
zeigen ebenfalls milde Hypoglyk&mie in Verbindung unverénderter Insulinsensitivitat, aber
erhohte Glukosetoleranz. Der Gewichtsverlust Gber Nacht und EE sind erhdht in Nat8l-ko
Mausen im Vergleich zu Wildtypen. Interessanterweise verlieren Nat8l-ko Mause auf CD mehr
Gewicht wahrend Kélteexposition als Nat8I-ko Mause auf HFD, was darauf hindeutet, dass das
Kohlenhydrat zu Lipid-Verhéltnis in der Nahrung maRgeblich auf den Energiehaushalt dieser
Mause wirkt.

Zusammenfassend wird in dieser Arbeit gezeigt, dass NAA ein wichtiger Metabolit und
Regulator des gesamten Energiehaushalts ist und den Stoffwechsel von Fettzellen mafgeblich

beeinflusst.

Vi
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1 - Introduction

1. Introduction

1.1. Socio-economic significance: obesity, type Il diabetes mellitus, and

the metabolic syndrome

The world’s society nowadays is confronted with numerous social, economic, and
environmental issues. Many of these issues have been classified according to the groups they
affect, e.g. poor or rich people, developing or industrial countries, or ethnic groups. However,
despite all inequalities in our society according to e.g. distribution of goods, access to proper
health care, and capital, an increasing number of overweight and obese people can be
observed as a worldwide phenomenon. We actually already passed the point where suffering
from overnutrition outpaced that from undernutrition®. This obesity-epidemic has been reported
for decades and it has also been accepted that obesity does not comply with artificial
geographic or social boundaries®™.

Obesity is characterized by excess accumulation of body fat mass®. According to the guidelines
of the world health organization (WHO), overweight and obesity are classified by a body mass
index (BMI*) greater than 25 and 35, respectively. However, BMI does not account for shape
nor comprises fat to lean mass ratio. Although generally applied for a long time,
recommendations were given that either BMI should be adjusted according to the ethnicity or
other indicators such as waist to hip circumference ratio should be taken into account. However,
regardless of the applied measures, the number of people classified as obese and overweight
massively increased during the last 50 years.

Obesity is a major prerequisite for the progression of medical conditions such as insulin
resistance, dyslipidemia, and hypertension, finally leading to comorbidities such as type 2
diabetes mellitus (T2D) and cardiovascular disease. Altogether, the co-occurrence of one or
more risk factors and comorbidities is called metabolic syndrome®. Furthermore, obesity and
T2D have been associated with the development and progression of different cancers such as
hepatocellular carcinoma, pancreatic cancer, and colorectal cancer’®,

Another alarming factor is the reported impact of maternal or childhood obesity on the
development of the medical conditions mentioned above during adolescence and adulthood,
although the underlying mechanisms definitely need further investigation®™*.

Given all these facts, it has to be expected that the number of people suffering from obesity,
T2D, cardiovascular disease, and cancer together with increased lifespan will undoubtedly
increase the need for long term medical care all over the world. Thus, suffering from metabolic
syndrome does not simply reflect a personal problem of the aggrieved party but constitutes a

huge social and economic burden for our society*™.

! BMI = body weight (in kg) / (body height (in m))*
2



1 - Introduction

Different approaches such as increasing energy dissipation versus intake (dietary restriction,
exercise), healthy nourishment, and overall increasing health status (stop smoking, enough
sleeping hours, etc.) have been reported as possibilities to counteract obesity. However, e.g.

twin studies™*®

and lastly the discovery of hormones such as leptin*” impressively showed the
significance of genes and genetics in the disposition to develop obesity. Hence, understanding
the genetics of obesity is valuable to find new therapeutic approaches to sustainably counteract

the global epidemic and with it the metabolic syndrome.

1.2. Different types and functions of adipose tissu e — storage,

thermogenesis, and beyond

Adipose tissue function is a central factor when it comes to assess the development,
progression, and treatment of the metabolic syndrome. Different adipose tissue depots
comprise diverse functions such as storage of nutrients, protection (detoxification) and
insulation as well as release of hormones, thereby actively contributing to whole body lipid,
glucose, and energy homeostasis'®. The following section aims to give a brief overview on the

different types of adipose tissues and their versatile functions.
1.2.1. White adipose tissue — a physiological snapshot

The first classical type of adipose tissue is the so called white adipose tissue (WAT). WAT plays
a major role in nutrient homeostasis as it is the main site where nutrients are deposited as
triglycerides (TG), when excess calories are available. WAT adipocytes are characterized by
containing a single large lipid droplet and only few mitochondria (Figure 1). During periods of
fasting, WAT serves as the main energy supply by providing free fatty acids released by
breakdown of TG, a process referred to as lipolysis.*®*?°

Beyond the function as energy deposit, WAT serves as an endocrine organ for the secretion of
autocrine, paracrine, and endocrine factors, collectively called adipokines. The discovery of
major adipokines such as leptin*’, adiponectin®, and tumor necrosis factor (TNF)-o?* from the
mid 1990°s led to an impressive interest in WAT endocrine function. It has become clear that
adipokines are directly or indirectly engaged in a variety of physiological and pathophysiological
processes such as inflammation, obesity, insulin resistance, cardiovascular disease, and
cancers. ? %

Furthermore, WAT composition and morphology is dramatically remodeled in response to
available nutrition, e.g. alterations in immune cell type and number, increasing adipocyte cell
size (hypertrophy) and number (hyperplasia) during prolonged overnutrition. Adipocyte
hypertrophy provides a safety mechanism to clear nutrients from the circulation and aims to
prevent ectopic lipid accumulation in non-adipose tissues. Unfortunately, this safety mechanism

is limited and an overload of WAT storage capacity in obese individuals leads to WAT
3



1 - Introduction

dysfunction. Consequently, increased circulating lipids (dyslipidemia) and glucose

(hyperglycemia) can be observed, finally promoting the development of obesity related

comorbidities such as insulin resistance, T2D, fatty liver disease, and atherosclerosis.**?°

Brown fat cell

Cold stimulus

Sympathetic & Beige fat cell

neuron " W g !
e e o
B, agonist . v & ( >

secretion oy ) ke -
o 27

t
]
/]
’
’
]
’

Thermogenesis
-multiple lipid droplets
-many mitochondria

-UCP1 expression

-shares developmental
origin with muscle

Figure 1. The different types of fat cells. Fat cells can be classified as white storage cells, brown
thermogenic cells, or intermediate beige cells.”®

Many different white adipose depots have been described in mice’” and men®. The most
common classification differs between visceral and subcutaneous white adipose tissue. This
categorization might be oversimplified as there are more distinguishable depots within these two
groups and there are substantial differences between fat depots in mice and their corresponding
counterparts in humans. Recently, another model of adipose tissue has been proposed
considering the different adipose depots as one interconnected adipose organ®. However,
different adipose depots have been linked with different roles in energy homeostasis. In fact,
visceral WAT such as mesenteric and epididymal / gonadal adipose tissue is well known for its
association with metabolic disease. In contrast, subcutaneous WAT such as inguinal WAT has
been reported to have even an inverse correlation with disease risk.*® In this thesis, epididymal
WAT (eWAT) and subcutaneous inguinal WAT (sWAT) from mice has been investigated as
representative for visceral and subcutaneous WAT, respectively.

Taken together, WAT is not just simply a dynamic stockyard. It rather has to be seen as a

center of energy homeostasis in health and disease.
1.2.2. Brown and beige adipose tissue

In addition to WAT, brown adipose tissue (BAT) has been reported as the second classical fat
type. Similar to white adipose cells, brown adipocytes are also able to store and release lipids,
but they contain many small lipid droplets (Figure 1). The major difference is that brown
adipocytes have plenty of mitochondria highly enriched with uncoupling protein 1 (UCP1)*.
UCP1 enables brown adipocytes to uncouple substrate oxidation from ATP synthesis thereby

4



1 - Introduction

producing heat, a process referred to as thermogenesis. Classic brown adipocytes are found in
distinct depots of BAT located e.g. in the interscapular, axillary, and perirenal region in
rodents®’. BAT is highly innervated and norepinephrine released from neurons of the
sympathetic nervous system activates thermogenesis during e.g. cold®. Furthermore, BAT is
highly vascularized to provide sufficient and fast heat distribution into circulation®.

The fact that BAT is an important tissue to regulate lipid, glucose, and energy metabolism in
mice has been known for more than 10 years**. In addition to rodents, also human infants have
significant amounts of BAT to support thermoregulation e.g. after birth®*3¢. Further, a discrete
population of adults was shown to possess significant amounts of BAT, expectedly because of
chronic cold exposure®. A very recent study also demonstrates BAT in children®. However, it
was thought that BAT gets “lost” during adolescence and no functional BAT remains until
adulthood®.

In the year 2007, Cannon and Nedergaard published the first report on the existence of
significant amounts of functional BAT in human adults*. Data from patient scans for cancer
diagnosis using *®F-fluoro-2-deoxy-d-glucose (**F-FDG) positron emission tomography (*°F-
FDG-PET) imaging finally led to the rediscovery of UCP1-positive adipose tissue consistent with
brown fat in adult humans*~*. The most prominent BAT depots in adult humans are located in
the supraclavicular and spinal region*. This might not necessarily reflect the whole entity of
brown fat in humans, as ®*F-FDG-PET only detects glucose uptake and BAT is suggested to
function as a “sink” for many more kinds of substrates. Recent studies also demonstrated high

45,46

plasticity of human BAT. BAT mass e.g. increases during cold exposure™", and negatively

correlates with age*” and BMI*®

. Hence, a comprehensive method to specifically detect all BAT
depots in humans still has to be developed.

In addition to classical brown adipocytes, there is another brown-like fat cell type expressing
UCP1 which can be found in WAT depots. These cells have been named “brite™ (for “brown-in-

white”) or “beige?®

adipocytes (Figure 1). Beige adipocytes can be detected preferentially in
subcutaneous WAT depots when animals have been exposed to cold or other inducers (Figure
2). Hence, beige adipocyte formation is a highly inducible process and the dependency on
external stimuli for UCP1 induction is a distinct feature of these cells. The process of UCP1
induction in WAT depots is referred to as “browning” and was already reported in 1984 in
rodents by Young et al.*.

In contrast, brown adipocytes express high amounts of UCP1l even under unstimulated
conditions. Upon stimulation, also classical BAT has an enormous ability to activate and
increase its thermogenic capacity and mass. Therefore, the effect of browning of WAT versus
increased thermogenesis in BAT on energy balance is highly debated. However, both brown
and beige adipocyte activation / recruitment has been associated with improvements in e.g. diet

induced obesity and T2D (reviewed in**>*~>3),
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Of note, whereas brown adipocytes in infants seem to be similar to classical brown adipocytes
in mice®**®, UCP1-positive cells in human adults have been reported to share more of their

657 However, this does not exclude the

molecular signature with murine beige adipocytes
existence of classical BAT in human adults as fat depots containing UCP1-positive cells are
likely to include both beige and brown adipocytes.

This work has been focused on BAT biology. Hence, the following sections comprise the most
important facts about the molecular regulation of adipogenesis, metabolic function, and

therapeutic potential of classical BAT.
1.2.2.1. Molecular regulation of brown adipocyte development and function

Adipogenesis, the developmental process from fibroblastic precursor cells to mature fat cells, is
highly controlled and many molecular regulators have been identified until today. Although
brown and white adipocytes have distinct developmental origins, they share some initial steps in

differentiation (reviewed in**®

). One central and initial member of adipogenesis is peroxisome
proliferator-activated receptor gamma (PPARYy), also referred to as the “master-regulator” of
adipogenesis. PPARYy interacts with three CCAAT/enhancer-binding protein family members
(C/IEBP-q, -B, and —d) to promote the transcriptional cascade needed for both brown and white
fat cell development™.

More important regulators to promote and maintain differentiation of precursor cells to mature
brown adipocytes such as PPARa, PPARy coactivator l-alpha (PGCla), PRD1-BF-1-RIZ1
homologous domain containing protein 16 (PRDM16), euchromatic histone-lysine N-
methyltransferase 1 (EHMTL1), Zinc finger protein 516 (Zfp516), and placenta specific 8

(PLACS) protein, have been identified (reviewed in**°%6%61

). Despite these early developmental
brown markers, expression analysis of brown vs. white adipocytes has been used to identify
many more markers with enriched expression and of important function in brown adipocytes,
e.g. cell death-inducing DNA fragmentation factor-a-like effector A (Cidea, a lipid droplet

62,63

associated protein®"°) and type 2 iodothyronine deiodinase (Dio2, a component in the thyroid-

sympathetic synergism required for thermal homeostasis in mice®).

The main function of mature brown adipocytes is to perform high rates of lipid and glucose
oxidation upon thermogenic activation. So far, numerous studies identified a variety of signaling
pathways and endocrine factors that increase BAT activity (Figure 2). Beside their role in brown
adipogenesis, PPARa and PGC1la have special functions in regulating thermogenic activation in
brown adipocytes. It has been shown that fatty acids derived from lipolysis activate PPARa,
further leading to induction of oxidative genes such as Pgcla, Pdk4, Cptlb and most
importantly Ucp1%%®. Recent studies also suggest PPARa activation by its agonist fenofibrate
as a potent mechanism to promote browning of WAT® and to activate thermogenic gene

expression in BAT®. PGCla has been recognized as an essential player in activating
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mitochondrial biogenesis and transcription during cold or B-agonist-induced thermogenic
activation of brown adipocytes™. Specifically, PGCla expression and activity is directly
regulated by the B-adrenergic signaling pathway in brown adipocytes’. Activated PGCla
regulates the expression of thermogenic genes through its interactions with PPARa and PPARy
(reviewed in®") Hence, PGCla provides a direct link between the physiological activator of
thermogenesis and the transcriptional machinery in brown adipocytes. Therefore, PPARa and
PGC1la have been referred to as master regulators of fatty acid oxidation and mitochondrial

biogenesis, respectively.
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Figure 2. Secreted factors that recruit brown adipocytes, bei ge adipocytes, or both (by Debbie
Maizels). In rodents, a number of tissues and cell types have been found to secrete factors that regulate
brown and beige adipose activity through systemic, autocrine and paracrine mechanisms. Neurons and
alternatively activated macrophages secrete norepinephrine; cardiac tissue secretes natriuretic peptides;
liver and BAT secrete Fibroblast growth factor 21 (Fgf21); muscle secretes irisin; and thyroid secretes the
hormone T4 (which is then converted to T3). BAT also produces bone morphogenic protein (Bmp)-8b and
vascular endothelial growth factor (Vegf), which increase thermogenic function in an autocrine manner.
Additionally, orexin and Bmp7 promote brown fat development, but their cellular source is unknown. Oxr1,
oxidation resistance 1; Alk7 (also called Acvrlc, activin A receptor type 1C).51

1.2.2.2. Therapeutic potential of brown adipose tissue

With its re-discovery in adult humans, BAT has gained a lot of scientific interest in terms of its
role in whole body lipid, glucose, and energy metabolism. The main question is if activation of
BAT is feasible to prevent e.g. body weight gain and reverse metabolic abnormalities such as
T2D? BAT has been reported to significantly contribute to whole body energy homeostasis in

mice and men. Upon activation, BAT serves as a metabolic “sink” for many substrates including
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glucose and fatty acids, thereby actively contributing to e.g. lipid and glucose clearance from the
circulation (reviewed in>***"3),
In rodents, several studies reported beneficial effects on whole body lipid, glucose, and energy

metabolism by increasing BAT recruitment and activity (reviewed in>>°*

). Accordingly, it has
been clearly demonstrated that cold acclimation promotes recruitment of BAT and increases
postprandial insulin sensitivity also in adult humans®"*"°. Hence, B-adrenergic signaling upon
cold exposure is the most prominent pathway to activate BAT thermogenesis in rodents and in
humans. Consequently, different B-adreno receptor agonists such as natriuretic peptides,
norepinephrine, and fibroblast growth factor (FGF) 21 have been tested for their ability to
increase BAT activity in humans. However, adverse side effects on the cardiovascular system
or sympathetic nervous system have hampered the clinical use of these activators (reviewed
in’®). Also nutritional compounds such as capsinoids have been shown to increase BAT mass
and activity in humans*"’’.

Not only recruitment of BAT might be a valuable approach to increase energy expenditure in
humans, but also directly targeting UCP1 using small molecules and synthetic agonists or
inhibitors (reviewed in"®). Further, identification of novel metabolic pathways in brown
adipocytes provides opportunities to target and manipulate BAT metabolism on a molecular
level. Hence, knowledge of the regulatory circuits controlling BAT recruitment and activity is
constantly growing, but is not yet completed.

In conclusion, further investigation on BAT biology is needed to finally yield sustainable
therapeutics. However, BAT is a valuable target to counteract obesity and its comorbidities such

as insulin resistance, T2D, and cardiovascular disease.
1.3. The N-acetylaspartate (NAA) pathway from brain  to brown fat

N-acetylaspartate (NAA) is the second most abundant metabolite in brain. The levels of NAA
have been reported to reach 10 mM and higher in specific brain areas’®®. NAA has been used
as a biomarker for brain health as NAA provides the largest single peak on spectra determined
by proton magnetic resonance spectroscopy. NAA levels were found to be reduced in a majority
of neuropathologies such as ischemic stroke, Alzheimer’s disease, epilepsy, multiple sclerosis,
traumatic brain injury, and even brain cancer. Further, NAA serves as a precursor for the
neurotransmitter N-acetylaspartylglutamate (NAAG). Several studies also reported NAA as an
important metabolite in neuronal osmoregulation, lipid synthesis, and energy metabolism in

neuronal mitochondria (reviewed in®%).

1.3.1. NAA metabolism in brain

NAA is synthesized from L-aspartate (L-Asp) and acetyl coenzyme A (acetyl-CoA) by a

membrane bound enzyme referred to as L-aspartate N-acetyltransferase®®° (Asp-NAT;
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enzyme commission (EC) number: EC 2.3.1.17). In 2010, two studies reported that the gene N-
acetyltransferase 8-like (Nat8l / Shati) encodes for Asp-NAT and that NAT8L protein is the
enzyme responsible for NAA synthesis®®®'. Therefore, the Nat8l / Shati gene will be referred to
as Nat8l and NATS8L will be used to refer to Asp-NAT in this thesis. The coding sequence of
Nat8l is comprised of 3 exons in the Nat8l gene (NM_001001985) located on mouse
chromosome 5 (human chromosome 4)*°. The Nat8l gene encodes a 33 kilo Dalton (kDa)
protein (299 amino acids). A structural model proposed the presence of a membrane anchor
domain and two hydrophilic arms that build up the sight for catalytic action of NAT8L®.
Mammalian orthologues of NAT8L show high homology®®.

It is widely accepted that neurons are the primary place for NAA synthesis in brain. Interestingly,
there is still controversy about the subcellular localization of NAT8L. It is highly debated whether
NATS8L localizes to mitochondria and / or the ER and which cellular compartment is the main
place of NAA synthesis in neurons®*®°-%_ A recent study by Toriumi et al.** reported Flag-
NATS8L co-localization with endoplasmic reticulum. Another recent report determined higher
NAA levels in mitochondria of neurons compared to cytosol measured by immune-electron
microscopy, arguing for mitochondrial synthesis of NAA®,

NAA is not metabolized in neurons but gets transported to oligodendrocytes (myelin forming
cells) by a mechanism that may involve the sodium coupled high-affinity carboxylate transporter
NaDC3 (SLC13A3%?). Aspartoacylase (ASPA; EC 3.5.1.15; synonyms: aminoacylase Il, N-
acetyl-L-aspartate amidohydrolase), a nucleo-cytosolic protein in oligodendrocytes®, specifically
deacetylates NAA to yield acetate and L-Asp (enzymatic activity first described by Birnbaum et
al.*®). Of note, ASPA activity has also been found in purified myelin membrane fractions'®. The
Aspa gene is organized in 10 exons (NM_023113) located on mouse chromosome 11 (human:
9 exons, chromosome 17) (Source: http://ncbi.nlm.nih.gov/gene; February 2016). The Aspa
gene encodes a 35 kDa protein (312 amino acids) (Source: http://www.uniprot.org; February
2016). The structure of ASPA has been described by Bitto et al.**.

Finally, acetate released by ASPA is used to form acetyl-CoA'® by acetyl coenzyme A
synthetase (ACSS) activity'®®. This acetyl-CoA has been shown to be used for myelin lipid
synthesis (reviewed in®?). Acetyl-CoA is a universal metabolic carbon source and connects
energy derivation, storage, and utilization. Further, acetyl-CoA dependent acetylation regulates
protein function, enzyme activity, transcription factor signaling, and gene transcription (reviewed
in'®). So far, it is not entirely understood, how NAA and brain energy metabolism are
connected, but it seems likely that this connection is established via NAA derived acetate /
acetyl-CoA. A scheme of NAA metabolism and metabolic interconnection between neurons,

oligodendrocytes, and astrocytes in brain is shown in Figure 3.
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Figure 3. Scheme of NAA metabolism and metabolic interconnect ion between neurons,
oligodendrocytes, and astrocytes in brain . A major metabolite cycle exists between neurons and
oligodendrocytes via NAA that is transferred from axons to oligodendrocytes at axo-glial contact zones
between the innermost oligodendrocyte plasma membrane in a myelin segment and the axonal
membrane. ASPA in the oligodendrocytes generates free acetate which can then be converted to acetyl
CoA by AceCS1, which can then go on to be utilized for fatty acid synthesis, cytoplasmic protein
acetylation reactions, and nuclear histone acetylation (blue lines). It is possible that some acetate derived
from NAA in oligodendrocytes is transferred to astrocytes for energy derivation through the enzyme
AceCS2 present in mitochondria in astrocyte end feet and cellular contact zones. It is also possible that
some NAA-derived aspartate in oligodendrocytes is recycled back to neurons. AAT, aspartate
aminotransferase; AceCS1, acetyl CoA synthase-1; AceCS2, acetyl CoA synthase-2; AKG, o-
ketoglutarate; ASP, aspartate; ASPA, aspartoacylase; ACLY, ATP citrate lyase; GLN, glutamine; GLU,
glutamate; GS, glutamine synthase; NAT8L, N-acetyltransferase 8-like; NH3, ammonia; PAG, phosphate
activated glutaminase. (adapted from Moffett et al.sz)

Defective NAA metabolism has also direct pathological consequences leading to two inborn

diseases in humans. The first, deficiency of ASPA, leads to a leukodystrophy named Canavan

105

disease (reviewed in~) which is characterized by dystonia (a neurological movement disorder),

severe mental defects, blindness, megalencephaly, and death at an average age of 18
months'®®. Of note, NAA levels are increased in brain, cerebrospinal fluid and urine of these

108

patients. The Aspa-knock out (Aspa-ko) mouse and the tremor rat'® are the two described
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animal models of Canavan disease. Similar to humans, Aspa-ko mice lack ASPA activity, suffer
from severe neuropathologies, show increased NAA levels in their urine, and die within the first
4 weeks of life®1%,

The second disorder named hypoacetylaspartia is promoted by a mutation in the Nat8l gene
leading to dysfunctional NAT8L, and consequently loss of NAA in brain®®. Reduced myelination,
truncal ataxia (“drunken sailor” syndrome), marked developmental delay, seizures, and
secondary microcephaly are characteristics of this disease™®!!. Nat8l-knock out (Nat8I-ko)
mice described by Furukawa-Hibi et al.'*? are viable. These mice show reduced social
interaction in unfamiliar environment, increased rearing and grooming time in the open field test,
and increased exploration time of new objects. Interestingly, there was no reduced social
interaction when Nat8l-ko mouse were tested in their homecage. Recently, Toriumi and
colleagues reported that locomotor activity was increased in Nat8I-ko compared to wild-type (wt)
mice®. It has been suggested for a long time that both loss and accumulation of NAA lead to
demyelination and consequently promote neuropathologies (reviewed in®'). However, Nat8l-ko
mice show normal myelination whereas Aspa deficiency leads to demyelination and premature
death of about 70 % of Aspa-ko mice compared to controls'®. Further, Nat8l / Aspa-double-ko
mice show normal myelination which indicates that defective NAA catabolism in brain is the
major cause of myelination defects and premature death'®****, However, none of these reports

give data on how defective NAA metabolism affects whole body energy homeostasis in mice.

1.3.2. NAA metabolism outside the central nervous system

Early studies reported that NAA synthesis was not detectable in peripheral tissues such as
kidney and mammary gland, but specifically in brain**. Conversely, also other tissues than
brain including kidney, liver, heart, and mammary gland were able to catabolize NAA™?*> |t
was further observed that NAA was taken up very fast and metabolized to CO, in kidney,
whereas brain and mammary gland took up NAA and converted it into lipids. These studies
were the first to support the idea, that NAA could be used for either energy production or lipid
synthesis. Further, chromatographic analyses of different tissue extracts indicated that NAA
concentration is at least 100-fold lower in non-neural tissues’. Hence, these data implied that
NAT8L expression was highly specific to neurons, whereas ASPA is also expressed in
peripheral tissues.

Against this hypothesis, our group reported similar expression levels of both Nat8l and Aspa in

[ 116

murine eWAT and BAT (Pessentheiner & Pelzmann et al and Prokesch & Pelzmann et

al.**"). In brown adipocytes, we found NAT8L and ASPA protein localized to mitochondria**® and
cytoplasm™’, respectively. We showed that Nat8] mRNA was downregulated in e WAT and BAT
of genetically obese (ob/ob) mice. Furthermore, expression analyses of eWAT and BAT from

Atgl and Hsl knock-out mice revealed that Nat8l was also downregulated when compared to
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controls''®. ATGL and HSL are the main enzymes for TG hydrolysis and deficiency of ATGL or
HSL in vivo significantly impairs lipid, glucose and energy metabolism in these mice'****,

These results have been the first arguing for autonomous consecutive NAA synthesis and
breakdown also in peripheral tissues. Recent studies further support the idea of an important
role of NAT8L and NAA synthesis outside the CNS. Huang et al.”® connected NATSL to
vascular endothelial cell autophagy. Two more reports by Lou et al.”?® and Zand et al.*** linked
increased Nat8l gene expression and NAA concentrations to lung and ovarian cancer,
respectively. Hence, all these data further support the idea that a connection between NAA and

energy homeostasis exists and might be established via NAA-derived acetate / acetyl-CoA.

1.3.3. NAA and mitochondrial energy metabolism in neurons and adipocytes.

Although the function of the NAA pathway in mitochondrial energy homeostasis is not clear,
evidence for an important role of NAA metabolism in mitochondrial function in brain and adipose
tissue is increasing. Namboodiri et al. proposed a multifunctional model of NAA metabolism
involving its synthesis in neuronal mitochondria and endoplasmic reticulum®. This model is
mainly based on the connection between NAA and acetyl-CoA metabolism in brain. For
example, traumatic brain injury (TBI) provokes an energy crisis*®® and NAA, ATP, and acetyl-
CoA levels have been shown to be reduced correlated with injury severity and their levels return
with recovery'?*?’_ Hence, acetyl-CoA available for NAA synthesis might be reduced or NAA as
a storage form for acetate might be degraded due to need of acetyl-CoA for energy production
and repair mechanisms. In addition, the synthesis of NAA also requires L-Asp. Aspartate
aminotransferase (AAT) converts oxaloacetate and glutamate to L-Asp and a-ketoglutarate (a-
KG). It has been reported that AAT activity is also reduced in response to TBI*?®, Hence, this
would limit NAA synthesis from L-Asp and a-KG synthesis from glutamate, thus reducing the
brain’s capacity to generate energy. This introduces glutamine availability as an additional
parameter for providing metabolites for NAA synthesis.

Recently, Sumi et al. provided further evidence for a direct influence of NAA synthesis on
neuronal energy metabolism, as they reported that adenoviral overexpression of Nat8l in
cultured neurons increased ATP content?*.

In accordance with the proposed important connection of NAA and energy metabolism, we
showed that NAT8L is highly expressed in mitochondria whereas ASPA is expressed in the

116,117

cytoplasm of brown adipocytes . Of note, it has been proposed that the metabolic

connection between neurons and oligodendrocytes / astrocytes is similar to what is established

130

between mitochondria and the cytoplasm in other cell types™". A scheme of NAA metabolism in

mitochondria and the cytoplasm is shown in Figure 4.
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Figure 4. Scheme of NAA metabolism and its connection to the TCA cycle. NAA is synthesized from
acetyl-CoA and aspartate (L-Asp). Aspartate aminotransferase (AAT) 2 utlizes glutamate and
oxaloacetate to form L-Asp and a-ketoglutarate (a-KG) in mitochondria. Aspartoacylase (ASPA) catalyzes
NAA breakdown in the cytoplasm to yield acetate and L-Asp. AAT1 utilizes a-KG and L-Asp to form
oxaloacetate and glutamate in the cytoplasm. AGC, mitochondrial aspartate-glutamate carrier; NAT8L, N-
acetyltransferase 8-like; NAA, N-acetylaspartate. (adapted from Moffett et al.®*)

1.3.4. NAA synthesis and breakdown and its connection to lipid metabolism in

neurons and adipocytes

NAA is not a primary source of acetyl-CoA. The synthesis of NAA already requires the utilization
of existing acetyl-CoA, therefore NAA might be a storage and transport form for acetate.
Subsequently, this acetate moiety can be converted to acetyl-CoA, which could, amongst

others, be further used for lipid synthesis. Chakraborty et al.**!

reported incorporation of
radioactive [**C]-NAA into myelin lipids after intraocular injection in rats. NAA was shown to
supply ~1/3 of acetyl-CoA required for myelin lipid synthesis during brain development, the
remaining 2/3 being supplied by citrate™*?.

Adipogenesis is a process which also requires high amounts of lipid synthesis, similar to
myelination in brain. Our group found expression of Nat8l upregulated during adipogenesis of
murine and human white and brown adipocyte cell lines''®. We demonstrated that
overexpression of Nat8l in brown adipocytes increases lipid turnover in these cells. Mature
brown adipocytes show high metabolic rates which can even be increased upon B-adrenergic
stimulation. Therefore, these cells need to perform high rates of lipogenesis and lipolysis. The

balance between these two processes is very important for adipocyte energy homeostasis.
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One way to provide FAs for TG stores in adipocytes is FA acid uptake from the circulation

(reviewed in**®

1~ 134
n

). The second way is to generate FAs by de novo lipogenesis (DNL; reviewed
) from acetyl-CoA derived by glycolysis. However, acetyl-CoA cannot pass the
mitochondrial membrane. The canonical pathway to provide cytosolic acetyl-CoA is the
formation of citrate, followed by its transport to the cytosol via the tricarboxylic anion carrier and
subsequent production of acetyl-CoA by ATP citrate lyase (ACLY). Our recent studies show that

the NAA pathway is a second way to provide cytosolic acetyl-CoA in adipocytes™’. A scheme of
brown adipocyte lipid, glucose, and energy metabolism is given in Figure 5.
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Figure 5. Scheme of brown adipocyte lipid, glucose, and energ y metabolism. Mitochondrial acetyl-
CoA is produced from glycolysis-derived pyruvate or from p-oxidation of fatty acids (FA) derived by
lipolysis. Acetyl-CoA is used for citrate synthesis and can be used for energy production or transported to
the cytoplasm. ATP citrate lyase (ACLY) produces cytoplasmic acetyl-CoA from citrate (highlighted in
yellow). The NAA pathway (highlighted in blue) is a second pathway that provides cytoplasmic acetyl-
CoA. Cytoplasmic acetyl-CoA can be used for de novo lipogenesis or histone and / or protein acetylation.
Main anabolic / catabolic processes are highlighted in red. NAT8L, N-acetyltransferase 8-like; ASPA,
Aspartoacylase; ACSS2, Acetyl coenzyme A synthetase 2; TG, triglyceride.

Upon B-adrenergic stimulation, adipocytes perform high rates of lipolysis. In each step of the
lipolytic cascade, ATGL, HSL, and monoglyceride lipase (MGL) release one FA from TG,
diacylglycerol, and monoacylglycerol, respectively®®. As mentioned above, FA released by
lipolysis can have signaling function (e.g. activation of transcription factors such as PPARa), be
released into circulation (most important for white adipocytes), or re-esterified. Additionally and
most important for brown adipocytes, FA can also be used for B-oxidation in mitochondria
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yielding acetyl-CoA. Thus, acetyl-CoA for NAA synthesis might also be derived from oxidation of
FA.

1.3.5. NAA catabolism and histone / protein acetylation

Histone acetylation controls chromatin-structure and DNA accessibility in eukaryotic cells,

thereby regulating gene transcription. Wellen et al.**®

showed that histone acetylation impacts
cellular metabolism. They reported that ACLY regulates acetyl-CoA availability, thereby
impacting substrate supply and activity of histone acetyltransferases (HATS) and deacetylases
(HDACSs), respectively. Consequently, manipulation of HAT and HDAC enzyme activity
regulates histone acetylation and gene transcription.

ACSS2 (EC 6.2.1.1), the enzyme converting acetate to acetyl-CoA has been reported to be
localized in nuclei and cytoplasm of oligodendrocytes during brain development*®’. ACSS2 has
been shown to provide acetyl-CoA for nuclear HATs involved in epigenetic gene regulation'®,
Of note, ASPA has also been reported to localize to the cytoplasm and the nucleus in
oligodendrocytes®™. Thus, ASPA and ACSS2 could be able to control acetyl-CoA availability
used for histone and protein acetylation similar to ACLY. Importantly, our group recently linked

NAA catabolism to epigenetic gene regulation'*’

(see Figure 5). We showed that silencing of
Aspa in brown adipocytes reduced histone acetylation and brown marker gene expression.

Acetylation and deacetylation of proteins is a reversible posttranslational modification which
alters protein structure and function®®. In return, these modifications can lead to changes of
intermediary metabolites such as ATP, nicotinamide dinucleotide (NAD"), and acetyl-CoA.
These metabolites again function as direct substrates for posttranslational modifications. Lysine
acetyltransferases (KATs) and deacetylases (KDACs) regulate reversible acetylation and
deacetylation of proteins in mammals. Enzymatic activity of KATs and KDACs highly depend on

cellular energy homeostasis (reviewed in'*

). A very prominent family of KDACs are the sirtuins
(SIRTs) with its most prominent family member SIRT1 described to deacetylate and thereby
activate important metabolic regulators such as PPARy**’, PGC1a™***? and ACSS2'*,

Taken together, these data suggest that NAA-derived acetate provides acetyl-CoA for histone

and / or protein acetylation.
1.4. Thesis aim and model system

The aim of this thesis is to describe the role of the N-acetylaspartate (NAA) pathway in
adipocyte biology with special emphasis on brown adipose tissue glucose, lipid, and energy
metabolism. Immortalized brown adipogenic cells (iBACs) overexpressing or silenced for Nat8l
have been used as a model to investigate the impact Nat8l on energy metabolism in vitro. To
investigate the effect of NAT8L on energy metabolism in vivo, Nat8I-knock-out (Nat8I-ko) mice

have been characterized with regard to whole body lipid, glucose, and energy metabolism. The
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physiological triggers for activation and / or inhibition of the NAA pathway will be discussed.
Finally, our proposed model (Pessentheiner & Pelzmann et al.™®; see also Figure 5) of the NAA
pathway and its impact on adipocyte biology will be discussed and expanded to provide a good

basis for further studies.
1.5. Hypothesis

We hypothesized that the NAA pathway provides an additional route to transport mitochondrial
acetyl-CoA to the cytoplasm, thereby regulating mitochondrial / cytoplasmic acetyl-CoA
availability and distribution in adipocytes. Acetyl-CoA is a central metabolite in energy
homeostasis and metabolism. Therefore, it is reasonable that NAA synthesis and catabolism
regulate adipose tissue physiology and thereby impacts whole body lipid, glucose, and energy

homeostasis.
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2. Materials and Methods

2.1. Animal care

The Nat8l-ko mouse model has been originally described by Furukawa-Hibi et al.**?. Unless
otherwise specified, wt and Nat8l-ko mice (C57BI/6J background) were kept in a standard
temperature (23 — 25 °C) and humidity controlled environment with a 12 : 12 hour light-dark
cycle. Mice had nesting material and ad libitum access to water and commercial chow diet (CD;
CLEA Rodent Diet CE-2 for rearing and breeding — Japan; ssniff® #V1126 — Austria) or hight-fat
diet (HFD; Research Diets Inc. #D12451 — Japan; ssniff® #E15744-34 acc. #D12451 — Austria)
from indicated age.

All animal experiments were carried out according to national Japanese and EU ethical
guidelines and approved by the local animal experimentation committee (Japan) and the

Austrian Federal Ministry of Science, Research, and Economy, respectively.
2.2. Genotyping

DNA was extracted from tail-tips by adding 50 uL Direct-PCR Tail buffer (VWR International
GmbH, Erlangen, GER) and 1.5 pL proteinase K (20 mg / mL stock, Carl Roth GmbH,
Karlsruhe, GER) followed by incubation in thermomixer (56 °C / 1300 rpm / 90 minutes).
Subsequently, samples were briefly vortexed and again incubated in thermomixer (85 °C / 600
rpm / 45 minutes). Tail-tip PCR reactions (were performed using PrimeSTAR® HS DNA

Polymerase (TaKaRa Bio Inc., Kusatsu, JP) as shown in Table 1 and Figure 6.

Table 1. Reaction composition for  Nat8l-tail-tip PCR.

Reagent Concentration ML per reaction

PrimeSTAR Buffer (Mg

(supplied by TaKaRa) ox 2:5
((jsl\llj-ll;ilizlc;xs:/riaKaRa) 2.5mM 1.0
PrimeSTAR® HS DNA Polymerase 1.25 units / 25 pL 0.125
Primer-Mix 20 uM 1.0
Sample 1.0
dH,0 7.375
Total 13.0
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Figure 6. PCR-program for tail-tip PCR of Nat8l-ko mice.

Primer-mix was prepared from the following Nat8l-tail-tip-PCR (One part from primer 1 and 3

and two parts from primer 2; 20 uM final concentration):

Primer 1 (Nat8l-ko WT_Fw): CTATGAGTCACTGGGCTTCAGAC
Primer 2 (Nat8l-ko WT_Rv): TGTTGTAGAGGTTCTGTGCTTGAT
Primer 3 (Nat8I-ko_ NEO_Fw): CGGAGAACCTGCGTGCAATCCATCTTGTTC

Final PCR products were separated using a 1 % agarose gel (electrophoresis at 105 V / 400
mA for 45 minutes). Bands were detected at a length of 504 bp and 972 bp for wt and ko,

respectively.
2.3. Cold Exposure

Animals on CD and HFD were challenged by cold exposure (4 — 8 °C) for a period of at least 48
hours and up to 9 consecutive days. Rectal body temperature was monitored every 30 minutes
within the first 12 hours of cold challenge, followed by control measurements every 6 — 12
hours. Mice were removed from the experiment if they were not able to acclimate or sustain the

cold challenge (drop of body temperature below 31°C).
2.4. Chronic adrenergic stimulation with CL 316,243

The B3-adreno receptor agonist CL 316,243 was administered to a one cohort of male C57BI/6J
at the age of 13 weeks by intraperitoneal injection on 8 consecutive days (1 mg / kg per day;
7.30 — 8.00 a.m.). Control mice were simultaneously injected same amounts of sterile saline. A
second cohort at the age of 10 — 12 weeks was infused for 7 days using subcutaneously
implanted osmotic minipumps (0.75 nmol / hour; Alzet 2001; Alzet® osmotic minipumps,

Cupertina, CA, USA) and controls were left untreated.
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2.5. Animal phenotyping

All clinical tests were carried out according to the guidelines from the Federation of European
Laboratory Animal Science Associations (Felasa). Mice were weighted and food consumption
was measured weekly on the same day. Oxygen consumption (VO,), carbon dioxide production
(VCO,) and respiratory exchange ratio (RER) was monitored by indirect calorimetry using
metabolic cages MK-5000RQ (Muromachi Kikai, Tokyo, JP) with a five minute measurement
interval. Energy expenditure (EE) was estimated using VO, and VCO, values in the following
equation: EE (cal / min) = (3.98 x VO,) + (1.07 x VCO,). Food intake and activity was also
measured during a period of 24 hours. Glucose or insulin tolerance was assessed by
intraperitoneal injection of 1.5 g / kg glucose or 0.5 U insulin / kg (human insulin 10 mg / mL,
Carl Roth GmbH, Karlsruhe, GER) after 6 hours and 4 hours of fasting, respectively. For HFD-
fed mice, the insulin dose was increased to 0.6 - 0.7 U insulin / kg. If not otherwise stated, blood
samples were drawn by punctuation of the retro-orbital plexus or vena facialis and collected in
tubes containing 0.5 M ETDA. Plasma was collected after centrifugation (3600 rpm / 10 min / 4
°C). Plasma free fatty acid, triglyceride, insulin, and ketone body concentrations were measured
using commercial kits (NEFA C test kit, WAKO Diagnostics, Mountain View, CA, US;
Triglyceride Reagent (TR22421), ThermoFisher Scientific, Waltham, MA, USA; Mouse
Ultrasensitive Insulin ELISA (80-INSMSU-E01), ALPCO Diagnostics, Salem, NH, US; B-
Hydroxybutyrate Assay Kit (MAK041), Sigma-Aldrich, St. Louis, MO, US).

2.6. Histological analyses and immunohistochemistry

Isolated tissue from BAT, sSWAT, eWAT, and heart were fixed in 4 % paraformaldehyde for 24
hours and embedded in paraffin. 2 um thick sections were cut, deparaffinized with xylene, and
stained with hematoxylin and eosin (HE). Immunohistochemistry was performed using a specific
UCP1 antibody (ab10983, Abcam, Cambridge, GB) and F4/80 (MCA 497 GA, Bio-Rad AbD
Serotec GmbH, Puchheim, GER). Antigen retrieval was done with EDTA-sodium buffer (1.0
mM, pH 8.0) for 40 minutes. For incubation and detection, the Dako Real Envision System
(K5007, Dako Osterreich GmbH, Vienna, AUT) was used. For lipid droplet area and diameter

quantification, 100 — 170 droplets of each genotype were counted.
2.7. Measurement of lipolysis from organ explants

BAT, sSWAT, and eWAT was surgically removed, washed with phosphate buffered saline (PBS,
pH 7.4; GIBCO, ThermoFisher Scientific, Waltham, MA, US), incubated in prewarmed DMEM
(4.5 g / L glucose; GIBCO, ThermoFisher Scientific, Waltham, MA, US), and all further
measurements were performed on the same day. Tissue pieces of about 20 mg were

preincubated for 1 hour in 200 pL of DMEM containing 2 % BSA (fatty acid-free) in absence or
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presence of 10 uM isoproterenol at 37 °C / 5 % CO, / 95 % humidity atmosphere. Preincubation
was not necessary for measurement of basal lipolysis. After preincubation, fat explants were
transferred into 200 pL of identical, fresh medium and incubated for further 60 minutes.
Incubation media was collected and lipid extraction at 37 °C was done for 1 hour using 1 mL
chloroform : methanol (2 : 1, vol : vol) containing 1 % acetic acid. Subsequently, tissues were
lysed by overnight vigorous shaking in 500 pL NaOH / SDS (0.3 N / 0.1 %) at 55 °C. Protein
content was measured using Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA, US). Free fatty acid- and glycerol release was determined as described in 2.10

and values were normalized to protein levels.
2.8. Cell culture

If not otherwise stated, immortalized brown adipogenic cells*** (iBACs) were grown in DMEM
(4.5 g /L glucose; GIBCO, ThermoFisher Scientific, Waltham, MA, US) supplemented with 10 %
FBS (Biochrom GmbH, Berlin, GER), 2 mM L-glutamine (L-glut; ThermoFisher Scientific,
Waltham, MA, US), 50 pg / mL streptomycin, 50 units / mL penicillin (P/S; ThermoFisher
Scientific, Waltham, MA, US), and 20mM Hepes (ThermoFisher Scientific, Waltham, MA, US) at
37 °C, 5 % CO,. iBACs were induced to differentiate at the day of confluence with 0.5 mM 3-
isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, St. Louis, MO, US), 0.5 uM dexamethasone
(Dex, Sigma-Aldrich, St. Louis, MO, US), 20 nM insulin (Carl Roth GmbH, Karlsruhe, GER), 1
nM triiodothyronine (T3, Sigma-Aldrich, St. Louis, MO, US), and 125 uM indomethacin (Sigma-
Aldrich, St. Louis, MO, US). Two days after induction, medium was changed to maintenance
medium containing 20 nM insulin and 1 nM T3 and cells were kept in this medium until harvest.
iIBACs stably overexpressing Nat8l or stably silenced for Nat8l and Aspa were generated using
retroviral transduction particles as described previously*'®*’.

To stimulate 33-adrenergic receptors, cells were incubated with 1 uM isoproterenol (iso) for 4
hours. iBACs were treated with 10 pM PPARa antagonist GW6471 (Tocris Bioscience, Bristol,
GB) from day 4 until harvest. Supernatants and cells (scraped from the culture dish with PBS)
were harvested at the indicated time points. To inhibit lipolytic activity, iIBACs were incubated
with either 50 uM Atglistatin'*® or 50 uM Hi 76-0079 (HSL-Inhibitor, Novo-Nordisk, NNC 0076-
0000-0079, DK) for 7 hours prior to harvest on day 7 of differentiation. To inhibit acetyl-CoA
carboxylase and thereby FA synthesis, IBACs were incubated with 10 uM 5-(tetradecyloxy)-2-
furoic acid (TOFA,; Tocris Bioscience, Bristol, GB Respiration) for 12 hours prior to harvest on
day 7 of differentiation. To inhibit CPT1b and thereby FA B-oxidation, iBACs were treated with
0.1, 1.0, 10, and 40 uM of Etomoxir (Sigma-Aldrich, St. Louis, MO, US ) for 12 hours prior to

harvest on day 7 of differentiation.
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2.9. Respiration

Tissue respiration was performed using a Clark electrode (Strathkelvin Instruments, Motherwell,
GB) as described previously by Cohen et al.'*°. Briefly, freshly isolated tissues were isolated
from wild-type and Nat8l-ko mice, minced, and placed in 100 % air saturated respiration buffer
(PBS, 2 % BSA, 0.45 % D-glucose, 6 mg sodium-pyruvate — prepare a 100 mM stock and use
545 pL in 50 mL respiration buffer). O, consumption was normalized to tissue weight and
calculated as pug O, / min / mg tissue.

For assays on cultured cells, Clark electrode (Strathkelvin Instruments, Motherwell, GB) as well
as XF96 extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA, US) was used to
determine respiration rates.

For XF96 extracellular flux analyzer, oxygen consumption rate measurement was performed as
described.’® Briefly, iBACs overexpressing Nat8l and controls were used on day 6 of
differentiation, counted and plated in XF96 polystyrene cell culture microplates (Seahorse
Bioscience, North Billerica, US) at a density of 40000 cells per well. The next day, cells were
washed and preincubated for 30 minutes in unbuffered XF assay medium (Seahorse
Bioscience, North Billerica, US) supplemented with 5.5 mM D-glucose (Carl Roth GmbH,
Karlsruhe, GER) and 1 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO, US) at 37 °C in a
CO,-free environment. OCR was subsequently obtained in a time interval of 7 minutes using the
XF96 extracellular flux analyzer. Prior to the experiments, optimal concentrations of specific
inhibitors / accelerators of the electron transport chain were determined by titration. The
following working concentrations were used: 1 pM oligomycin, 2 uM FCCP (carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone), and 2.5 pM antimycin A.

2.9.1. Set-Up for respiration measurement using the Strathkelvin Instruments 782

System

To measure OCR using the Strathkelvin, the Clark electrode system was set up as described in
manuals for the S1782 Single / Dual Channel Meter, MT200A respirometer cell, and the SI130
electrode.” However, some critical steps for the setup process should be mentioned here to
provide reproducibility.

Before assembly of the system, a membrane had to be fitted to the electrode (Figure 7B). For
closed cell respirometry (e.g. tissue oxygen consumption), which was used for experiments
described in this thesis, polypropylene membranes were used. If the system should be used to
measure very fast changes of oxygen (e.g. isolated mitochondria), it would be necessary to use

FEP membranes. The unprotected electrode is very vulnerable and has to be handled very

2 http://www.strathkelvin.com/wp-content/uploads/2014/11/782-manual.pdf
http://www.strathkelvin.com/wp-content/uploads/2015/04/mt200-mt200A-manual.pdf
http://www.strathkelvin.com/wp-content/uploads/2015/04/electrode-manual.pdf
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carefully. The membrane jacket was filled with electrolyte solution (provided in the electrode
service kit) up to the inscribed line. It is critical to remove all air bubbles by tapping of the jacket
and inspecting it under strong light. The electrode has to be slowly inserted into the membrane
jacket and screwed until tight. An air bubble should remain inside the jacket. Otherwise, the
electrode pressure might be too high and lead to measurement failure.

After fitting the membrane jacket to the electrode, the MT200A respirometer cell can be
assembled (Figure 7A). The electrode has to be inserted from the bottom and the clamp ring is
used to fix the glass top on the respirometer and close the respiration chamber. The plunger
can be adjusted to define the respiration chamber volume (1 mL, 0.5 mL, and 0.3 mL for the
MT200A system). A water supply has to be connected at the backside of the respirometer cell.
After respirometer assembly, the electrode can be connected to the SI782 Single / Dual
Channel Meter.

When the electrode is first connected or re-connected to the SI782 meter, the electrode has to
be polarized. Therefore, system assembly has to be done some hours before measurement, as
this might take some time. The system was always used with computer connection, as the
software interface provides easier handling.

First, the basic setup has to be adjusted (Figure 7C). The parameters for the measurements

performed in this thesis were set as follows:

Type of experiment: closed cell respirometry
Oxygen units: pg / mL
Respiration rate: Mg / min

The number of electrodes will be recognized automatically by the system. Second, the oxygen
solubility has to be entered (Figure 7D). The oxygen concentration for the 100 % air-saturated
water at 37 °C corresponds to 6.72 ug / mL. The concentration can also be directly calculated in
the software according to the buffer parameters and temperature (“Calculate concentration”).

Third, electrodes have to be calibrated (Figure 7E). A “Zero”-calibration and a “High”(100 %)-
calibration point have to be defined. Therefore, 100 % air-saturated and 0 % oxygen containing
water have to be pre-warmed to 37 °C. 100 % air saturation can be achieved by bubbling air
through a hose. 0 % oxygen saturation can be achieved by adding a small amount of sodium-
sulfite (WAKO Diagnostics, Mountain View, CA, US) to water. The output current of the
electrode is displayed at the SI782 Meter. The “High” output should be in the range of 600 — 900
pA and the “Zero” output should be ideally 0 pA (all below 20 pA is fine). Values can be
accepted after electrode output is stable. Note, that after using the “Zero” calibration solution,
the chamber has to be washed thoroughly to avoid a decreasing signal in the “High” solution

due to residual sodium-sulfite. Calibration has to be confirmed by pushing the “Calibration
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complete™button (Figure 7E). Finally, respiration buffer has to be loaded to the respirometer cell
to make sure that the output is stable also with respiration buffer.
Right before measurement, experimental values, most importantly biomass (e.g. mg tissue, but

this can be also adjusted during analysis) and water volume, have to be set (Figure 7F).
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Figure 7. Experimental setup for respiration measurement usin g the Clark electrode from
Strathkelvin Instruments. (A) MT200A respirometer cell. (B) SI130 electrode with FEP and
polypropylene membrane jacket. Graphic user interface for (C) basic setup, (D) oxygen solubility, (E)
calibration of electrodes, and (F) experimental values in the Strathkelvin Instruments 782 System data
analysis module version 4.1.0.11.

24



2 - Materials & Methods

2.9.2. Data analysis using the Strathkelvin Instruments 782 System

After recording the oxygen concentration in the measurement chamber over time, a respiration
report can be produced. A decrease of oxygen is recorded as measure of respiration rate
(Figure 8A, blue line). Upper and lower analysis limit has to be set (Figure 8A, red bars 1 & 2).
As soon as the calculation limits have been set, a dashed line indicates the fitted function for the
respiration rate. Finally, the calculation and report format has been selected as shown in Figure
8B. The final respiration report (press the “Calc”-Button) is shown in Figure 8C. The duration of
analysis should be chosen as long as possible, but an analysis time of at least 1 minute is

highly desirable.

{ Py
@), Select calculation and report format li\%

Type of calculation

+ Rates
Save as default
" Values

Chamber A:  Electrode1

Select results to list in report: Chamber A
Start Length Norm Rate
v Time of start of analysed section (hh:mm:ss) (hh:mm:ss) (ug/min/mg)
0:00:37 0:01:21 -0,11

[v Duration of analysed sectioré

Cancel
(" Absolute Rate

& Normalised Rate

f

Help

Figure 8. Data analysis using the Strathkelvin Instruments 78 2 System. (A) Scheme of respiration
record; blue line: recorded oxygen consumption over time, red bars 1 & 2: borders for rate calculation,
dashed black line: fitted function for rate calculation. (B) Calculation and report preference window. (C)
Final respiration report.

2.10. Lipid staining and quantification

Cells were fixed (10 % formalin in PBS for 30 minutes), rinsed in PBS, and stained with oil red
O (0.25 % in 60 % isopropyl alcohol stock solution diluted 3 : 2, vol : vol with distilled H,O for 30
minutes). Cellular triglyceride content was determined from cells and supernatants using the

Infinity Triglyceride Reagent (ThermoFisher Scientific, Waltham, MA, US). Free fatty acid
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content was measured using the NEFA C test kit (WAKO Diagnostics, Mountain View, CA, US).
Values were normalized to protein content, measured in the cell lysate using the Pierce™ BCA
Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, US).

2.11. RNA isolation, reverse transcription, and gen e expression analysis

Total RNA from cells was isolated using the Total RNA isolation kit (Sigma-Aldrich, St. Louis,
MO, US) and the peqGOLD Total RNA kit (VWR International GmbH, Erlangen, GER),
respectively. Tissue RNA was isolated with TRIzol® reagent (Invitrogen™, ThermoFisher
Scientific, Waltham, MA, US) according to the manufacturer’s protocol. cDNA was generated
using Superscipt Il reverse transcriptase (Invitrogen™, ThermoFisher Scientific, Waltham, MA,
US) and the OneStep RT-PCR kit (Qiagen, Venlo, NL), respectively. mMRNA expression was
measured using the StepOnePlus real-time PCR System and ABI Prism 7700 Sequence
Detector system with SYBR Green PCR master mix (all from Applied Biosystems,
ThermoFisher Scientific, Waltham, MA, US). Gene expression was normalized to expression of
TflIR and 18S rRNA in murine tissues and cells.Relative mMRNA expression levels were

147

2"22C yalues for each biological replicate as described previously*’.

calculated using averaged

Primer sequences are listed in Table 2.

Table 2. Primer pairs used for gqRT-PCR. All primers were designed for and used with murine cDNA.

Target gene Forward primer5 = 3 Reverse primer 5 = 3

18S rRNA CACGGCCGGTACAGTGAAAC AGCGAGCGACCAAAGGAA

Acly AGGAAGTGCCACCTCCAACAGT CGCTCATCACAGATGCTGGTCA
Acsll TCCTACAAAGAGGTGGCAGAACT GGCTTGAACCCCTTCTGGAT
Acss2-ct CTGAGTGGATGAAAGGAGCAAC CAGGAGTTCACGGTATGTGATC
Aspa CCATATGAAGTGAGAAGGGCTC CCTCAAGAATAAGAGTGCAACC
Cidea TGACATTCATGGGATTGCAGAC GGCCAGTTGTGATGACTAAGAC
Cox1-mt TGAGCCCACCACATATTCACAG AGGGTTGCAAGTCAGCTAAATAC
Cptlb TGTATCGCCGCAAACTGGACCG TCTGGTAGGAGCACATGGGCAC
Fabp4 / aP2 CGACAGGAAGGTGAAGAGCATC ACCACCAGCTTGTCACCATCTC
Fasn GCTGTAGCACACATCCTAGGCA TCGTGTTCTCGTTCCAGGATC
Nat8l TGTGCATCCGCGAGTTCCGC GCGGAAAGCCGTGTTGGGGA
Pdk4 TTTCTCGTCTCTACGCCAAG GATACACCAGTCATCAGCTTCG
Pgcla TCTCTGGAACTGCAGGCCTAAC TCAGCTTTGGCGAAGCCTT
Ppara CCTGAACATCGAGTGTCGAATATG GCGAATTGCATTGTGTGACATC
Ppary2 TGCCTATGAGCACTTCACAAGAAAT CGAAGTTGGTGGGCCAGAA
Scdil ATCGCCTCTGGAGCCACAC ACACGTCATTCTGGAACGCC
THIG GTCACATGTCCGAATCATCCA TCAATAACTCGGTCCCCTACAA
Ucpl ACACCTGCCTCTCTCGGAAA TAGGCTGCCCAATGAACACT
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2.12. Western blot analysis

IBACs (at indicated time points) were harvested for protein analysis by scraping with SDS-lysis
buffer (50 mM Tris-HCI, pH 6.8, 10 % glycerol, 2.5 % SDS, cOmplete™ protease inhibitor
cocktail) and samples were digested by benzonase (Merck Millipore, Darmstadt, GER).

Tissues on ice were homogenized in RIPA buffer (150 mM Tris-HCI pH 8.0, 50 mM NacCl, 1 %
TritonX-100, 0.5 % Na-Deoxycholate, 0.1 % SDS) and incubated on ice for 20 minutes. After
centrifugation at 16000 g / 10 min / 4 °C, intermediate phase was carefully collected into a new
Eppendorf tube by puncture of the tube wall with a hot needle.

Protein concentrations were determined with the PierceTM BCA Protein Assay Kit
(ThermoFisher Scientific, Waltham, MA, US). 70 ug of sample were subjected to a 10 % BisTris
gel (NUPAGE, Invitrogen™, ThermoFisher Scientific, Waltham, MA, US), and gels were blotted
to nitrocellulose membranes. The following antibodies were used: anti-UCP1 (1 : 750)
(ab10983, Abcam, Cambridge, GB), anti-aspartoacylase (1 : 1000) (ab112530, Abcam,
Cambridge, GB), aTUBULIN (1 : 100) (#RB-9281, ThermoFisher Scientific, Waltham, MA, US),
and anti B-ACTIN (1 : 25000 for tissue, and 1 : 250000 for cells, respecitvely) (A5316, Sigma-
Aldrich, St. Louis, MO, US). For chemiluminescent detection, horseradish peroxidase-
conjugated secondary antibodies were used (anti-rabbit 1 : 5000 and anti-mouse 1 : 5000,
respectively) (Dako Osterreich GmbH, Vienna, AUT). SuperSignal™ West Pico
Chemiluminescent Substrate (ThermoFisher Scientific, Waltham, MA, US) and ECL prime
substrate (RPN2232, GE Healthcare, Little Chalfont, GB) served as substrates. Before re-
probing, blots were stripped with Restore™ Western Blot Stripping Buffer (ThermoFisher
Scientific, Waltham, MA, US) for 15 — 20 minutes.

2.13. HPLC / HRMS

Cells (cultivated in 6-well plates) were washed once with 10 mM ammonium acetate buffer and
washing solution was thoroughly removed before plates were frozen at -80 °C. For extraction,
10 pL of internal standard mix (**C¢-N-acetylaspartic acid + *C,-acetyl-CoA Mix: 990 uL *C,-
acetyl-CoA (120 pM stock in water, Sigma-Aldrich, St. Louis, MO, US) + 10 uL *Ce-NAA (10
mM stock in water, Sigma)) were added per sample. Extraction procedure was performed
according to Ritter et al**®. Two ml of 75 % boiling ethanol were added to each sample
immediately after the plate was placed in a water bath (90 °C) and incubated for 2 minutes.
Subsequently, plates were cooled on dry ice, supernatants were collected and centrifuged for
10 min / 17000 g at room temperature. Supernatants were collected and plates and centrifuged
pellet were kept for protein determination. Samples were dried using a nitrogen evaporator and
stored at -80 °C until analysis.

For animal tissues, extraction was performed as described by Marino et al.**. Briefly, flash-

frozen tissue fragments of 60 to 80 mg were placed into dry ice pre-cooled homogenization
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tubes (2.0 mL SC Micro Tube PCR-PT, Sarstedt, Nimbrecht, GER) containing ceramic beads
(Circonia beads, N038.1, Carl Roth GmbH, Karlsruhe, GER). 5 uL of lysis buffer (methanol /
water (80 / 20, vol / vol, -20 °C, supplemented with internal standard (**Cs-N-acetylaspartic acid,
1 mg / L, Sigma-Aldrich, St. Louis, MO, US) was added to the tubes for each mg of tissue.
Tissues were homogenized twice for 20 seconds at 5500 rpm using the Precellys 24 tissue
homogenator (Bertin Technologies). Once homogenized, tissue extracts were centrifuged 10
minutes at 12000 g (4 °C), and supernatants were collected and transferred to 1.5 mL
Eppendorf tubes. Tubes containing supernatants were lyophilized in a DNA 120 SpeedVac®
concentrator (ThermoSavant, Bartelt GmbH, Graz, Austria) for 2 hours at 35 °C (medium drying
rate). If necessary, dried samples were stored at -80 °C. For analysis, frozen samples were re-
suspended in 100 yL of analytical-grade water, transferred to HPLC vials and injected into the
HPLC-MS system.

Eight calibration standards containing the same amount of internal standards were prepared.
Highest concentration of NAA (80 uM) and acetyl-CoA (72 uM) in water were consecutively
diluted in a serial 1 : 3 dilution.

A Dionex Ultimate 3000 HPLC setup, equipped with an Atlantis T3 C18 analytical column
(Waters), was used for compound separation prior to high resolution mass spectrometric
detection with an Exactive™ Orbitrap (ThermoFisher Scientific, Waltham, MA, US). A reversed-
phase ion-pairing HPLC method was used for metabolite separation’®. A 40 minute gradient
was applied and 2-propanol and an aqueous phase (5 % methanol (vol : vol), 10 mM
tributylamine, 15 mM acetic acid, pH 4.95) were used as eluents. The injection volume was 10
pL per sample and calibration standard. Negative ionization of metabolites was carried out via
heated electrospray ionization prior to mass spectrometric analysis. For the untargeted online
detection of analytes, a full scan of all masses between 70 and 1100 m / z with a resolution (R)
of 50000 (at m / z 200) was used.

LC/MS-data acquisition was conducted with Xcalibur software (vers. 2.2 SP1, ThermoFisher
Scientific, Waltham, MA, US). Targeted compound analysis for NAA, **Cs-NAA, acetyl-CoA, and
13C,-acetyl-CoA were carried out with TraceFinder™ software (version 3.1, ThermoFisher
Scientific, Waltham, MA, US). Relative metabolite levels (fold change) were calculated from the
absolute concentrations calculated from the peak area ratio of compound and internal standard

by a linear calibration function.

2.14. **C-glucose incorporation and lipid extraction (DNL — de novo
lipogenesis)
“C-glucose uptake was performed as described®. Briefly, iBACs were incubated overnight

with DMEM supplemented with 1 nM T3, 20 nM insulin, 0.5 g / L glucose, and 0.1 puCi D[**C(U)]-

glucose / mL (ARC). Thereatfter, cells were washed four times with ice-cold PBS and neutral

28



2 - Materials & Methods

lipids were extracted with hexane / isopropanol (3 / 2, vol / vol). Thin layer chromatography was
performed with hexane / diethylether / acetic acid (70 / 29 / 1, vol) as mobile phase. Lipids were
visualized with iodine vapour and cut out. Extracted lipids were transferred into scintillation
cocktail and shaken overnight. The incorporated radioactivity was measured by liquid
scintillation counting in the Tri-Carb 2300TR (Packard HP) or the LS6500 (Beckman)
scintillation-counter. Total glucose incorporation into each lipid class was calculated and values

were normalized to protein content.
2.15. TG hydrolase activity assay

Briefly, fully differentiated iBACs were harvested in PBS and centrifuged at 500 g / 7 min / 4 °C.
The resulting pellet was subsequently re-suspended in HSL buffer (0.25 M sucrose, 1 mM
EDTA, 1 mM DTT, pH 7.0 with acetic acid, ¢ protease inhibitor cocktail) and cells were disrupted
using sonication. After a centrifugation step at 16000 g / 30 min / 4 °C the infranatant was
collected (punctuate tube with a hot needle to ensure no contamination of fatty acids. Protein
concentration was determined by Bradford Protein Assay (Bio-Rad Protein Assay, Bio-Rad
Laboratories, Hercules, CA, US) and 20 — 40 ug protein lysate per sample was used for TG

hydrolase assay as described previously****>,

2.16. *H-fatty acid uptake

H-fatty acid uptake was performed according to the method described by Zimmermann et al.**2.
Briefly, iBACs were incubated for 2, 5, and 10 minutes with 1 g / L glucose - maintenance
medium (see 2.8) containing 400 pM oleic acid (OA) and 0.15 pCi [°*H-9,10]-OA / mL,
respectively. Cells were washed 3 times with PBS, harvested in PBS and radioactivity was

measured in 2 mL of scintillation cocktail.
2.17. Measurement of lipid droplet associated lipol  ysis

For labeling of triglyceride stores, fully differentiated iBACs were incubated for 12 hours in the
presence of 0.4 mM oleic acid (OA) complexed to BSA, containing 0.1 mCi [*H-9,10]-OA / mL
as tracer. Cells were washed 3 times with PBS, harvested in HSL buffer (see 2.15), and
disrupted by sonication. Cell lysates were transferred to siliconized tubes (13.2 mL total
volume), overlaid with overlay buffer (50 mM potassium phosphate buffer (KPB) pH 7.4, 100
mM KCI, 1 mM EDTA, cOmplete™ protease inhibitor cocktail), and centrifuged at 100000 g / 2
hours / 4 °C. Floating lipid droplets (LD) were collected and resuspended in overlay buffer by
brief sonication. TG and protein content was determined using Infinity Triglyceride Reagent
(ThermoFisher Scientific, Waltham, MA, US) and Bradford Protein Assay (Bio-Rad Protein
Assay, Bio-Rad Laboratories, Hercules, CA, US), respectively. 0.2 mM TG from isolated LD was
prepared in 100 pL overlay buffer. 100 pL of 50 mM KPB containing 1 % BSA (FA-free) and
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EDTA, cOmplete™ protease inhibitor cocktail was added and samples were incubated for 1
hour at 37 °C under constant shaking. 100 pL overlay buffer was used as blank. The reaction
was terminated by addition of 3.25 mL extraction solution | (methanol / chloroform / n-heptane
10/9/7, vol). 1.05 mL extraction solution Il (0.1 M potassium carbonate, 0.1 M boric acid, pH
10.5) was added and samples were vigorously vortexed for 5 seconds. After final centrifugation
at 1000 g / 10 min / RT, 200 pL of the upper aqueous phase were measured in 2 mL of

scintillation cocktail.
2.18. ASPA activity assay

Differentiated iBACs (day 7 of differentiation) were harvested in homogenization buffer (PBS pH
8.5, 1 mM DTT, 10 % glycerol) and sonicated three times for 5 seconds. Cell homogenates
were centrifuged at 10000 g / 10 min / 4 °C and supernatants were collected. Equal amount of
2x reaction buffer (dH20 pH 8.5, TrisHCI 100 mM, NaCl 100 mM, CaCl2 5 mM, DTT 0.2 mM,
IGEPAL CA-630 (1 %, Sigma-Aldrich, St. Louis, MO, US) 0.5 %, N-acetylaspartic acid (Sigma-
Aldrich, St. Louis, MO, US) 40 mM) was added to the samples and a defined volume per
sample was collected to provide the same background matrix for the aspartate standard curve.
The background matrix was heated at 95 °C for 10 minutes and subsequently centrifuged at
16000 g / 3 min / 4 °C. The background supernatant was collected and all samples and the
background sample were incubated for 18 hours at 38 °C in a thermomixer (constant agitation
at 350 rpm). After incubation, all samples were inactivated at 95 °C for 10 minutes and
subsequently centrifuged at 16000 g / 3 min / 4 °C. Supernatants were used for analyzing
released aspartate content using a commercially available aspartate assay kit (BioVision,
Milpitas, CA, USA).

2.19. Statistical analysis

If not otherwise stated, results are mean values (+ standard deviation, SD) of at least three
independent experiments, or results show one representative experiment out of at least three
independent experiments. All data are shown as means + SD. Single comparisons between two
groups were assessed by two-tailed, unpaired student’s t-test. Two-way analysis of variance
(ANOVA) with repeated measures was used for analysis of timeline studies, e.g. weight gain,
ipGTT, and energy expenditure. Analysis of covariance (ANCOVA) was used to analyse energy
expenditure as a function of body weight. Significance levels: * p < 0.05, * p < 0.01, ** p <
0.001
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3. RESULTS I - The role of NAT8L in brown adipocyte lipid, glucose,

and energy metabolism — invitro studies

Previous results showed that stable overexpression of N-acetyltransferase 8-like (Nat8l) in
immortalized brown adipocytes (IBACs) significantly increased the brown phenotype, in
particular brown marker gene expression, oxygen consumption, and lipid turnover'’®.
Peroxisome proliferator-activated receptor (PPAR) a has been shown to be activated by lipolytic
products and a regulator of fatty acid catabolism and gene transcription in brown

adipocytes®®*,

We found Ppara expression upregulated on day 3 and day 7 of
differentiation'®. Therefore, | wanted to investigate whether the observed effects are mediated

by PPARa.

3.1. Nat8l overexpression in iBACs increases UCP1 | evels and oxygen

consumption rate in a PPAR a-dependent manner

| treated Nat8l-overexpressing (Nat8l o/e) iBACs with a peroxisome PPARa antagonist (10 uM
GW6471) from day 4 of differentiation until day 7. GW6471 treatment slightly reduced mRNA

expression of cytochrome c oxidase subunit 1 (Cox1, involved in mitochondrial oxidative

phosphorylation*

155

) and pyruvate dehydrogenase kinase 4 (Pdk4, regulating glucose

oxidation™>) and did not change PPARYy coactivator 1la (Pgcla, regulation of mitochondrial

156 2157

biogenesis™") and adipocyte protein 2 (aP2™") expression, but the direct PPARa target genes

Ucp1® and carnitine palmitoyltransferase 1B (Cptilb, key enzyme of fatty acid oxidation*>®**)
were significantly reduced (Figure 9A). Further, the massive Nat8l-mediated induction of UCP1
protein expression (Figure 9B) and oxygen consumption rate was nearly reduced to control cell
level in Nat8l o/e cells after GW6471 treatment (Figure 9C). Triglyceride content was not
changed upon GW6471 treatment (Figure 9E) indicating no detrimental effects on differentiation
capacity. Increased lipogenesis as well as elevated basal and isoproterenol-stimulated fatty acid
release evoked by Nat8l overexpression were not affected by GW6471 treatment. Thus, we
conclude that PPARa activation is needed to increase Ucpl and Cptlb transcription in Nat8l o/e
iBACs, ultimately leading to increased fatty acid oxidation and oxygen consumption. In contrast,

increased lipid turnover is independent of PPARa activation.
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Figure 9. Nat8l-mediated induction of UCP1 and oxygen consumption rate is PPAR a-dependent,
whereas lipid turnover is not. iBACs were incubated with 10 pM of the PPARa antagonist GW6471
from day 4 until day 7 of differentiation. All experiments were performed with mature adipocytes
(differentiated until day 7). (A) mRNA expression of adipogenic marker genes (aP2, Ucpl, and Pgcla)
and genes involved in mitochondrial oxidative phosphorylation (Cox1) and B-oxidation (Cptlb and Pdk4)
(n = 3). TflIB was used for normalization. (B) UCP1 protein expression. One representative blot of n = 3 is
shown. Relative band intensity was calculated from n = 3 and normalized to B-ACTIN (ACTb). (C) Oxygen
consumption rate (OCR) measured with the Seahorse™ Extracellular Flux Analyzer (n = 3). (D)
incorporation of [ ‘c- -lglucose into neutral lipids (n = 3). (E) Triglyceride (TG) and (F) fatty acid content in
cells and supernatants in the absence or presence of 10 uM isoproterenol (4 hours; +I) (n = 3). All data
are presented as mean * standard deviation. Statistical significance was assessed by two-tailed
Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.2. Lipolysis in Nat8l o/e iIBACs

ATGL-mediated lipid catabolism has been identified to provide essential mediators involved in
the generation of lipid ligands such as fatty acids for PPARa activation®. Therefore, we
investigated if ATGL-mediated lipolysis is increased in Nat8l o/e iBACs. Triglyceride hydrolase
activity measured in the cytosol was not changed (Figure 10A) whereas fatty acid release from
the lipid droplet fraction was highly increased in Nat8| o/e cells compared to control cells (Figure
10B). Treatment of mature Nat8l o/e iBACs with 50 pM Atglistatin*** or 50 uM HSL inhibitor (76-
0079; Novo Nordisk) revealed that inhibition of ATGL reduced fatty acid release whereas HSL
inhibition did not (Figure 10C). Thus, these data show that increased lipolytic activity in Nat8I
o/e iIBACs is mediated by ATGL.
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Figure 10. LD-associated ATGL mediates increased lipolytic act ivity in Nat8l-overexpressing
iBACs. All experiments were performed with mature adipocytes (differentiated until day 7; d7).
(A)Triglyceride (TG-) hydrolase activity in the absence or presence of 40 uM Atglistatin (n = 3). (B) Fatty
acid (FA) release from lipid droplet fraction (n = 4). FA content in the supernatant of control and Nat8I-
overexpressing cells treated with 50 uM Atglistatin or 50 uM HSL inhibitor (Hi 76-0079) (n = 3). All data
are presented as mean * standard deviation. Statistical significance was assessed by two-tailed
Student’s t test. ***p < 0.001; “*p < 0.001 for Nat8l o/e vs. Nat8l o/e +Atglistatin.

We hypothesized that Nat8l overexpression could drain acetyl-CoA from energy production to
DNL, thereby making it necessary to increase lipolysis and B-oxidation of FAs for energy
production*®. TOFA (5-(tetradecyloxy)-2-furoic acid) has been shown to inhibit acetyl-CoA
carboxylase activity, the initial step in FA synthesis'®'. | wanted to test if inhibiting FA synthesis
in Nat8l o/e iIBACs would decrease lipolysis and lipid turnover. Therefore | treated Nat8l o/e and
control iBACs with 10 uM TOFA for 12 hours (from day 6 to day 7 of differentiation) and
measured FA release into the supernatant. TOFA treatment did not reduce basal and
isoproterenol (Iso) stimulated FA release in Nat8l o/e iBACs (Figure 11A), but also did not affect
FA release in control cells. Of note, this treatment is lacking a positive control. Thus, it is
possible that the treatment did not work efficiently and the experiment setup should be revised.
However, these data might also indicate that increased DNL and lipolysis are independent

effects caused by Nat8l o/e in iBACs. Next, | wanted to test whether inhibiting FA B-oxidation
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would decrease lipolysis or even increase FA release into the supernatant to prevent lipotoxicity
in Nat8l o/e IBACs. In a preliminary experiment, | used different concentrations of CPT1b
inhibitor Etomoxir'®® and measured FA release into the supernatant. Etomoxir treatment for 12
hours did not change FA release in Nat8l o/e and control iBACs (Figure 11B). Again, this
experiment lacks proof of principle for efficient inhibition of CPT1b. Hence, it would be important
to validate efficient Etomoxir treatment during e.g. oxygen consumption measurement using the

Seahorse™ Extracellular Flux Analyzer to life image the expected decrease in cellular

respiration.
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Figure 11. FA release into the supernatant in  Nat8l o/e iBACs upon TOFA and Etomoxir treatment.
All experiments were performed with mature adipocytes (differentiated until day 7; d7). (A) FA release in
Nat8l o/e compared to control iBACs in the absence or presence of 10 uM TOFA for 12 hours (n = 3). (B)
FA release in Nat8l o/e compared to control iBACs treated with different concentrations of Etomoxir for 12
hours (n = 1; SD shown from technical replicates). All data are presented as mean + standard deviation.
Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

3.3. Inhibition of Sirtuin activity reduces Ppar a and Ucpl expression in

Nat8| overexpressing iBACs

Sirtuin 1 (SIRT1) is a NAD*-dependent deacetylase which is activated upon caloric restriction
and exercise'®. SIRT1 has been shown to deacetylate PPARYy, thereby increasing its activity
similar to known PPARY ligands (e.g. rosiglitazone)**. It is known that chronic PPARYy activation
leads to induction of marker gene expression and mitochondrial biogenesis (reviewed in*®) in
brown adipocytes. Thus, | wanted to test if SIRT1 participates in the cascade leading to
increased brown marker gene expression and mitochondrial biogenesis in Nat8l overexpressing
iBACs. Therefore, | treated Nat8l overexpressing iBACs with 20 mM of nicotinamide (NA;
inhibitor of sirtuin activity), from day 4 to day 7 (similar to the experiments performed with the
PPARa antagonist GW6471 (see section 3.1)) and from day 0 to day 7 of differentiation. In
accordance with our previous results, Ucpl, Ppara, and Ppary2 were increased in Nat8l o/e
IBACs compared to controls (Figure 12). NA was able to significantly reduce Ppara and Ucpl

expression in Nat8l o/e iBACs. Of note, Ppary2 expression was not decreased by NA treatment.
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Hence, these data indicate that SIRT1 might participate in activation of brown marker gene

expression upon Nat8l overexpression in iBACs.

control
S| T
25,4 Naig o2 (A go-gzj*

201 T

10+

Jedede

relative mRNA expression
(fold change)

<

o & >
X AN
& QQQ \)QQ QQ'D

Figure 12. Nat8l-mediated induction of Ppara and Ucpl can be attenuated when sirtuin activity is
inhibited by nicotinamide (NA). Experiment was performed with mature adipocytes (differentiated until
day 7; d7). iBACs were incubated with 20 mM NA (inhibitor of sirtuin activity) from day 4 until day 7 and
from day O until day 7 of differentiation. mMRNA expression analysis by qRT-PCR is shown for Nat8l,
Ppara, Ucpl, and Ppary2. Tfll was used for normalization (n = 4 for Nat8l, Ppara, and Ucp1; n = 3 for
Ppary2). All data are presented as mean + standard deviation. Statistical significance was assessed by
two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

3.4. ASPA activity in iBACs

We recently showed that ASPA is expressed in the cytoplasm of brown adipocytes and in BAT
of C57BI/6 mice''®. As it has not been shown that ASPA is also active in brown adipocytes, |
performed ASPA activity assays (see 2.18) using control and Aspa-silenced iBACs. Briefly, this
assay detects released aspartate from NAA during 18 hours of incubation. ASPA activity was

detectable in iIBACs and silencing of Aspa markedly reduced ASPA acitivity (Figure 13A).
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Figure 13. ASPA is active in iBACs and ASPA activity is not in hibited by NAA. Experiment was
performed with mature adipocytes (differentiated until day 7; d7). (A) ASPA activity in control (ntc) and
Aspa-silenced iBACs (n=4). (B) ASPA activity in iBACs with different concentrations of NAA in assay
buffer (n = 2). All data are presented as mean +* standard deviation. Statistical significance was assessed
by two-tailed Student’s t test. **p < 0.01.
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Next, | wanted to test if how ASPA activity is affected by different concentrations of NAA in the
assay buffer. Of note, ASPA activity was not detectable when NAA was absent in the assay
buffer and increased rapidly with increasing NAA concentrations (Figure 13B). Importantly, even
very high concentrations of NAA up to 100 mM were not able to significantly decrease ASPA
activity in iBACs compared to physiological concentrations around 10 mM. Simple linear
regression analyses of the data in Figure 13B using a Lineweaver Burk plot revealed a K, for
ASPA of around 3 mM. Of note, Wang et al.® reported a K, of 1.69 mM and 3.75 mM in cytosol
and myelin in brain, respectively. Thus, these data show that ASPA is active in brown

adipocytes and that ASPA activity is increased by NAA.

3.5. Silencing of Aspa in Nat8l o/e iIBACs reduces U cpl expression

We recently showed that NAA accumulation caused by Aspa silencing or exogenous
supplementation reduces the brown adipogenic phenotype®’. Interestingly, unpublished data of
Katharina Huber also indicate that NAA accumulates in Nat8l o/e iBACs compared to controls.
Importantly, we also observed increased Aspa expression in Nat8l o/e iBACs. Thus, | tested if
silencing of Aspa attenuates the effects caused by Nat8l o/e in iBACs. | transduced Nat8l o/e
iIBACs and corresponding controls with lentiviral particles coding for Aspa shRNA or non-target
shRNA (ntc) as a control. Silencing of Aspa markedly reduced Ucpl mRNA and protein
expression compared to Nat8l o/e - ntc iBACs (Figure 14A and B). Aspa expression in Nat8l o/e
- siAspa iBACs was reduced to control - ntc level (Figure 14A). These data suggest that
increased flux of acetyl-CoA through the NAA pathway is important to increase lipid turnover,

marker gene expression, and oxygen consumption in iBACs.
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Figure 14. Silencing of Aspa in Nat8l o/e IBACs reduces Ucpl expression. Experiments were
performed with mature adipocytes (differentiated until day 7; d7). Control and Nat8l o/e iBACs were
transduced using lentiviral particles coding for non-target control (ntc) shRNA (ctrl - ntc, Nat8l o/e - ntc) or
Aspa shRNA (ctrl - siAspa, Nat8l o/e - siAspa) (A) mRNA expression of Nat8l, Aspa, and Ucpl (n=3).
TflIB was used for normalization. (B) Protein expression of UCP1. B-ACTIN (ACtb) serves as a loading
control (n = 2). All data are presented as mean * standard deviation. Statistical significance was
assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.6. FA uptake upon Nat8l o/e and silencing in iBAC s

We previously showed that Nat8l o/e increases DNL from glucose, lipolysis, FA release into the
supernatant, and oxygen consumption in brown adipocytes'®. Therefore, | tested the
hypothesis that Nat8l o/e might lead to an overload of intracellular FA, thereby leading to
decreased FA uptake in Nat8l o/e IBACs. | performed uptake assays (see 2.16) using
radiolabeled *H-oleic acid (OA) and found FA uptake reduced in Nat8l o/e iBACs compared to
controls (Figure 15A) whereas silencing of Nat8l did not lead to changes in FA uptake (Figure
15B).
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Figure 15. FA uptake is reduced upon Nat8l o/e but unchanged upon silencing of  Nat8l in iBACs.
Experiments were performed with mature adipocytes (differentiated until day 7; d7). *H-oleic acid (0OA)
uptake determined at 2, 5, and 10 minutes after loading is shown for (A) Nat8Il o/e and (B) Nat8I-silenced
iBACs compared to corresponding controls (n = 3). All data are presented as mean + standard deviation.
Statistical significance was assessed by two-tailed Student’s t test. **p < 0.01.

3.7. The impact of Nat8I deficiency in vitro

To analyze the influence of Nat8l knockdown on lipid and energy metabolism in brown
adipocytes, | generated iBACs stably silenced for Nat8l using shRNA containing retroviral
particles and single cells were selected for Nat8I silencing as described by Pessentheiner et
al.'*®. Finally, three monoclonal Nat8l-silenced cell lines and five control lines were pooled for
performing experiments. Of note, NAA determination in Nat8l-silenced and control iBACs
(Figure 16C) includes measurements performed in the monoclonal expanded cells as well as a
second set of Nat8l-silenced cells produced by neomycin selection. Protein and mRNA
expression was ~ 50 % decreased in Nat8l-silenced cells on day 3 and day 7 of differentiation,
respectively (Figure 16A and G). Nat8l silencing did not affect neutral lipid synthesis (Figure
16B) whereas N-acetylaspartate (NAA) levels were highly reduced in Nat8l-silenced cells
(Figure 16C). Nat8I silencing did not affect differentiation capacity as shown by cellular TG
content (Figure 16D) whereas lipolysis was significantly increased in basal and isoproterenol-
stimulated conditions, as reflected by free fatty acid and glycerol release on day 7 when

compared to control cells (Figure 16D and E).
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Figure 16. Nat8l silencing in iBACs and mRNA expression of BAT from Nat8l-ko mice. If not
otherwise stated, all experiments were performed with mature adipocytes (differentiated until day 7; d7).
Nat8l-ko and control mice (wt) were fed ad libitum, and tissues were harvested at the age of 3-4 months.
(A) Protein expression of Nat8l in day 3 iBACs. B-ACTIN (ACtb) serves as a loading control (n = 2). (B)
Incorporation of [**C-]glucose into neutral lipids (n = 3). (C) NAA concentrations measured by
HPLC/HRMS (n = 6 for ntc, n = 8 for sil Nat8I. (D) Triglyceride (TG) content and (E) FA content in cells
and supernatants in the absence or presence of 10 uM isoproterenol (4 hours; +I) (n = 3). (F) OCR
measured with the Seahorse™ Extracellular Flux Analyzer (n = 3). (G) Expression of adipogenic marker
genes in Nat8l-silenced iBACs (n = 3) and (H) BAT of Nat8l-ko and wt mice (n = 5). Inset. pictures of BAT
of Nat8I-ko and wt mice. (I) ATP-citrate lyase (Acly) mRNA expression in Nat8l| o/e iBACs (n = 3), Nat8lI-
silenced iBACs (n = 3), and BAT of Nat8l-ko and wt mice (n = 5). All data are presented as mean +*
standard deviation. Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p <
0.01; ***p < 0.001.
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Interestingly, Nat8l-silenced cells did not show a difference in OCR, neither under basal nor
under norepinephrine-stimulated conditions (Figure 16F), although expression of adipogenic
marker genes such as aP2, Ucpl, Ppara, Pgcla, and Cidea, was significantly increased in
Nat8l-silenced iIBACs compared to controls (Figure 16G). However, to validate these in-vitro
results, we investigated BAT of 3 — 4 month old Nat8I-knock-out (Nat8l-ko) mice. These data
was provided by our Japanese collaborators from the University of Toyama. BAT from Nat8I-ko
mice and wt-mice was similar in weight (0.13 = 0.04 g for Nat8l-ko versus 0.12 + 0.06 g for wt
mice, respectively; n = 3; see also Table 7) and morphology (Figure 16H, inset). We analyzed
gene expression in BAT of Nat8l-ko mice and found aP2, Ucpl, Ppara, Pgcla, and Cidea
significantly increased (Figure 16H) which is in agreement with our in vitro results. Further, we
found ATP-citrate lyase (Acly) mRNA expression significantly increased in Nat8l-silenced iBACs
as well as in BAT of Nat8l-ko mice whereas it was unchanged upon Nat8l-o/e compared to

control cells.
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4 - Results Il — NAT8L deficiency in vivo —
characterization of the total body Nat8l-knock-out
mouse regarding its metabolic phenotype
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4. RESULTS Il — NATS8L deficiency in vivo — characte rization of the
total body Nat8l-knock-out mouse regarding its metabolic

phenotype

Total body Nat8l-knock-out (Nat8l-ko) mice were produced in the lab of Prof. Atsumi Nitta
(University of Toyama, Japan). Her group has investigated the impact of Nat8l deficiency on
brain metabolism and its behavioral consequences®*'#!%17 | characterized Nat8l-ko mice in
comparison to wt C57BI/6J controls regarding lipid, glucose, and energy metabolism between
the age of 8-9 weeks and 9 months. Mice were fed either chow diet (CD; 4.5 % calories in fat)
or high-fat diet (HFD; 45 % calories in fat) starting from the age of 8-9 weeks. In total, three
cohorts of mice were used: cohort 1 (6 wt / 6 Nat8l-ko mice; CD and HFD), cohort 2 (6 wt / 6
Nat8l-ko mice, CD / HFD), cohort 3 (6 wt / 6 Nat8I-ko mice on CD, 9 wt / 9 Nat8I-ko mice on
HFED). If not otherwise stated (see footnotes), the following data comprises values of all three

cohorts of mice.
4.1. NAA levels in tissue and serum of Nat8l-ko mic e

NAT8L has been described as the N-acetylaspartate (NAA) synthesizing enzyme in the
brain®®°!, As we found NATSL also expressed in white and brown adipose tissue''®, |
investigated if NAA can be measured in these tissues and whether any residual NAA was
detectable in Nat8l-ko mice. HPLC/HRMS was used to measure NAA in brain, BAT, sSWAT, and
serum of Nat8l-ko mice. NAA was not detectable in brain of Nat8l-ko mice (Figure 17A).
Although the levels were very low, NAA was still detectable in BAT and sWAT of Nat8l-ko
compared to wt mice (Figure 17A). Interestingly, serum NAA was only reduced to 30% of wt
level (Figure 17B).
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Figure 17. NAA levels are highly reduced in tissues and serum of Nat8l-ko mice. NAA was

measured using HPLC/HRMS. (A) NAA in brain, BAT, and sWAT of wt and Nat8I-ko mice at the age of 8
weeks (n = 3). (B) NAA in serum of wt and Nat8l-ko mice at the age of 9 months (n = 6 / 5). Data
presented as mean + standard deviation. Statistical significance was assessed by two-tailed Student’s t
test. *p < 0.05; **p < 0.01;***p < 0.001.
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4.2. Survival rate of Nat8l-ko mice compared to wt littermates

Regardless of the diet, we observed spontaneous death in Nat8l-ko mice whereas wt mice
survived the whole period of experimental observation (Figure 18). These results might indicate
that NAT8L deficiency has severe detrimental effects, although the causes finally leading to

lethality remain unclear.
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Figure 18. Survival rate is reduced in  Nat8l-ko mice. Number of wt and Nat8l-ko mice was monitored
from 7 - 36 weeks of age. (A) Survival rate on chow diet (CD) (n = 18). (B) Survival rate on high-fat diet
(HFD) (n = 21). Survival rate was calculated as % from initial.

4.3. Initial body weight and blood parameters atth e age of 8-9 weeks

Initially, we determined body weight and blood parameters of wt and Nat8I-ko mice (age 8-9
weeks) in the fed ad libitum and fasted state (overnight — 12 hours). Nat8I-ko mice showed
reduced body weight when compared to wt littermates. Blood Glucose and plasma free fatty
acids (FFA) were unchanged whereas plasma triglyceride (TG) concentrations were significantly

reduced in Nat8l-ko mice in the fed and fasted state.

Table 3. Body weight and blood parameters of wt and Nat8l-ko mice on chow diet at the age of 8-9
weeks. (n = 6). Data are presented as mean * standard deviation. Statistical significance was assessed
by two-tailed Student’s t test. Light grey highlighted results show a trend (p < 0.1), statistical significant
results are highlighted in dark grey. *p < 0.05; **p < 0.01; ***p < 0.001.

Parameter fed fasted (overnight — 12h)

gzzmgfgevtveeks) 3 wit Nat8I-ko p-value wit Nat8I-ko p-value
Weight (g) 245 0.7 23.3£1.1** | 0.0077 21.5+0.7 21.3+1.3 0.7876
Glucose (mg/dL) | 161.1 +17.7 | 163.6 +10.1 | 0.6868 77.7 £8.1 79.0 £9.7 0.8017
FFA (mM) 0.762 +0.10 | 0.716 +0.20 | 0.4839 1.551 +0.21 | 1.483 +0.10 | 0.6205
TG (mg/dL) 121.2 £23.8 | 79.6 £36.5** | 0.0037 149.7 #34.9 | 120.9 +16.8 | 0.0986

% Data fed state from cohort 2. Data fasted state from cohort 3.
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4.4. Body weight, weight gain, and blood parameters during chow and

high-fat diet feeding

Absolute body weight (fed ad libitum) of wt and Nat8I-ko mice was monitored weekly after
starting CD and HFD feeding. Nat8I-ko mice showed significantly reduced body weight at the
age of 9 weeks (Table 3, Figure 19A and B). Figure 19A shows that Nat8I-ko mice on CD
caught up but never had a higher body weight than their wt littermates, reflected by highly
significant p-value calculated by ANOVA analysis. Further, weight gain was not significantly
different between Nat8I-ko an wt mice on CD. On HFD, the decreased body weight of Nat8I-ko
mice was even more pronounced. In addition, weight gain was significantly lower when Nat8I-

ko mice were compared to wt littermates (Figure 19B).
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Figure 19. Body weight and weight gain is reduced in Nat8l-ko mice. Absolute body weight of wt
versus Nat8l-ko mice was monitored weekly during (A) chow diet (CD) and (B) high-fat diet feeding (HFD)
(n = 11). Data are presented as mean + standard deviation. Statistical significance was assessed using 2-
way ANOVA and p < 0.05 was considered as statistically significant.

After 8 weeks on the according diet (age 16 weeks), we again measured body weight and blood
parameters. Table 4 shows that there was no body weight difference any more in the CD group
whereas HFD fed Nat8l-ko mice were still lighter than their wt littermates. Upon fasting, plasma
TG concentrations are significantly reduced on CD and there was also a trend to reduction on
HFD fed Nat8l-ko compared to wt mice. Additionally, fasting blood glucose was significantly

reduced on CD and on HFD. Plasma FFA showed no difference.
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Table 4. Body weight and blood parameters of wt and Nat8l-ko mice on chow and high-fat diet at
the age of 16 weeks. (n = 10). Data are presented as mean + standard deviation. Statistical significance
was assessed by two-tailed Student’s t test. Light grey highlighted results show a trend (p < 0.1),

statistical significant results are highlighted in dark grey. *p < 0.05; **p < 0.01; ***p < 0.001.

Parameter Fed fasted (overnight — 12h)
Chow diet
(age 16 weeks) wit Nat8l-ko p-value wit Nat8I-ko p-value
Weight (g) 26.89 +0.96 | 26.7 £1.27 0.6534 - - -
Glucose (mg/dL) | 157.1 £22.5 143.2 £12.9* | 0.0421 88.2+7.1 77.1 £8.8** | 0.0046
FFA (mM) 0.880 +0.20 | 0.922 +0.23 | 0.5696 1.580 +0.34 | 1.599 +0.21 | 0.8817
TG (mg/dL) 140.9 +51.2 | 138.5+60.8 |0.9014 108.7 £21.5 | 78.8 £12.7** | 0.0015
wit Nat8l-ko p-value wit Nat8l-ko p-value
Weight (g) 30.63£2.16 | 28.74 £1.83* | 0.0350 - - -
Glucose (mg/dL) | 159.1 #12.3 | 165.1 £10.7 | 0.2229 100.5 £12.0 | 86.7 £ 13.6* | 0.0200
FFA (mM) 0.919+0.16 | 0.869 +0.19 | 0.5107 1.487 +0.34 | 1.421 +0.35 | 0.6616
TG (mg/dL) 183.7 +57.7 | 157.3+47.8 |0.2625 131.7 £37.2 | 102.5 £31.0 | 0.0621

Finally, body weight and blood parameter measurements were performed at the age of 34
weeks. Body weight of Nat8I-ko mice on CD and HFD was reduced in fed and fasted state
(Table 5). Further, blood glucose was significantly lower in Nat8l-ko mice in every condition
when compared to controls. Plasma TG concentrations were not different between genotypes.
As plasma FFA again did not show any differences on CD, we refrained from analyzing FFA
levels on HFD. Interestingly, fasting 3-hydroxybutyrate (8-OHB) representing one category of

ketone bodies, were significantly reduced in Nat8l-ko compared to wt mcie on HFD.

Table 5. Body weight and blood parameters of wt and Nat8l-ko mice on chow and high-fat diet at
the age of 34 weeks. (n = 10). Data are presented as mean * standard deviation. Statistical significance
was assessed by two-tailed Student’s t test. Light grey highlighted results show a trend (p < 0.1),
statistical significant results are highlighted in dark grey. *p < 0.05; **p < 0.01; ***p < 0.001.

Parameter fed Fasted (overnight — 12h)
Chow diet
(34 weeks) 5 wit Nat8l-ko p-value wit Nat8I-ko p-value
Weight (g) 30.77 +1.57 | 29.53+1.09 | 0.0583 | 28.03+1.47 | 26.74 +1.03* | 0.0367
8'1‘5‘;35)9 161.6 +21.3 | 140.9 9.52* | 0.01431 | 81.83+6.08 | 68.3 +9.22*** | 0.0008
FFA (mM) 0.500 +0.08 | 0.477 +0.06 |0.6409 |0.843+0.17 | 0.938+0.14 | 0.3940
TG (mgldL) 73.1+12.8 | 71.9+153 |0.8589 | 86.3+14.7 78.9+7.28 | 0.1847
B-OHB (ng/uL) | - - ; 17414241 | 170.9+285 | 0.8505
wit Nat8I-ko p-value wt Nat8I-ko p-value
Weight (g) 41.27 +6.00 | 37.23+4.35 | 0.0746 | 39.32+5.78 | 34.78 +4.05* | 0.0383
8'1‘3;35)8 183.3423.4 | 159.8 +23.4* | 0.0163 | 108.9+20.4 | 85.73+20.2* | 0.0122
FFA (mM) - - - - - -
TG (mgldL) 74.8+10.8 | 77.76+13.9 |0.5625 | 94.4+19.8 00.02 #16.4 | 0.5391
B-OHB (ng/ul) | - ; ; 246.8+61.8 | 165.6 +61.5* | 0.0223

* Data from cohorts 1 & 2.
® Data from cohorts 2 & 3.
® Data from cohorts 2 & 3
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4.5. Glucose tolerance and insulin sensitivity

As blood glucose was reduced in Nat8I-ko mice compared to controls, | wanted to investigate if
glucose tolerance and / or insulin sensitivity are affected by NAT8L deficiency. Therefore,
intraperitoneal glucose (ipGTT) and insulin tolerance tests (ipITT) were performed at the age of
16 and 34 weeks, respectively.

In 16 week old CD fed Nat8I-ko mice, glucose concentrations were significantly lower during
ipGTT whereas glucose tolerance was not changed compared to controls (Figure 20A). Same
aged Nat8I-ko mice on HFD showed decreased glucose concentrations but also a strong trend
to increased glucose tolerance, additionally supported by decreased AUC (Figure 20C). Insulin
tolerance was unchanged in 16 week old Nat8l-ko when compared to wt mice on CD and HFD
(Figure 20B and D).
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Figure 20. Glucose tolerance and insulin sensitivity of wt and Nat8I-ko mice on chow diet (CD) and

high-fat diet (HFD) at an age of 16 weeks. Intraperitoneal (A) glucose (ipGTT; 1.5 g / kg glucose) and
(B) insulin tolerance test (ipITT; 0.5 U / kg insulin) is shown from wt and Nat8l-ko mice on CD (n = 10/ 8).
(C) ipGTT (1.5 g/ kg glucose; n =12/ 11) and (D) ipITT (0.6 U / kg insulin; n = 12 / 11) is shown from wt
and Nat8l-ko mice on HFD. AUC was calculated using sum of squares method. ipGTT and ipITT were
performed after a 6 and 4 hour fasting period, respectively. Data are presented as mean * standard
deviation. ipGTT and ipITT: Statistical significance was assessed using 2-way ANOVA and p < 0.05 was
consi7dered as significant. AUC: Statistical significance was assessed by two-tailed Student’s t test. *p <
0.05.

" Data from cohorts 1 & 2.
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Figure 21. Glucose tolerance and insulin sensitivity of wt an d Nat8l-ko mice on chow diet (CD; age
34 weeks) and high-fat diet (HFD; age 26 & 34 weeks ). Intraperitoneal (A) glucose (ipGTT; 1.25 g / kg
glucose) and (B) insulin tolerance test (ipITT; 0.5 U / kg insulin) is shown from wt and Nat8I-ko mice on
CD (n=10/10). (C) ipGTT (1.5 g/ kg glucose; n =12/ 11) and (D) ipITT (0.6 U/ kg insulin; n=7/8) is
shown from 6 hours fasted wt and Nat8I-ko mice on HFD at the age 26 weeks. (E) ipGTT (1.0 g / kg
glucose and (F) ipITT (0.7 U / kg insulin) of HFD fed 34 week old wt and Nat8I-ko mice (n = 6 / 4). Data
are presented as mean * standard deviation. ipGTT and ipITT were performed after a 6 and 4 hours
fasting period, respectiveLy. Statistical significance was assessed using 2-way ANOVA and p < 0.05 was
considered as significant.

At the age of 34 weeks, Nat8I-ko mice on CD showed significantly lower glucose concentrations

during ipGTT but neither significant changes in glucose response kinetics nor in insulin

® Figure 21A and B: data from cohorts 2 & 3. Figure 21C and D: data from cohort 3. Figure 21E and F:
data from cohort 2.
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sensitivity (Figure 21A and B). ipGTT and ipITT for HFD fed mice was performed in 26 and 34
weeks old Nat8l-ko and wt mice. Nat8l-ko mice on HFD also show significantly lower blood
glucose during ipGTT (Figure 21C and E) and at the age of 26 weeks, glucose tolerance was
also increased in comparison to wt mice (Figure 21C). Of note, more than 50% of values for
time point 30 and 60 minutes post glucose injection of 34 weeks old wt mice (Figure 21E) were
out of the glucometer measurement range (glucose > 600 mg / dL). These data points were set
to 600 mg / dL. Therefore, the difference between wt and Nat8I-ko mice can be assumed bigger
than depicted in Figure 21E. According to results from 16 weeks old mice (Figure 20B and D),
insulin sensitivity is also not changed in 26 or 34 weeks old Nat8l-ko mice compared to wt

littermates (Figure 21D and F).
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Figure 22. Plasma insulin during ipGTT in wt and  Nat8l-ko mice. (A) Plasma insulin during ipGTT in
34 weeks old wt and Nat8l-ko mice on CD. Plasma insulin during ipGTT in (B) 26 weeks old and (C) 34
weeks old wt and Nat8l-ko mice on HFD. Insulin concentrations were determined by ELISA
immunoassay. Data are presented as mean + standard deviation. Statistical significance was assessed
using 2-way ANOVA and p < 0.05 was considered as significant.’

We also wanted to assess changes in plasma insulin upon glucose challenge. Therefore, blood
was taken by puncture of the facial vein at 0, 5, 15, 30, and 60 minutes during ipGTT and insulin
concentration was measured using ELISA immunoassay. Figure 22A shows that insulin levels

were not significantly different during ipGTT of Nat8l-ko compared to wt mice on CD. It should

® Figure 22A: data from cohorts 2 & 3. Figure 22B: data from cohort 3. Figure 22C: data from cohort 2.
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be noted that | was not able to show a significant increase of insulin levels after glucose
injection in wt mice, as e.g. shown by Miles et al.*®®, but absolute insulin concentrations were in
a comparable range. However, Nat8l-ko mice on HFD had higher plasma insulin concentrations
during ipGTT (Figure 22B and C), which corresponds well to the increased glucose tolerance
(Figure 21C and E).

4.6. Nat8l-ko mice loose more weight during overnig  ht fasting than wt

mice

We analyzed weight data of 26 and 34 week old wt and Nat8l-ko mice after overnight fasting
(12h; see Table 5). Absolute weight loss within 12 hours over night fasting was significantly
higher in Nat8l-ko mice on HFD (1.95 +0.38 g in wt versus 2.49 +0.39 g in Nat8l-ko mice; p =
0.0002) and showed the same trend on CD (2.58 +0.47 g in wt versus 2.79 +0.18 g in Nat8I-ko
mice; p = 0.1861) (Figure 23A). Relative weight loss upon overnight fasting was significantly
higher in Nat8I-ko mice when compared to wt littermates on CD and HFD (Figure 23B).
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Figure 23. Weight loss is increased during overnight (o/n) fast ing in Nat8I-ko compared to wt mice.
CD age: 34 weeks, HFD age: 26 and 34 weeks. (A) Absolute weight loss. (B) Relative weight loss as %
from fed state body weight (BW). Data are presented as mean * standard deviation. (Statistical
significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.%

4.7. Body length of Nat8I-ko mice is slightly reduc  ed

We wanted to analyze, if body length is different between wt and Nat8l-ko mice. Therefore,

d*® using a linear ruler. Nat8l-ko mice

nose to anus length (in mm) was measured as describe
on CD showed a trend to reduced body length on CD (91.23 £3.52 mm in wt versus 88.90 £4.93
mm in Nat8I-ko mice; p = 0.0631) at the age of 34 weeks. Body length was not significantly
different between wt and Nat8I-ko mice on HFD at the age of 26 (p = 0.1505) and 34 weeks (p =
0.5849), respectively. Therefore, the HFD group in Figure 24 was averaged for mice at both
ages. Compared to CD, body length of Nat8l-ko compared to wt mice was similar on HFD

(92.40 £3.52 mm in wt versus 90.67 +5.12 mm in Nat8l-ko mice; p = 0.1438) (Figure 24).

% Data from cohorts 2 & 3.
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Figure 24. Body length of wt and Nat8I-ko mice. CD age: 34 weeks, HFD age: 26 and 34 weeks. Data
are presented as mean * standard deviation. Statistical significance was assessed by two-tailed
Student's t test.™*

4.8. Indirect calorimetry of wt and Nat8l-ko mice

As shown above, blood glucose was reduced whereas glucose tolerance and relative weight
loss upon fasting was increased in Nat8l-ko compared to wt mice. Therefore, we aimed to
characterize 26 weeks old Nat8I-ko and wt mice on CD and HFD housed in single metabolic
cages (MK-5000RQ; Muromachi Kikai'’®, Tokyo, Japan) to perform indirect calorimetric
measurements. All data from indirect calorimetry are derived from cohort 2.

Due to high occupancy of metabolic cages, the measurement period was limited to 72 hours per
mouse. This is rather short as mice have to acclimate to single housing and probably different
drinking and / or feeding apparatus'”. Longer periods (at least 3 — 4 days) of acclimatization
have been suggested by Stechman et al.'’®. In contrast, Kalliokoski et al. reported that BALB/c
mice never acclimate to single housing”®.

For these analyses, the first 48 hours were excluded as acclimatization phase. Analysis of the
last 24 hours of 12 : 12 hours light : dark cycle was performed. Zeitgeber time 0 corresponds to
start of the light cycle (7 a.m.) and Zeitgeber time 12 corresponds to the beginning of the dark
cycle (7 p.m.). As group numbers were quite small (CD: n = 5 wt and 4 Nat8I-ko mice; HFD n =
6 wt and 4 Nat8l-ko-mice), it would be of great interest to repeat these studies to increase the
number of mice per group. However, the obtained results give a good first glance on the

metabolic status of Nat8I-ko versus wt mice.

4.8.1. Food intake, water intake, and locomotor activity

First, food and water intake were calculated as gram per mouse per day. Food intake was not
different between Nat8l-ko and wt mice on CD. On HFD, Nat8l-ko mice showed a strong trend
to increased food intake (Figure 25A). Water intake was unchanged when Nat8l-ko were

compared to wt mice. Locomotor activity (LA) was analyzed as counts per mouse per 12h.

* Data from cohorts 2 & 3.
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Nat8l-ko mice showed similar LA on CD and HFD (Figure 25C and D) when compared to

controls.
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Figure 25. Food intake, water intake, and locomotor activity f  rom wt and Nat8I-ko mice at the age
of 26 weeks. (n=5/4 for CD; n =6 /5 for HFD). (A) Food and (B) drink intake as gram / mouse / day
(24 hours) on CD and HFD. Locomotor activity in the light and dark cycle is shown on (C) CD and (D)
HFD. Data are presented as mean * standard deviation. Statistical significance was assessed by two-
tailed Student’s t test.

Second, metabolic parameters reflected by oxygen (O,) consumption, carbon dioxide (CO,)

production, respiratory exchange ratio (RER), and energy expenditure (EE) were analyzed.
4.8.2. Oxygen (O,) consumption

Oxygen consumption was determined and shown as progression curve during one circadian

cycle as well as mean O, consumption during light and dark cycle calculated for wt and Nat8I-ko

0.75 0.75

mice on CD and HFD. O, consumption is shown as ml O, / min / kg~ ", where kg

174 0, consumption was increased

corresponds to the metabolic body weight after Kleiber's law
in Nat8l-ko mice fed a CD, at least in the dark cycle (Figure 26A and B). Additionally, O,
consumption of Nat8l-ko mice on HFD was significantly increased in the light and higher in the

dark cycle (Figure 26C and D).
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Figure 26. Oxygen consumption rate is increased in Nat8l-ko compared to wt mice at the age of 26
weeks. (n=5/4 for CD; n = 6 /5 for HFD). (A) Progression curve and (B) mean oxygen consumption
rate per circadian cycle of wt and Nat8l-ko mice on CD. (C) Progression curve and (D) mean oxygen
consumption rate per circadian cycle of wt and Nat8l-ko mice on HFD. Data are presented as mean +*
standard deviation. Statistical significance was assessed by 2-way ANOVA (p-value < 0.05 was
considered as significant) and two-tailed Student’s t test (*p < 0.05; **p < 0.01; **p < 0.001),
respectively.

4.8.3. Carbon dioxide (CO,) production

CO, production was analyzed and is shown as progression curve during one circadian cycle as
well as mean CO, production during light and dark cycle calculated for wt and Nat8I-ko mice on
CD and HFD. CO; production is shown as ml CO, / min / kg®"®. CO, production was unchanged
in Nat8l-ko mice fed CD (Figure 27A and B). In contrast, CO, production of Nat8I-ko mice on
HFD was significantly increased in the light and in the dark cycle (Figure 27C and D).
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Figure 27. Carbon dioxyde (CO »,) production rate of wt and  Nat8l-ko mice at the age of 26 weeks. (n
=5/4for CD; n=6/5 for HFD). (A) Progression curve and (B) mean CO, production rate per circadian
cycle of wt and Nat8I-ko mice on CD. (C) Progression curve and (D) mean CO, production rate per
circadian cycle of wt and Nat8l-ko mice on HFD. Data are presented as mean * standard deviation.
Statistical significance was assessed by 2-way ANOVA (p-value < 0.05 was considered as significant)
and two-tailed Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001), respectively.

4.8.4. Respiratory exchange ratio (RER)

Respiratory exchange ratio (RER) is defined as the ratio between volume of CO, produced and
volume of oxygen consumed (RER = VCO, / VO,). A RER close to 1 reflects a high rate of
carbohydrate oxidation whereas a RER of 0.7 indicates fatty acids as oxidation substrates. In
contrast, the so called respiratory quotient (RQ), which is often synonymously used, reflects the
actual substrate oxidation at tissue level and is reflected in the RER, but not necessarily the
same.'"

RER was analyzed and is shown as progression curve during one circadian cycle and as mean
RER during light and dark cycle calculated for wt and Nat8I-ko mice on CD and HFD. RER was
unchanged in Nat8l-ko mice fed CD (Figure 28A and B). In HFD feeding, RER of Nat8I-ko mice
on HFD was significantly increased in the dark cycle (Figure 28C and D).

When wt and Nat8l-ko mice were compared according to diet dependent changes in RER, a

significant decrease of the RER could be observed when mice were fed a HFD (Table 6). This
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reflects the effect that, due to HFD feeding, more fatty acids are available and used as energy

substrate.
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Figure 28. Respiratory exchange ratio (RER) of wtand  Nat8l-ko mice at the age of 26 weeks. (n=5/
4 for CD; n = 6 / 5 for HFD). (A) Progression curve and (B) mean RER per circadian cycle of wt and
Nat8l-ko mice on CD. (C) Progression curve and (D) mean RER per circadian cycle of wt and Nat8I-ko
mice on HFD. Data are presented as mean + standard deviation. Statistical significance was assessed by
2-way ANOVA (p-value < 0.05 was considered as significant) and two-tailed Student’s t test (*p < 0.05;
**p < 0.01; ***p < 0.001), respectively.

Table 6. Respiratory exchange ratio (RER) of wt and Nat8l-ko mice at the age of 26 weeks
comparing CD and HFD. (n =5/ 4 for CD; n = 6 / 5 for HFD). RER changes due to the diet were
compared between wt and Nat8l-ko mice. Data are presented as mean + standard deviation. Statistical
significance was assessed by two-tailed Student’s t test and is highlighted in dark grey. *p < 0.05; **p <
0.01; ***p < 0.001.

Parameter light dark

RER CD HFD p-value CD HFD p-value
(26 weeks)

wt 0.77 £0.02 0.71 £0.01*** | 0.0001 | 0.85 +0.02 0.74 £0.01*** | <0.0001
Nat8I-ko 0.78 +0.05 0.72 +0.02* 0.0362 | 0.84 +0.06 0.77 +0.01* 0.0347
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4.8.5. Energy expenditure (EE)

0.75 [ 170

Total energy expenditure (EE) in cal / min / kg~" was calculated according to Suzuki et a

using the following equation:
EE = (1.07 - RER +3.98) - VO,

The coefficients in this equation are predefined by the operating parameters of the calorimetry
system (e.g. cage size, flow rate, etc.).

It has been reported that normalization of EE to metabolic body weight is more suitable for
comparison of rates between different species rather than comparing within one species.
Analysis of covariance (ANCOVA)*'"®> was recommended as a proper method, where total EE
is displayed per mouse (in kcal / mouse / hour) as a function of body weight and linear
regression calculations for each genotype are compared. Figure 29 shows three different ways
for displaying EE.

First, energy expenditure is displayed as cal / min / kg®" for a period of 24 hours (Figure 29A
and C). Zeitgeber time 0 corresponds to the beginning of the light phase and Zeitgeber time 12
corresponds to the beginning of the dark phase. Statistical significance was assessed by
ANOVA by comparing EE between genotypes over time. From these analyses we can conclude
that EE was significantly increased in Nat8l-ko mice on CD and HFD when compared to
controls (Figure 29A and C).

Second, mean values for EE were calculated during light and dark cycle. On CD, Nat8I-ko mice
showed a trend to an increased EE (Figure 29B), but Figure 29D shows that EE was
significantly increased in Nat8l-ko compared to wt mice on HFD. Student’s t test was performed
to test statistical significance.

Finally, EE was plotted as function of body weight and linear regression analysis was performed
on individual data sets. Of note, if EE was the same function of body weight for wt and Nat8I-ko
mice, the linear regression lines would overlap. EE was significantly increased in Nat8I-ko
compared to wt mice on CD as the two regression lines showed significantly different values for
the intercept (p = 0.0069; Figure 29E). On HFD, the same trend could be observed although the
correlation coefficient for the wt group is very poor (R? = 0.18) (Figure 29F).

In summary, an increased number of mice would be highly desirable, especially to provide a
better basis for the data analysis by ANCOVA. However, it can be concluded that total EE of

Nat8l-ko mice is increased compared to wt littermates.
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Figure 29. Total energy expenditure (EE) is increased in  Nat8l-ko mice compared to wt littermates

at the age of 26 weeks. (n=5/4for CD; n=6/5 for HFD). (A) Progression curve and (B) mean EE (cal
[ min/ kg ) E)er circadian cycle of wt and Nat8l-ko mice on CD. (C) Progression curve and (D) mean EE
(cal / min / kg~"") per circadian cycle of wt and Nat8l-ko mice on HFD. EE in kcal / mouse / hour is shown
for (E) CD and (F) HFD. Linear regression analysis was performed for data points from wt and Nat8I-ko
mice, respectively. Data are presented as mean + standard deviation. Statistical significance was
assessed by 2-way ANOVA (A and C; p-value < 0.05 was considered as significant.), two-tailed Student’s

t test (B and D; *p < 0.05; **p < 0.01; ***p < 0.001), and ANCOVA (E and F; p-value < 0.05 was
considered as significant), respectively.
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4.9. Terminal experiments at room temperature (RT)

Finally, we decided to perform final experiments at the age of 9 months. Mice on CD and HFD
were harvested between 8 a.m. and 12 a.m. in the fed ad libitum state. Blood was drawn from
the facial vein and analyses were performed in serum. Further analyses of tissue weight, tissue
oxygen consumption, fatty acid (FA) and glycerol release from adipose tissues, and molecular
characterization of BAT (marker gene expression, morphology, and UCP1 expression) was

performed. All data presented in this section were acquired from cohort 2.

4.9.1. Blood parameters, tissue weight, tissue oxygen consumption, and fatty acid /

glycerol release from adipose tissue

Body weight and final blood parameters of wt and Nat8I-ko mice on CD and HFD at an age of 9
months are shown in Table 7. Body weight of Nat8l-ko mice at the age of 9 months was lower
compared to wt animals, but only the difference of the HFD group was significant. On CD, blood
glucose showed a trend to reduction as previously observed in younger cohorts (see Table 4 &
Table 5) while no more reduction of glucose could be observed in the aged Nat8l-ko mice on
HFD. Also in contrast to younger cohorts, serum TG levels were significantly higher in Nat8l-ko

mice compared to controls fed a HFD.

Table 7. Body weight and blood parameters of wt and Nat8l-ko mice on chow and high-fat diet at
the age of 9 months. (n =6 /5 for CD; n = 6 / 4 for HFD). Data are presented as mean * standard
deviation. Statistical significance was assessed by two-tailed Student’s t test. Light grey highlighted
results show a trend (p < 0.1), statistical significant results are highlighted in dark grey. *p < 0.05; **p <
0.01; ***p < 0.001.

Weight / blood parameters (RT)

Chow diet
(age 9 months) Wit Nat8I-ko p-value
Weight (g) 30.37 £1.69 29.04 £0.75 0.1746
Glucose (mg/dL) | 139.5 7.2 130.0 +6.2 0.0649
FFA (mM) 0.741 +0.06 0.554 +0.13* 0.0185
TG (mg/dL 110.6 +29.4 122.8 +43.2 0.6291

Wt Nat8I-ko p-value
Weight (g) 44.95 £1.64 40.78 £1.58** 0.0072
Glucose (mg/dL) | 149.2 +12.8 138.5+7.7 0.2173
FFA (mM) 0.525 +0.15 0.494 +0.07 0.7264
TG (mg/dL) 60.2 £13.0 92.6 £16.9* 0.0240

After sacrificing mice, tissue weight of eWAT, sWAT, BAT, and heart was determined for wt and
Nat8l-ko mice (Table 8). No significant differences of tissue weight could be observed in the CD
group, although there was a trend towards a reduction of eWAT mass in Nat8l-ko compared to
wt mice. On HFD, sSWAT mass was about 30 — 40 % reduced in Nat8I-ko compared to wt mice.
After excision, tissues have also been checked for any morphological differences, but no

obvious differences were noticed.
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Table 8. Tissue weight of eWAT, sWAT, BAT and heart of wt an  d Nat8I-ko mice on chow and high-
fat diet at the age of 9 months. (n=6/5 for CD; n = 6 / 4 for HFD). Tissue weight was calculated as
absolute weight (g) and as percentage of body weight (% BW). Data are presented as mean + standard
deviation. Statistical significance was assessed by two-tailed Student’s t test. Light grey highlighted
results show a trend (p < 0.1), statistical significant results are highlighted in dark grey. *p < 0.05; **p <
0.01; ***p < 0.001.

Tissue weight (RT)
ggoewgdrlnec:n ths) wit Nat8l-ko p-value
CWAT (mg) 579.3 £143.0 418.8 +59.2 0.0626
% BW 1.89 +0.38 1.44 +0.18 0.0556
SWAT (mg) 287.0 #45.5 266.2 £29.2 0.4458
% BW 0.94 +0.11 0.91 +0.08 0.6959
BAT (mg) 93.7 +14.8 934 +12.1 0.9774
% BW 0.307 +0.036 0.321 +0.038 0.5792
Heart (mg) 121.845.1 118.2 #11.2 0.5362
% BW 0.402 +0.019 0.407 +0.034 0.7956
ﬁ wit Nat8l-ko p-value
CWAT (mg) 1993.3 +426.3 1848.8 +275.0 0.6060
% BW 4.43 +0.95 4.55 +0.76 0.8548
SWAT (mg) 1875.2 £240.7 1366.3 +107.9** 0.0075
% BW 4.16 +0.43 3.35 +0.16* 0.0113
BAT (mg) 165.0 £28.3 148.5 +24.8 0.4205
% BW 0.366 +0.052 0.363 +0.050 0.9438
Heart (mg) 127.0 £16.1 116.5 #10.1 0.3308
% BW 0.283 +0.036 0.286 +0.021 0.8987

Subsequently, adipose tissues were divided into five parts. Tissue oxygen consumption
measurement and analysis of FA / glycerol release was performed immediately. On CD, Nat8I-
ko mice showed increased oxygen consumption rates in BAT, sSWAT, and eWAT (Figure 30A).
On HFD, oxygen consumption in Nat8l-ko eWAT was reduced while it was unchanged in BAT
and sWAT when compared to wt (Figure 30B).
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Figure 30. Tissue oxygen (O ,) consumption of BAT, sSWAT, and eWAT from wt and Nat8I-ko mice at
the age of 9 months. (n =6 /5 for CD; n = 6 / 4 for HFD). Data are presented as mean * standard
deviation. Tissue oxygen consumption rate of BAT, SWAT, and eWAT from wt and Nat8l-ko mice shown
for (A) CD and (B) HFD was measured using a Clark electrode (Strathkelvin Instruments). Statistical
significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

As read out for adipose tissue lipolytic activity, FA and glycerol release was measured (Figure
31) after incubation of tissues for 1 hour in DMEM containing 2 % fatty acid-free BSA to
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scavenge FAs. Basal and [-adrenergic-stimulated release (10 pM isoproterenol (Iso)
preincubation for 1 hour) was determined and normalized to tissue protein after lipid extraction.
Triacsin C, an inhibitor of acyl-CoA synthetase long-chain family member (ACSL) enzyme

activity, preventing re-esterification of FAs'"™

, was not used in these experiments. FA release
from eWAT and sWAT under basal conditions was strongly reduced in Nat8l-ko mice on CD
and HFD when compared to controls (Figure 31A). Isoproterenol-stimulated FA release on CD
was decreased in BAT but unchanged in sSWAT and eWAT of Nat8l-ko compared to wt mice
(Figure 31B). On HFD, FA release from BAT, sWAT, and eWAT was not different between wt
and Nat8l-ko mice upon isoproterenol stimulation. Basal and isoproterenol-stimulated glycerol
release from BAT, sWAT and eWAT was similar when Nat8l-ko mice were compared to wt

(Figure 31C and D).
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Figure 31. Fatty acid (FA) and glycerol release in BAT, sSWAT, and eWAT of wt and Nat8I-ko mice
on chow (CD) and high-fat diet (HFD) at the age of 9 months. (n =6 /5 for CD; n = 6 / 4 for HFD).
Data are presented as mean * standard deviation. (A) Basal and (B) B-adrenergic-stimulated (10 uM
isoproterenol (+Iso) for 1 hour) FA release from BAT, sSWAT, and eWAT. (C) Basal and (D) B-adrenergic-
stimulated (10 pM isoproterenol (+Iso) for 1 hour) glycerol release from BAT, sWAT, and eWAT.
Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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4.9.2. Marker gene expression, morphology, and UCPL1 protein expression in BAT

We investigated marker gene expression, morphology, and UCP1 protein expression in BAT of
9 month old wt and Nat8l-ko mice. RNA was extracted from BAT, followed by cDNA synthesis
and gene expression analysis by gRT-PCR: On CD, Ucpl, Pgcla, and Ppary2 were
significantly increased in BAT of Nat8l-ko mice (Figure 32A). We also observed a trend to
increased expression of Ppara and Cidea (Figure 32A), corroborating the expression profile we
received with Nat8l-ko mice at the age of 3 - 4 months (Figure 16H). Acly mRNA expression
was not changed at the age of 9 months (Figure 32A). On HFD, Cidea and Acly expression was
significantly increased in Nat8I-ko compared to wt mice, while aP2 and Ucpl showed a trend to
increased expression in BAT of Nat8I-ko mice (Figure 32B).

Next, Hematoxylin & Eosin (HE) and UCP1 immunohistochemistry staining was performed for
BAT of Nat8I-ko and wt mice on CD and HFD. HE staining revealed decreased lipid droplet (LD)
area and diameter in Nat8l-ko mice compared to controls on CD and HFD (Figure 32C,
quantified in Figure 32D and E). Further, UCP1 protein staining was increased in BAT of Nat8lI-
ko compared to wt mice on both diets (Figure 32C). We also investigated SWAT morphology by
HE and UCP1 staining and did not find any differences (data not shown).

Interestingly, we found increased UCP1 protein expression already in BAT of 8 week old Nat8I-
ko mice on CD as shown by western blot analysis and quantification (Figure 32F).

In summary, these results show increased expression of UCP1 mRNA / protein in BAT of Nat8I-
ko mice on CD and HFD accompanied by decreased lipid droplet area and diameter. Other BAT
marker genes such as Ppara and Pgcla seem to have diet specific expression patterns. | also
wanted to investigate expression of genes involved in de novo lipogenesis DNL and FA
oxidation. Therefore, | measured mRNA expression of Acss2, Acsll, Scdl, and Cptlb (Figure
33). Acss2 encodes for cytosolic actely-CoA synthetase (ACSS2), the enzyme acetylating
coenzyme A using free acetate to yield acetyl-CoA which can be used for lipid synthesis'®.
Acyl-CoA synthetase long-chain family member 1 (Acsll) encodes for a protein which activates
free FA for esterification or B-oxidation'”’. Stearoyl-CoA desaturase (SCD1) produces
monounsaturated fatty acids from saturated fatty acids and its activity is upregulated with
increasing dietary carbohydrate content'’®. CPT1b is the rate limiting enzyme of FA transport
into mitochondria for B-oxidation'*®**°. Overall, expression of Acss2, Acsll, Scdl, and Cptlb
was not different between Nat8l-ko and wt mice on CD (Figure 33A) and HFD (Figure 33B).
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Figure 32. Marker gene expression, morphology, and UCP1 protei  n expression in BAT of wt and
Nat8l-ko mice at room temperature (RT). (n=6/5for CD; n =6/ 4 for HFD; age 9 months). Data are
presented as mean * standard deviation. mMRNA expression of Nat8l, aP2, Ucpl, Ppara, Pgcla, Cidea,
Acly, and Ppary2 in BAT on (A) CD and (B) HFD. 18S rRNA was used for normalization. (C) Hematoxylin
& Eosin (HE) and UCP1 staining of BAT. (D) Quantification of lipid droplet (LD) area and diameter in BAT
on (D) CD and (E) HFD. (F) UCP1 western blot of BAT of wt and Nat8l-ko mice at the age of 8 weeks on
CD (n = 4). Quantification was performed using Image J software. 3-ACTIN (ACTb) serves as reference.
Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 33. Expression of genes involved in  de novo lipogenesis and fatty acid oxidation in BAT of

wt and Nat8I-ko mice at room temperature (RT). (n=6/5 for CD; n = 6 / 4 for HFD; age 9 months).
Data are presented as mean + standard deviation. mMRNA expression of actely-CoA synthetase 2 (Acss2),
acyl-CoA synthetase long-chain family member 1 (Acsll), stearoyl-CoA desaturase (Scdl), and carnitine
palmitoyltransferase 1B (Cptlb) on (A) CD and (B) HFD. 18S rRNA was used for normalization. Statistical
significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

4.10. Terminal experiments — cold challenge

As we observed increased weight loss upon overnight fasting (Figure 23) and increased total
energy expenditure (Figure 29) in Nat8I-ko mice compared to wt, we wanted to investigate how
Nat8l-ko mice react to thermal stress compared to their wt littermates. Therefore, mice were
weighted and transferred from RT into a cold chamber (4 °C) at 12 a.m. Core body temperature
was monitored every 30 minutes for the first 12 hours of cold exposure followed by an interval of
6 hours. All wt and Nat8I-ko mice survived the cold challenge and no mouse had to be excluded

during the experiments due to a life-threatening decrease in body temperature.

4.10.1. Acute cold exposure (4 °C for 48 hours) of 5 months old wt and Nat8I-ko mice

on chow diet

As a first trial, | subjected 5 months old mice to acute cold exposure (48 hours / 4 °C). The mice
were single housed to ensure the effects are not attenuated by mice reciprocal warming each
other. To increase the metabolic challenge, mice were fasted for 4 hours (8 a.m. to 12 a.m.) in
the cold before performing final experiments. FA and glycerol release from adipose tissues was
measured, but the BSA used was not fatty acid-free due to manufacturers” problems. Therefore,
these data could not be analyzed. All data presented in this section were acquired from the CD

group of cohort 1.

4.10.1.1. Blood parameters, weight loss, and tissue oxygen consumption

After 48 hours of cold exposure, body weight and blood parameters of Nat8l-ko mice were not

different when compared to controls (Table 9). Furthermore, we did not detect differences in
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weight loss (Figure 34A) and tissue oxygen consumption of BAT, SWAT, and eWAT (Figure
34B) from wt and Nat8I-ko mice.

Table 9. Body weight and blood parameters of wt and Nat8l-ko mice on chow diet at the age of 5
months after acute cold exposure (48 hours / 4 °C). (n =6/ 4). “Initial” corresponds to values before
cold exposure and “final” corresponds to 48 hours cold exposure (4 hours fasted from 8 a.m. to 12 a.m.).
Data are presented as mean + standard deviation. Statistical significance was assessed by two-tailed
Student’s t test.

Weight / blood parameters (4 °C; 48 hours)
E;Z%\A‘I.Sdrlnec:n ths) wit Nat8I-ko p-value
Weight (g) Iqitial 27.85 +0.49 27.75+£1.15 0.9123
Final 25.35 +0.72 25.35 +0.88 0.9359
Glucose (mg/dL) Iqitial 190.2 #40.5 184.3 £36.5 0.8781
Final 156.7 £12.0 153.5 #25.9 0.6093
FFA (mM) Final 0.696 +0.26 0.544 +0.11 0.3099
TG (mg/dL) Final 38.3+10.9 44.6 £15.2 0.4948
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Figure 34. Weight loss and tissue oxygen (O ) consumption after acute cold exposure (48 hours / 4
°C) is similar in Nat8l-ko compared to wt mice on CD. (A) Weight loss during 48 hours cold exposure.
(B) Tissue oxygen consumption of BAT, sSWAT, and eWAT from wt and Nat8Il-ko mice on CD at the age of
5 months was measured using a Clark electrode (Strathkelvin Instruments) (n = 6 / 4). Mice were fasted
for 4 hours prior to harvest (8 a.m. to 12 a.m.). Data are presented as mean + standard deviation.
Statistical significance was assessed by two-tailed Student’s t test.

4.10.2. 5 days cold exposure (4 °C) of 5 months old wt and Nat8l-ko mice on high-fat
diet

The results in section 4.10.1 did not reveal differences between wt and Nat8l-ko mice upon 48
hours of cold exposure. Therefore, we wanted to test whether increasing cold exposure time to
prolong acclimatization of the animals to low temperatures provokes differences between wt
and Nat8l-ko mice. Mice were kept in the cold for 5 days in total and again fasted for 4 hours (8
a.m. to 12 a.m.) prior to final experiments. FA and glycerol release from adipose tissues was
measured, but the BSA used was not fatty acid-free due to manufacturers” problems. Therefore,
these data could not be analyzed. All data presented in this section were acquired from the HFD

group of cohort 1.
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4.10.2.1. Blood parameters, weight loss, and tissue oxygen consumption

We determined body weight and blood parameters of 5 months old wt and Nat8l-ko mice on
HFD after 5 days of cold exposure (Table 10). Body weight was generally lower when Nat8I-ko
mice were compared to controls, although variation was high. Further, Nat8l-ko mice showed a
slight trend to decreased weight loss during cold exposure when compared to wt littermates
(Figure 35A). We detected significantly lower TG concentrations in plasma, similar to what was
observed in 8 — 9 and 16 weeks old mice fed a HFD at RT (Table 3 and Table 4, respectively).
Tissue oxygen consumption rate of BAT, sSWAT, and eWAT was not different between wt and
Nat8l-ko mice (Figure 35B).

Table 10. Body weight and blood parameters of wt and Nat8l-ko mice on HFD at the age of 5
months after 5 days cold exposure (4 °C). (n = 6 / 4). “Initial” corresponds to values before cold
exposure and “final” corresponds to 5 days cold exposure (4 hours fasted from 8 a.m. to 12 a.m.). Data

are presented as mean * standard deviation. Statistical significance was assessed by two-tailed
Student’s t test. Statistical significance is highlighted in dark grey. **p < 0.01.

Weight / blood parameters (4 °C; 5 days)
wit Nat8I-ko p-value
Weight (g) Initial 36.00 £1.25 33.70 £3.28 0.2859
gnti9 Final 32.20 £1.68 31.15 +2.10 0.8437
Glucose (mg/dL) Initial 189.7 £33.9 179.3 £24.0 0.6120
9 Final 157.2 £21.4 144.5 +33.8 0.4837
FFA (mM) Final 0.705 £0.24 0.686 £0.18 0.8943
TG (mg/dL) Final 65.4 +9.9 44.5 +6.1** 0.0057
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Figure 35. Weight loss and tissue oxygen consumption (O  ,) after 5 days cold exposure (4 °C) in 5
months old wt and Nat8l-ko mice. (A) Relative weight loss to initial body weight. (B) Tissue oxygen
consumption of BAT, sSWAT, and eWAT from wt and Nat8l-ko mice on HFD at the age of 5 months after 5
days of cold exposure (4 °C) was measured using a Clark electrode (Strathkelvin Instruments) (n =6/ 4).
Mice were fasted for 4 hours prior to harvest (8 a.m. to 12 a.m.). Data are presented as mean + standard
deviation. Statistical significance was assessed by two-tailed Student’s t test.

4.10.2.2. Marker gene expression, morphology, and UCP1 protein expression in
BAT

We investigated marker gene expression, morphology, and UCP1 protein expression in BAT of
5 months old HFD fed wt and Nat8I-ko mice after 5 days of cold exposure. Ucpl, Ppara, and
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Pgcla mRNA expression was similar in BAT of wt and Nat8l-ko mice under these conditions
(Figure 36A). Morphological analysis by Hematoxylin & Eosin (HE) staining showed that BAT of
Nat8I-ko seems to have increased lipid droplet size. Although Ucpl mRNA expression was not
altered, UCP1 staining showed a decreased intensity in BAT of Nat8I-ko compared to wt mice.
F4/80 staining as a measure of macrophage infiltration into adipose tissue'”® was unchanged
between genotypes (Figure 36B).

We also investigated sSWAT and eWAT by HE, F4/80, and UCP1 staining. We neither observed
morphological differences nor any differences in UCP1 or F4/80 staining in sSWAT and eWAT

between wt and Nat8l-ko mice (data not shown).
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Figure 36. Marker gene expression, morphology, and UCP1 prote  in expression in BAT of 5 months
old HFD-fed wt and Nat8I-ko mice after 5 days cold exposure (4 °C). (n = 6/ 4). Data are presented
as mean = standard deviation. (A) mRNA expression of Nat8l, Pgcla, Ppara, and Ucpl in BAT. 18S
rRNA was used for normalization. (B) Hematoxylin & Eosin (HE), F4/80, and UCP1 staining of BAT.
Statistical significance was assessed by two-tailed Student’s t test.

In summary, 5 days of cold exposure revealed a trend to decreased weight loss and increased
LD size accompanied by decreased UCP1 expression in BAT of Nat8l-ko compared to wt mice.
In addition, it has been shown that at least 1 week of cold exposure is needed to induce
maximal UCP1 induction'®, reflecting a strong increase in BAT activity. Hence, shorter
treatments might not recruit full thermogenic capacity in BAT. Therefore, we decided to repeat

these experiments with mice on CD and HFD and extended the period if cold exposure to 9

days.

4.10.3. 9 days cold exposure (4 °C) of wt and Nat8l-ko mice on CD and HFD at the age

of 9 months

As mentioned above, | repeated cold exposure experiments with a CD and a HFD fed group of

wt and Nat8l-ko mice for a period of 9 days. Consistent with previous experimental settings,
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mice were fasted for 4 hours (8 a.m. to 12 a.m.) prior to final experiments. Final blood was
drawn by puncture of the facial vein and analyses were performed in serum. The CD mice were
harvested at an age of 9 months, the HFD group at the age of 7 months. All data presented in

this section were acquired from cohort 3.

4.10.3.1. Weight loss during 9 days of cold exposure (4 °C)

First, | measured weight loss in Nat8I-ko compared to wt mice. On CD, Nat8l-ko mice showed a
trend to increased absolute weight loss during 9 days of cold exposure compared to controls
(1.40 +0.42 g in wt versus 2.08 +0.51 g in Nat8l-ko mice; p = 0.0760). On HFD, Nat8l-ko mice
showed reduced absolute weight loss during 9 days of cold exposure (3.47 £1.13 g in wt versus
2.13 +£1.05 g in Nat8l-ko mice; p = 0.0402) (Figure 37A). Further, we found weight loss relative
to initial BW increased for Nat8l-ko mice fed a CD whereas weight loss was decreased in Nat8I-
ko mice fed a HFD (Figure 37B). A similar trend in the HFD group has already been noticed in
4.10.2.1 (see Figure 35A).
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Figure 37. Weight loss after 9 days cold exposure (4 °C) of wt and Nat8l-ko mice. (n =6 /5 for CD,
age 9 months; n = 9 / 8 for HFD; age 7 months). (A) Absolute weight loss. (B) Relative weight loss
Relative weight loss was calculated as % from initial body weight before cold exposure. Mice were fasted
for 4 hours prior to harvest (8 a.m. to 12 a.m.). Data are presented as mean + standard deviation.
Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

4.10.3.2. Blood parameters, tissue weight, tissue oxygen consumption, and fatty

acid / glycerol release from adipose tissue

Body weight and blood parameters after 9 days of cold exposure were measured for wt and
Nat8l-ko mice on CD and HFD (age of 9 and 7 months, respectively; Table 11). On CD, blood
glucose concentrations were significantly decreased, whereas both serum FFA and TG
concentrations were increased in Nat8l-ko mice compared to controls. Of note, FFA and TG
concentrations were similar when wt and Nat8l-ko mice at RT were compared at the same age
(see Table 7). Mean body weight was lower for Nat8l-ko mice, but not significantly different

when compared to controls. On HFD, no significant differences could be detected after 9 days
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of cold exposure. Interestingly serum TG concentrations in 9 months old Nat8I-ko mice were
increased compared to controls at RT (see Table 7).

Table 11. Body weight and blood parameters of wt and Nat8l-ko mice on CD and HFD after 9 days
cold exposure (4 °C). (n =6/ 5 for CD, age 9 months; n = 9 / 8 for HFD; age 7 months). “Initial”
corresponds to values before cold exposure and “final” corresponds to 9 days cold exposure (4 hours
fasted from 8 a.m. to 12 a.m.). Data are presented as mean = standard deviation. Statistical significance
was assessed by two-tailed Student’s t test. Statistical significant results are highlighted in dark grey. *p <
0.05; *p < 0.01; ***p < 0.001.

Weight / blood parameters (4 °C; 9 days)
Chow diet
(age 9 months) wt Nat8I-ko p-value
Weight (g) Initial 31.27 +2.01 30.02 +1.46 0.3223
gntig Final | 29.87 +1.69 28.34 +1.29 0.1687
Glucose (mg/dL) | Final 124.0 £11.0 96.4 +£9.0** 0.0028
FFA (mM) Final 0.939 +0.14 1.289 +0.08** 0.0013
TG (mg/dL) Final 53.1 £9.3 70.6 +11.57* 0.0326
wit Nat8I-ko p-value
Weight (q) Initial 34.16 +4.85 34.48 £3.13 0.8832
gntig Final | 30.69 +3.77 32.63 +2.80 0.2816
Glucose (mg/dL) | Final 128.1 £15.2 122.4 £15.6 0.4822
FFA (mM) Final 0.685 +0.05 0.733 #0.19 0.9719
TG (mg/dL) Final 58.9 +10.3 60.7 £13.2 0.7801

Table 12. Tissue weight of eWAT, sWAT, BAT and heart of wt an  d Nat8l-ko mice on CD and HFD
after 9 days cold exposure (4 °C). (n=6/5 for CD, age 9 months; n =9 / 8 for HFD; age 7 months).
Tissue weight was measured as absolute weight (mg) and calculated relative to body weight (in % BW).
Data are presented as mean + standard deviation. Statistical significance was assessed by two-tailed
Student’s t test. Light grey highlighted results show a trend (p < 0.1), statistical significant results are
highlighted in dark grey. *p < 0.05; **p < 0.01; **p < 0.001.

Tissue weight (4 °C; 9 days)
E;Z%\Agdrlnec:n ths) wt Nat8I-ko p-value
CWAT (mg) 482.5 +115.6 448.2 +76.7 0.6201
% BW | 1.61 +0.33 1.58 #0.25 0.8943
SWAT (mg) 264.2 £36.5 261.8 £33.7 0.9224
% BW | 0.88 +0.10 0.92 +0.10 0.5558
BAT (mg) 96.3 +15.2 103.2 #16.3 0.5302
% BW | 0.325 +0.065 0.363 +0.043 0.3438
Heart (mg) 141.0+7.4 154.3 £10.3 0.0681
% BW | 0.473 £0.023 0.537 +0.039* 0.0190
ﬁ wt Nat8I-ko p-value
CWAT (mg) 1221.7 +278.7 1347.8 +422.4 0.5013
% BW | 3.93 +0.50 4.07 £1.02 0.7447
SWAT (mg) 733.1 £353.9 666.9 +242.6 0.6821
% BW | 2.30 +0.83 2.01 +0.55 0.4408
BAT (mg) 113.1 £23.3 139.1 £23.1* 0.0471
% BW | 0.366 +0.037 0.426 +0.060* 0.0316
Heart (mg) 128.7 £11.0 157.5 £19.2** 0.0026
% BW | 0.424 +0.058 0.425 +0.028 0.9424

After sacrificing wt and Nat8I-ko mice, tissue weight of eWAT, sWAT, BAT, and heart was
determined (Table 12). On CD, adipose tissue weight was not different between wt and Nat8I-ko
mice, but heart weight was increased in Nat8I-ko compared to wt mice. On HFD, BAT mass

showed an increase of about 20 % in Nat8l-ko mice compared to controls. Interestingly,
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absolute heart weight was increased whereas heart weight relative to body weight was not
significantly different between genotypes. After excision, tissues have also been checked for
any morphological differences, but no obvious differences have been noticed. Subsequently,
adipose tissues were divided into five parts. Tissue oxygen consumption and analysis of FA /
glycerol release were performed immediately. As expected, oxygen consumption rates in BAT,
SWAT, and eWAT (Figure 38) of wt and Nat8l-ko mice on CD and HFD were higher when
compared to age-matched mice of the corresponding phenotype at RT (see Figure 30A).
However, the rates from adipose tissue of CD fed wt and Nat8l-ko mice were similar after 9

days cold exposure (Figure 38A).
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Figure 38. Tissue oxygen (O ,) consumption of BAT, sSWAT, and eWAT in wt and Nat8l-ko mice on
chow (CD) and high-fat diet (HFD) after 9 days cold  exposure (4 °C). (n =6/5 for CD, age 9 months;
n =9/ 8 for HFD; age 7 months). Data are presented as mean + standard deviation. Tissue oxygen
consumption rate measured by Clark electrode (Strathkelvin Instruments) of BAT, SWAT, and eWAT on
(A) CD and (B) HFD). Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p <
0.01; ***p < 0.001.

On HFD, BAT of Nat8l-ko mice showed significantly decreased oxygen consumption rates
compared to wt whereas sWAT of Nat8l-ko mice showed increased rates (Figure 38B). The
same trends for BAT and sWAT respiration rate have already been observed after 5 days of
cold exposure (see Figure 35B). Nat8l-ko eWAT oxygen consumption was similar to wt
littermates on HFD (Figure 38B).

FA and glycerol release from adipose tissues (Figure 39) was measured after 1 hour of
incubation in DMEM containing 2 % fatty acid-free BSA to scavenge FAs. Basal and f3-
adrenergic stimulated release (10 pM isoproterenol (Iso) preincubation for 1 hour) was
determined and normalized to tissue protein after lipid extraction. FA re-esterification was not
inhibited by Triacsin C in this experiment.

On CD, FA release from sWAT and eWAT was increased whereas FA release from BAT was
similar when Nat8l-ko mice were compared to wt littermates (Figure 39A). Basal FA release in
all adipose tissues was increased compared to same aged mice of both genotypes on RT (see
Figure 31A). Stimulation with isoproterenol was able further increase FA release from sWAT
and eWAT but not from BAT (compare Figure 39A and B, left panels). FA release after
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isoproterenol stimulation was similar in adipose tissues of Nat8l-ko and wt mice (Figure 39B).
Glycerol release was unchanged in all tissues, except Nat8l-ko BAT showed increased glycerol

release after isoproterenol stimulation compared to wt BAT on CD (Figure 39C and D).
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Figure 39. Fatty acid (FA) and glycerol release in BAT, sSWAT, and eWAT of wt and Nat8I-ko mice
CD and HFD after 9 days cold exposure (4 °C). (n=6/5 for CD, age 9 months; n =9/ 8 for HFD; age
7 months). Data are presented as mean + standard deviation. (A) Basal, and (B) B-adrenergic-stimulated
(10 uM isoproterenol (+Iso) for 1 hour) FA release from BAT, sWAT, and eWAT. (C) Basal, and (D) B-
adrenergic-stimulated (10 puM isoproterenol (+Iso) for 1 hour) glycerol release from BAT, sWAT, and
eWAT. Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p <
0.001.

On HFD, the opposite could be detected. FA release from eWAT was significantly reduced in
Nat8l-ko mice under basal conditions (Figure 39A), but not different after isoproterenol
stimulation (Figure 39B). FA release from BAT was not significantly altered between Nat8I-ko
and wt mice under basal and isoproterenol stimulated conditions, whereas sWAT FA release
showed a trend to reduction (Figure 39A and B). Glycerol release from BAT was increased in
Nat8I-ko compared to wt mice on HFD under basal conditions (Figure 39C), but equalized after
stimulation with isoproterenol (Figure 39D). Glycerol release from sWAT and eWAT was slightly

reduced in Nat8l-ko mice in both conditions.
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4.10.3.3. Marker gene expression, morphology, and UCP1 expression in BAT

| investigated marker gene expression, morphology, and UCP1 protein expression in BAT of wt
and Nat8l-ko mice (CD, age 9 months; HFD, age 7 months). On CD, aP2, Ucpl, Ppara, Pgcla,
Cidea, and Acly mRNA expression was significantly increased in BAT of Nat8l-ko mice
compared to controls (Figure 40A). On HFD, aP2, Ucpl, Cidea, and Acly mRNA expression

was also significantly increased, but the fold changes are much smaller compared to CD (Figure

40B).
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Figure 40. Marker gene expression, morphology, and UCP1 protei  n expression in BAT of wt and
Nat8l-ko mice after 9 days cold exposure (4 °C). (n=6/5 for CD, age 9 months; n = 9/ 8 for HFD;
age 7 months). Data are presented as mean + standard deviation. mMRNA expression of Nat8l, aP2, Ucp1,
Ppara, Pgcla, Cidea, and Acly in BAT on (A) CD and (B) HFD. 18S rRNA was used for normalization. (C)
Hematoxylin & Eosin (HE) staining of BAT. (D) UCP1 western blot in BAT of wt and Nat8l-ko on HFD (n =
2). Quantification was performed using Image J software. B-ACTIN (ACTb) serves as reference.
Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

Next, Hematoxylin & Eosin (HE) immunohistochemistry staining was performed for BAT of
Nat8l-ko and wt mice on CD and HFD. HE staining revealed similar BAT morphology on CD,
whereas it seems that lipid droplet (LD) area and diameter is increased in BAT of Nat8I-ko mice
on HFD after 9 days of cold exposure (Figure 40C).
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Weight loss and tissue oxygen consumption rate was decreased in Nat8l-ko compared to wt
mice on HFD after 9 days of cold exposure. Contrarily, Ucpl mRNA expression was increased
in BAT (see Figure 40B). UCP1 staining of BAT slices revealed regions within BAT of Nat8I-ko
mice with less UCP1 staining than the surrounding tissue (data not shown). As this indicated
reduced UCP1 expression, | performed UCP1 western blot in BAT of HFD fed wt and Nat8I-ko
mice and found reduced UCP1 protein expression in Nat8l-ko mice (Figure 40D).

We also investigated sSWAT morphology by HE and UCP1 immunohistochemistry staining in
SWAT slices. HE and UCP1 staining in sWAT of wt and Nat8I-ko mice did not show any
differences (data not shown) between genotypes.

These results show diet-specific effects after 9 days cold exposure. On CD, BAT function
appears unchanged in Nat8l-ko compared to wt mice as tissue oxygen consumption and
morphology is similar after 9 days of cold exposure (Figure 38A and Figure 40C). However, a
reasonable set of brown fat marker genes including Ucpl and Pgcla was upregulated in BAT of
Nat8l-ko mice on CD (Figure 40A). In contrast, cold exposure of mice fed a HFD led to
decreased oxygen consumption rate (Figure 38B), increased lipid accumulation (Figure 40C),

and reduced UCP1 protein expression in BAT (Figure 40D) of Nat8l-ko compared to wt mice.
4.11. Cardiac parameters of wt and Nat8I-ko mice

As spontaneous cardiac failure could be a cause for spontaneous death of Nat8l-ko mice (see
Figure 18), we measured blood pressure and heart rate of Nat8l-ko mice. Values for systolic,
diastolic, and mean arterial blood pressure as well as heart rate were similar when Nat8I-ko
mice were compared to wt littermates (Table 13 and Figure 41). We further determined heart
weight and analyzed cardiac muscle fiber morphology by HE staining. Heart weight of Nat8I-ko
mice was not different compared to wt when mice were housed at RT (Figure 42A; Table 8).
Interestingly, 9 days of cold exposure led to heart hypertrophy in Nat8I-ko mice (Figure 42B; see
also Table 12). However, there was no difference in fiber morphology as shown in Figure 42C
and D.

Table 13. Cardiac Parameters are similar in wt and  Nat8I-ko mice on CD and HFD at the age of 30
weeks. Systolic blood pressure (systol. BP), mean arterial blood pressure (mean art. BP), diastolic blood
pressure (diast. BP), and heart rate on CD (n =6/ 5) and HFD (n = 6 / 4). Data are presented as mean +
standard deviation. Statistical significance was assessed by two-tailed Student’s t test. Light grey
highlighted results show a trend (p < 0.1).

Parameter CD HFD
wit Nat8l-ko p-value wit Nat8l-ko p-value

systol. BP

100.1+8.4 | 107.4+46 | 0.0927 | 111.2+7.5 116.749.9 | 0.5194
(mmHg)
mean art. BP | o5 4 17 4 71.4+8.3 0.4697 | 86.1+9.4 88.0 8.2 0.7199
(mmHg)
diastol. BP 60.4 +8.8 67.0+10.7 |0.2922 |72.4+11.3 74.3+6.4 0.6424
(mmHg)
Pbe;‘r;t)rate 655.6 +77.8 | 683.8+40.7 |0.4853 |725.1+13.4 |739.5+23.3 |0.1516
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Figure 41. Cardiac Parameters are similar in wt and  Nat8I-ko mice on CD and HFD at the age of 30
weeks. (A) Systolic blood pressure, (B) diastolic blood pressure, and (C) heart rate of wt and Nat8l-ko
mice on chow diet (CD; n = 6/ 5) and high-fat diet (HFD; n = 6 / 4) at an age of 30 weeks. Data presented
as mean = standard deviation. Statistical significance was assessed by two-tailed Student’s t test.
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Figure 42. Heart weight and morphology in wt and Nat8l-ko mice on RT and after 9 days cold
exposure (4 °C). Data are presented as mean * standard deviation. Absolute heart weight of wt and
Nat8l-ko mice at (A) RT (age 9 months), and (B) after 9 days cold exposure (4 °C; age 9 months for CD;
age 7 months for HFD). Hematoxylin & Eosin (HE) staining of cardiac muscle of wt and Nat8I-ko mice at
(C) RT, and (D) after 9 days cold exposure (4 °C). Statistical significance was assessed by two-tailed
Student’s t test. *p < 0.05; **p < 0.01; **p < 0.001.

In summary, these data show that Nat8I-ko mice do not have a severe cardiac phenotype which

could explain the phenomenon of sudden death observed in these mice (see Figure 18).
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4.12. Body temperature of wt versus Nat8I-ko mice

We also measured core body temperature (BT) using a rectal probe (RET-3; Physitemp
Instruments, New Jersey, USA). We measured BT in wt and Nat8I-ko mice on CD and HFD at
different ages and before final experiments at the age of 9 and 7 months, respectively (Table
14). We were not able to detect consistent changes in BT on CD and HFD. The significant
differences on HFD even contradicted each other. Performing rectal measurements in rodents
has been reported to have significant stress-related effects on thermal homeostasis'® and
leads to high variations depending on handling time. Therefore, other methods such as thermal
imaging™® and subcutaneously implanted thermosensors’®* might be more valuable to
determine body temperature in mice. However, these data suggest that there is no difference in
BT of wt and Nat8I-ko mice.

Table 14. Body temperature in wt  versus Nat8l-ko mice on CD and HFD. Core body temperature was
determined in wt and Nat8l-ko mice using a rectal probe (RET-3; Physitemp Instruments). “Initial”
corresponds to values before cold exposure and “final” corresponds to 9 days cold exposure (4 hours
fasted from 8 a.m. to 12 a.m.). All data are presented as mean + standard deviation. Statistical
significance was assessed by two-tailed Student’s t test. Light grey highlighted results show a trend (p <
0.1), statistical significant results are highlighted in dark grey. *p < 0.05; **p < 0.01; ***p < 0.001.

Body temperature (°C)

Chow diet .
Age 12, time wit Nat8I-ko p-value
16 weeks 12 a.m. 35.43 £1.08 (n = 6) 36.18 +0.75 (n = 4) 0.2700
34 weeks 10 a.m. 36.30 £0.85 (n = 12) 35.82 +0.74 (n = 10) 0.1761
9 months 8 a.m. to _ .
(RT) 12 am. 35.27 £0.19 (n = 6) 35.76 +0.29* (n = 5) 0.0129
9 months (9 | 12 a.m.to | Initial | 36.62 +0.27 (n = 6) 36.60 £0.23 (n = 5) 0.9229
days 4 °C) 2 p.m. Final | 34.63 £1.04 (n = 6) 33.96 £1.14 (n =5) 0.3791

time wit Nat8l-ko p-value
16 weeks 12 a.m. 34.74 £0.396 (n = 12) 35.36 £0.558** (n = 8) 0.0066
26 weeks 10 a.m. 36.18 +0.44 (n = 9) 36.48 +0.37 (n = 8) 0.1780
34 weeks 10 a.m. 36.45 +0.35 (n = 6) 35.78 £0.36* (n = 4) 0.0291
9 months 8 a.m. to _ _
(RT) 12 am. 36.13 £0.36 (n = 6) 36.20 £+0.83 (n = 4) 0.8807
7 months (9 | 12 a.m.to | Initial | 36.56 £0.23 (n = 9) 36.20 £+0.51 (n = 8) 0.0982
days 4 °C) 2p.m. Final | 34.38£1.04 (n=9) 34.49 +0.59 (n = 8) 0.8082

2 Age 16 weeks: data from cohort 1. Age 34 weeks: data from cohorts 2 & 3. Age 9 months (RT): data
from cohort 2. Age 9 months (9 days 4 °C): cohort 3.

3 Age 16 weeks: data from cohorts 1 & 2. Age 26 weeks: data from cohorts 3. Age 34 weeks: data from
cohorts 2. Age 9 months (RT): data from cohort 2. Age 7 months (9 days 4 °C): cohort 3.
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5. RESULTS Ill — Investigation of the physiological regulation of
NAT8L and ASPA invitro and in vivo

Our previous results showed that Nat8l expression was reduced in BAT and eWAT of
genetically obese (ob/ob) mice compared to controls whereas expression was not changed in
brain''®. Further, a potential PPAR binding site in intron 2 of Nat8l was identified by in silico
analyses performed by Ariane R. Pessentheiner (2610-3081 downstream from TSS). Co-
transfection of this Nat8I-fragment with PPARy and RXRa into cos7 cells followed by luciferase
reporter assays revealed increased luciferase activity compared to controls. Luciferase activity
was even further increased when cells were treated with the PPARYy agonist rosiglitazone 24
hours prior to luciferase assay. She also showed that Nat8| expression was nearly blunted when
iBACs were treated with the PPARa antagonist GW6471. In summary, these results indicate
that Nat8l is connected and responding to PPARy and PPARa, the respective master regulators
of adipogenesis (reviewed by Lefterova et al.*) and adipocyte metabolism®®1%3184,

However, the physiological triggers activating or inhibiting the NAA pathway have not been
identified. Therefore, | aimed to investigate the regulation of Nat8l and Aspa expression in vitro

and in vivo.

5.1. Nat8l and Aspa expression in brain and adipose tissue of C57BIl/6J

mice during aging

As a first approach to assign Nat8l and Aspa regulation in vivo, | measured the mRNA
expression profile in brain, BAT, sSWAT and eWAT of C57BI/6J mice during aging. Tissues were
harvested from 1 day up to 10.5 month-old mice in the fed ad libitum state (n = 4 each time
point). In brain, Nat8l and Aspa expression was increased with aging (Figure 43A and B, black
circles). Nat8l and Aspa expression was also increased during aging in BAT, but at the age of 1
month a drop in expression could be observed and expression levels were comparable to those
observed right after birth (Figure 43A and B, white circles). In SWAT and eWAT, Nat8l and Aspa
expression diametrically reached its highest values at the age of 1 month compared to BAT
(Figure 43C and D).

* Doctoral thesis; Ariane R. Pessentheiner, Ph.D.; “Elucidation of genes influencing adipogenic

development and energy metabolism”; August 2014; Graz University of Technology
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Figure 43. Nat8l and Aspa mRNA expression during aging in C57BI/6J mice. Data are presented as
mean * standard deviation (n = 4 for each time point). (A) Nat8l, and (B) Aspa mRNA expression in BAT
and brain (14d BAT value was set to 1). 18S rRNA was used for normalization. (C) Nat8l, (D) Aspa
MRNA expression in eWAT and sWAT (14d eWAT valuewas set to 1). TFIIB was used for normalization.

5.2. Regulation of Nat8l and Aspa expression in BAT of wt and Nat8I-ko

mice on HFD and during cold exposure (4 °C)

Next, | aimed to elucidate what happens to Nat8| and Aspa expression upon HFD feeding and
cold exposure. Therefore, expression levels in BAT of wt and Nat8I-ko mice described in
chapters 4.9 (RT) and 4.10.3 (9 days cold exposure — 4°C), were analyzed regarding
expression changes in these conditions. Nat8l expression was increased upon HFD when
compared to CD and also upon 9 days of cold exposure (Figure 44A). A combination of both
HFD and cold exposure was not able to further increase Nat8l expression. As a control for the
treatment, Ucpl expression was analyzed. Ucpl expression was increased in BAT upon HFD
feeding as well as on cold exposure (Figure 44B) which has been described before (reviewed
in'®%18%)  Aspa mRNA expression was also significantly increased upon HFD feeding as well as
cold exposure (Figure 44C). Furthermore, ASPA expression was significantly increased in BAT

of Nat8I-ko mice on CD at the age of 8 weeks (Figure 44D).
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Figure 44. Expression of Nat8l, Ucpl, and Aspa in BAT of wt and Nat8l-ko mice on CD and HFD at
RT and after 9 days cold exposure (4 °C). Data are presented as mean + standard deviation. (A) Nat8l,
(B) Ucpl, and (C) Aspa mRNA expression. 18S rRNA was used for normalization. (D) ASPA protein
expression in BAT of wt and Nat8l-ko mice on CD at the age of 8 weeks. Quantification was performed
using Image J software. B-ACTIN (ACTb) serves as reference. Statistical significance was assessed by
two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001 for wt versus Nat8l-ko. #p < 0.05; ##p <0.01;
b < 0.001 for comparison to wt CD (RT).

pose tissue of C57BI/6

5.3. Regulation of Nat8l and Aspa expression in adi

mice upon chronic B3-adrenergic stimulation

Granneman et al.’®® showed that fatty acid synthesis and fatty acid oxidation in adipocytes are
coupled during chronic adrenergic stimulation using CL 316,243 (CL), a specific activator of the
B3-adrenergic receptor. We previously proposed the NAT8L — ASPA axis might be an additional
way to provide acetyl-CoA for lipid synthesis in adipocytes'®. Therefore, we aimed to elucidate
the influence of chronic B3-adrenergic stimulation by CL on Nat8l and Aspa expression in
adipose tissue of C57BI/6J mice.

First, | intraperitoneally injected 13 weeks old mice with either 1 mg / kg of sterile saline or CL
for 8 consecutive days (injection always between 7.30 — 8.00 a.m.). | observed reduced Nat8l
(~50% to control) expression whereas Acss2, Aspa, Fasn, Ppary2, and Ppara mRNA was not
significantly changed in BAT of CL-treated mice (Figure 45A). Ucpl expression was used as a
control for effective CL treatment. Ucpl mRNA expression was increased in BAT and eWAT of
CL-treated mice (Figure 45A and B). In addition, we confirmed increased UCP1 and unchanged
ASPA protein expression in BAT by western blot (Figure 45C). Interestingly, Nat8Il, Aspa, and

Acss2 expression was increased whereas Ppary2 expression was decreased in eWAT of CL-
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treated mice compared to controls (Figure 45B). Consistent with the results of Motillo et al.*®®,

Fasn was increased in eWAT of CL-treated mice.
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Figure 45. Chronic B3-adrenergic stimulation by CL 316,243 and expressi  on analysis in adipose
tissue of C57BI/6J mice. Data are presented as mean + standard deviation. mRNA expression of Nat8|,
Aspa, and adipogenic marker genes in (A) BAT, and (B) eWAT of C57BI/6J mice (age 13 weeks) injected
with either 1 mg / kg saline or CL 316,243 for 7 days (n = 4 / 5). TFIIB was used for normalization. (C)
UCP1 and ASPA protein expression in BAT of C57BI6J mice (age 13 weeks).injected with either 1 mg /
kg saline of CL 316,243 for 7 days (n = 4 / 5). Quantification was performed using Image J software. An
unspecific band was used for normalization. (D) Nat8l, Aspa, Acss2, and Ucpl expression in BAT, SWAT
and eWAT of C57BI/6J mice (age 10-12 weeks) infused with 0.75 nmol CL 316,243 / hour using osmotic
minipumps (n = 5) and control mice (n = 10). Data in (D) was provided by Martin Bilban (Medical
University of Vienna). Acidic ribosomal protein (Arp) was used for normalization. Statistical significance
was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

Second, 10 — 12 weeks old C57BI/6 mice were infused with 0.75 nmol CL / hour using osmotic

minipumps for 7 days. Similar to the results from repeated intraperitoneal CL injection,

expression of Nat8l was decreased in BAT, but increased in eWAT of CL-infused compared to
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control mice (Figure 45D; compare Figure 45A and B). Interestingly, CL treatment increased
Aspa in BAT and eWAT whereas both Nat8l and Aspa expression was not changed in SWAT
when compared to controls. As mentioned above, Ucpl served as a control for CL treatment
and was increased in BAT, sWAT, and eWAT of CL-treated mice when compared to controls.
Consistent to Figure 45B, a trend for increased Acss2 expression could be observed in eWAT
of CL-treated mice compared to controls. Further, Acss2 expression was reduced in BAT and
SWAT of CL-treated compared to control mice. Overall, CL treatment reduces Nat8l and Acss2
expression whereas Aspa expression seems to be upregulated in BAT of CL-treated mice
compared to controls. Furthermore, CL treatment does not affect Nat8l, Aspa, and Acss2
expression in SWAT but seems to activate the NAA pathway in eWAT.

In summary, these data show that the NAA pathway in adipose tissues is regulated by chronic
B3-adrenergic stimulation with CL 316,243. The results further suggest different roles for NAA

metabolism in brown and white adipose tissue.

5.4. Nat8l and Aspa expression in response to gluco  se availability in vitro

and in vivo

To test whether the expression of Nat8l and Aspa is influenced by glucose availability, we
differentiated iBACs in 4.5 (high) or 1.0 (low) g / L glucose differentiation media until day 7. Fully
differentiated brown adipocytes were then incubated with maintenance media containing 4.5,
1.0, or 0 g / L of glucose for another 24 hours (Figure 46A) or harvested directly on day 7 of
differentiation (Figure 46B). Nat8l expression was reduced in every condition, in which glucose
was reduced from high (4.5 g / L) to lower concentrations and vice versa.

Aspa expression was massively induced upon changing from high to low glucose, but
decreased when glucose was completely removed. However, the increase in Aspa expression
to low glucose differentiation could only be shown in one data set (Figure 46B vs. Figure 46A,
Aspa expression in condition 4.5 / 4.5 compared to 1.0/ 1.0 g / L glucose). Further, both Nat8l
and Aspa mRNA expression showed a trend to increase when cells were differentiated in low
glucose media and then treated with high glucose for another 24 hours (Figure 46A, condition
45/45versus1.0/4.5g/L glucose).

Therefore, we tested if and how NAT8L and ASPA respond to a glucose bolus in vivo. We
injected C57BI/6 mice with 1.5 g / kg glucose (similar to what is used for ipGTT, see materials
and methods section 2.5) and harvested adipose tissue after 30 minutes. Nat8l and Aspa
expression was nearly doubled in BAT of glucose-injected mice compared to saline controls
(Figure 46C). NAT8L and ASPA protein expression was not changed 30 minutes after glucose
injection (data not shown). In eWAT, Nat8| expression also showed a trend to increase whereas

Aspa was reduced to ~50 % of controls (Figure 46D).
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Figure 46. Nat8l and Aspa expression response to glucose availability in vit ro and in vivo. Data are
presented as mean * standard deviation. (A) Nat8l and Aspa mRNA expression in iBACs on day 8 of
differentiation treated under different conditions of glucose availability (if not otherwise indicated, n = 3).
(B) Nat8l and Aspa mRNA expression in iBACs on day 7 of differentiation, differentiated in the presence
of 4.5 or 1.0 g / L glucose in the media (n = 3). Expression in (A) and (B) was normalized to Tfll3. Nat8l
and Aspa mRNA expression in (C) BAT and (D) eWAT of C57BI/6J mice 30 minutes after glucose bolus
compared to saline controls (n = 4 for PBS, n = 3 for 1.5 g / kg glucose). Expression was normalized to
18S rRNA. Statistical significance was assessed by two-tailed Student’s t test. *p < 0.05; **p < 0.01 for
comparison of Nat8l and *p < 0.05; p < 0.01; **p < 0.001 for comparison of Aspa expression between
different glucose conditions.

Finally, | wanted to test how NAT8L and ASPA expression in adipose tissue was affected by
nutritional status in vivo. As a first approach, | analyzed brain, BAT, sWAT, and eWAT of
C57BI/6J mice in the fed ad libitum, 12 hours fasted, and 12 hours fasted / 1 hour refed
nutritional state (age 6 — 7 months). Nat8| expression was decreased in SWAT and eWAT upon
overnight fasting (Figure 47A). One hour refeeding was able to recover and even further
increased Nat8l expression in SWAT and eWAT compared fed state. Nutritional status did not
influence Nat8Il expression in Brain and BAT. Aspa expression in SWAT was also reduced in the
fasted state and recovered upon refeeding (Figure 47B). Aspa expression was not altered upon

fasting and refeeding in brain, BAT, and eWAT.
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When the fasting period was prolonged to 24 hours, we found Nat8l and Aspa expression
downregulated in BAT (Figure 47C). Refeeding recovered Nat8| but not Aspa expression. In
addition, we confirmed downregulation of ASPA protein upon 24 hours of fasting (Figure 47D).
In summary, these data show that the NAA pathway responds to dietary challenges and is

primarily downregulated by energy deprivation.
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Figure 47. Feeding / fasting regulation of Nat8l and Aspa in vivo . Data are presented as mean *
standard deviation. (A) Nat8l and (B) Aspa mRNA expression in brain, BAT, sWAT, and eWAT of
C57BI/6J mice 16 weeks of age in fed ad libitum; fasted overnight (12h), and fasted overnight (12h)
followed by 1 hour refed state (n = 4;). 18S rRNA was used for normalization. (C) Nat8l and Aspa mRNA
expression in BAT of C57BI/6J mice in fed ad libitum; fasted (24h), and fasted overnight (24h) followed by
2 hours refed state at the age of 12 weeks (n = 7). TFIIB was used for normalization. (D) ASPA protein
expression in BAT of C57BI/6 mice at the age of 12 weeks (n = 3). Data in (C) and (D) was provided by
Andreas Prokesch. Quantification was performed using Image J software. aTUBULIN (aTUB) was used
for normalization. All data presented as mean * standard deviation. Statistical significance was assessed
by two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001 for comparison to fed state. “p < 0.05; “p
<0.01; *p < 0.001 for comparison to fasted state.
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6. Discussion

The N-acetylaspartate (NAA) pathway has been extensively described in brain. N-
acetyltransferase 8-like (NAT8L) and aspartoacylase (ASPA) are the two main enzymes in NAA
metabolism, responsible for NAA synthesis and breakdown, respectively. NAT8L utilizes acetyl-
CoA and L-aspartate (L-Asp) to synthesize NAA. NAA has been described as the second most
abundant metabolite in brain and has been established as a biomarker for NMR-spectroscopy-
based determination of neuronal health. In addition, NAA metabolism has been shown to be
important for neuronal lipid and energy metabolism (reviewed by Ariyannur et al.*®").

Our group recently showed that NAT8L and ASPA are highly expressed in WAT and BAT

(Pessentheiner & Pelzmann et al.**®

). Hence, we were the first to introduce the NAA pathway in
adipocyte biology. Of note, NAT8L expression is very low in other metabolic tissues such as
cardiac muscle, skeletal muscle, and liver when compared to adipose tissues and brain.
Importantly, we also showed that Nat8l expression is increased during differentiation of human

and murine white and brown adipocytes.
6.1. The NAA pathway in brown adipocyte metabolism in vitro

The first part of my thesis focused on providing more detail on the role of NAT8L in brown
adipocyte metabolism in vitro. Based on our recent studies, we developed a working model of
the NAA pathway as a novel route to provide cytoplasmic acetyl-CoA and its contribution to
brown adipocyte metabolism (Figure 48)*. Briefly, glycolysis and B-oxidation of FFAs are the
two main processes to derive mitochondrial acetyl-CoA in brown adipocytes. Mitochondrial
acetyl-CoA can be used for energy production in the TCA cycle or transported to the cytoplasm.
The canonical pathway to transport acetyl-CoA to the cytoplasm is provided by the formation of
citrate and its export from mitochondria. Subsequently, ATP citrate lyase (ACLY) catalyzes the
formation of cytoplasmic acetyl-CoA from citrate. The formation of NAA via NAT8L provides a
novel route for mitochondrial acetyl-CoA to be transported to the cytoplasm. Cytoplasmic ASPA
catalyzes the breakdown of NAA to L-Asp and acetate. Finally, ACSS2 uses acetate to provide
cytoplasmic acetyl-CoA. Hence, the NAA pathway is able to regulate acetyl-CoA distribution
and availability between mitochondria and cytoplasm and might thereby impact lipid metabolism
and energy homeostasis in brown adipocytes. This model will be expanded based on the data
of this thesis.

We demonstrated that overexpression of Nat8l led to increased lipid turnover, increased
mitochondrial biogenesis and oxygen consumption in brown adipocytes™®. Further, we found
increased expression of brown marker genes such as Pgcla, Ppara, and Prdm16. It has been

shown that these genes induce mitochondrial biogenesis and the expression of Ucp1®".

!> Doctoral thesis; Ariane R. Pessentheiner, Ph.D.; “Elucidation of genes influencing adipogenic
development and energy metabolism”; August 2014; Graz University of Technology
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Indeed, we observed strikingly increased UCP1 expression in Nat8l o/e iBACs compared to
controls. In conclusion, these data indicated that Nat8l o/e iBACs represent brown adipocytes

with a higher energy turnover compared to control cells.
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Figure 48. Working model of the NAA pathway in brown adipocyte
(FFAs) and glycolysis are the two main processes to derive mitochondrial acetyl-CoA in brown

adipocytes. Mitochondrial acetyl-CoA can be used for energy production in the TCA cycle or transported
to the cytoplasm. The canonical pathway to provide cytosolic acetyl-CoA is via the formation and export
of citrate. ATP citrate lyase (ACLY) uses citrate to provide cytoplasmic acetyl-CoA. The formation of N-
acetylaspartate (NAA) via N-acetyltransferase 8-like (NAT8L) provides a novel route for mitochondrial
acetyl-CoA to be transported to the cytoplasm. Cytoplasmic aspartoacylase (ASPA) catalyzes the
breakdown of NAA to L-aspartate (L-Asp) and acetate. Finally, acetyl-CoA synthetase 2 (ACSS2)

catalyzes the formation of cytoplasmic acetyl-CoA from acetate. TG, triglycerides.

As it is not clear how Nat8l o/e causes the observed effects, | will now provide more detail on
parts of this molecular cascade based on the data of my thesis.

The transcription factor PPARa, a regulator of fatty acid catabolism and gene transcription in
brown adipocytes, has been shown to be activated by lipolytic products such as fatty acids®®**,

We found Ppara expression upregulated in Nat8l o/e iBACs on day 3 and day 7 of differentiation
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whereas the majority of brown marker genes was increased exclusively on day 7**°. Therefore, |
used the PPARa antagonist GW6471 to investigate whether the observed effects are mediated
by PPARa. Indeed, Nat8l-induced UCP1 expression and the concomitant oxygen consumption
were reduced to control cell levels upon GW6471 treatment. Of note, increased lipid turnover
was not affected by GW6471 treatment. Thus, this indicates that the effects of forced Nat8l
expression and increased NAA synthesis on lipid turnover are upstream of PPARa action.

Brown adipocytes perform high rates of de novo lipogenesis (DNL) and lipolysis to fuel and

18%) We observed increased DNL assessed by [**C]-

maintain thermogenic activity (reviewed in
glucose incorporation into neutral lipid stores. Also, lipolysis was elevated as indicated by
increased FA release from Nat8l o/e cells. ATGL and HSL are the two main TG hydrolases in
adipose tissue'™. Therefore, | tested whether the increased FA release in Nat8l o/e iBACs was
mediated by ATGL, HSL or both lipases. We did not detect increased TG hydrolase activity in
the cytoplasm, but FA release from isolated lipid droplets was increased in Nat8l o/e iBACs
compared to controls. When Nat8| o/e iBACs were treated with specific inhibitors for ATGL
(Atglistatin®*®) or HSL (Hi 76-0079; Novo Nordisk), only the ATGL inhibitor was able to decrease
FA release to levels comparable to control cells. These results are supported by studies
showing that specifically ATGL-mediated lipolysis is substantial for maintaining adaptive
thermogenesis in BAT'® and provides FA for activation of UCP1'*° and PPARs®*™, Thus,
these data show that ATGL-mediated lipolysis activates PPARa, further leading to increased
UCP1 expression in Nat8l o/e iBACs (Figure 49). The underlying mechanism for altered lipid
metabolism during Nat8l overexpression and silencing will be discussed in the next paragraphs.
Mottillo et al. showed that DNL and lipolysis are highly coupled processes in brown
adipocytes'®. As mentioned above, we found that DNL was increased in Nat8l o/e iBACs
whereas Nat8lI silencing did not lead to changes in DNL. The differential effects on DNL might
be explained by the results of d’Adamo and Yatsu™® who showed that NAA-derived acetate is
preferentially used for lipid synthesis in brain when compared to free acetate. Further, we found
Acly mRNA expression upregulated in Nat8l-silenced iBACs and BAT of Nat8l-ko mice
compared to controls'®. This indicates a compensation reaction to reduced delivery acetyl-CoA
by the NAA pathway. Thus, these data suggest that the NAA pathway is able to drain acetate /
acetyl-CoA into DNL. FA release was increased in both Nat8l o/e and Nat8I-silenced iBACs
whereas glycerol release was reduced in Nat8l o/e, but increased in Nat8l-silenced iBACs when
compared to controls, respectively. In addition, FA B-oxidation was strongly increased during
Nat8l o/e whereas Nat8l silencing did not change FA B-oxidation in Nat8l-silenced iBACs
compared to controls. This raised the questions why glycerol released by lipolysis is not
exported in Nat8l o/e IBACs and why FA release is increased during both overexpression and

silencing of Nat8l in brown adipocytes.
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Figure 49. ATGL-mediated PPAR a activation increases Ucpl transcription and oxygen

consumption rate (OCR) in Nat8l overexpressing brown adipocytes. Nat8l overexpression in
mitochondria of brown adipocytes leads to increased lipid turnover. Increased lipolytic activity of ATGL on
the lipid droplet releases FFAs as ligands for PPARa activation. PPARa recruits PGCla and activates

gene transcription, mitochondrial biogenesis and FA oxidation, finally leading to increased OCR in Nat8|
o/e iIBACs. TG, triglycerides.

Building triglyceride (TG) stores in adipocytes requires two components, activated free fatty
acids (FFA) and glycerol-3-phosphate (G3P). FFAs for TG stores can be provided by de novo
synthesis, uptake, or reuse after their release by lipolysis. Acyl-CoA synthetase long-chain
family member 1 (ACSL1) is the enzyme activating FFAs for incorporation into TG stores or
mitochondrial B-oxidation in adipocytes*”’. If FFAs cannot be used in one of these processes,
they will be exported to the circulation to prevent lipotoxicity. G3P is generated during glycolysis
to provide the backbone for TG synthesis. Lipolysis of one molecule TG generates three
molecules FFAs and one free glycerol. It has been reported that adipocytes do not reuse but
rather release free glycerol into the circulation'®?. Conversely, Festuccia et al.'*® showed that
brown adipocytes express glycerokinase (GYK), the enzyme catalyzing the formation of G3P
from free glycerol. Hence, reduced glycerol release in Nat8l o/e iBACs indicates that glycerol
might be reutilized to G3P and reused for building TGs. Interestingly, we found Acsl1
expression not changed in Nat8l o/e iBACs compared to controls'®. Hence, this argues against
increased re-esterification of FFAs in these cells. However, mMRNA might not reflect activity.

Further, it has been described that metabolic signals such as norepinephrine and insulin also

® Doctoral thesis; Ariane R. Pessentheiner, Ph.D.; “Elucidation of genes influencing adipogenic

development and energy metabolism”; August 2014; Graz University of Technology
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trigger phosphorylation of ACSL1, thereby regulating its activity (reviewed in'®?

). Importantly, FA
B-oxidation is strongly increased in Nat8l o/e IBACs arguing for increased ACSL1 activity.
However, increased FA release during Nat8l o/e might reflect an overload of FFAs due to high
rates of both lipogenesis and lipolysis. Supportive to that, FA uptake in Nat8l| o/e iIBACs was
reduced, indicating usage of intracellular FA for both esterification and B-oxidation. Of note, FA
uptake was not changed in Nat8l-silenced cells compared to controls. Hence, it would be
important to analyze GYK and ACSL1 protein in Nat8l o/e iBACs compared to controls. It would
be also interesting to test whether inhibiting ACSL1 with Triacsin C would further increase FA
release in Nat8l o/e iBACs or even induce lipotoxicity as FFA esterification would be inhibited.
As mentioned above, silencing of Nat8l in iBACs did not alter DNL compared to controls, but
increased FA and glycerol release. These data indicate that free glycerol is rather exported than
re-utilized in Nat8l-silenced cells. A possible explanation might be that DNL is strongly
increased by Nat8l o/e iBACs, making it necessary to reuse free glycerol for esterification
whereas this is not the case in Nat8l-silenced cells. Unfortunately, this does not answer
question how silencing of Nat8l increases FA release in these cells? However, the common
denominator between Nat8| overexpression and silencing is that manipulations of the NAA
pathway are likely to impact acetyl-CoA availability and usage in mitochondria and the
cytoplasm of brown adipocytes. Thus, it seems likely that the connection between the NAA
pathway and glucose, lipid, and energy metabolism is established via NAA-derived acetate /
acetyl-CoA. Therefore, the next paragraphs aim to establish different hypotheses, how
manipulation of the NAA pathway impacts acetyl-CoA shuttling and consequently energy
homeostasis in brown adipocytes.

Acetyl-CoA is a central metabolite and carbon source and is derived and produced in various
cellular processes and compartments (Figure 50). It is important to emphasize that total
intracellular acetyl-CoA has to be divided into a (nucleo-) cytoplasmic and a mitochondrial pool.
In mammals, the most important pathways to derive mitochondrial acetyl-CoA are glycolysis and
B-oxidation of FA. The distribution and availability of acetyl-CoA in mitochondria, cytoplasm, and
the nucleus impacts cellular energy homeostasis and influences the balance between anabolic
and catabolic actions such as DNL, lipolysis, autophagy, FA B-oxidation, and others. Further,

acetyl-CoA regulates gene transcription, transcription factor signaling, and enzyme activity.
82,149,194,139
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Figure 50. Brown adipocyte mtracellular acetyl-coenzyme A (ac etyl-CoA) sources and distribution.
Fatty acids and pyruvate are the main sources to provide mitochondrial acetyl-CoA beside amino acids
and acetate. Citrate and acetate represent the main sources of cytoplasmic acetyl-CoA. Acetate might
either be taken up from the circulation'®® or derived from NAA. Acetyl-CoA in the nucleus is provided by
pyruvate, citrate, and acetate or direct diffusion from the cytoplasm. Peroxisomes also provide
cytoplasmic acetyl-CoA by B-oxidation of fatty acids'®®. ACSS1 / 2, acetyl-CoA synthetase 1 / 2; PDH,
pyruvate dehydrogenase; ACLY, ATP citrate lyase; ASPA, aspartoacylase; MCD, malonyl-CoA
decarboxylase.

One hypothesis on the underlying mechanism how manipulation of the NAA pathway might
activate lipid turnover is via Sirtuinl (SIRT1) dependent deacetylation of PPARy (Figure 51).
SIRT1 is a NAD'-dependent deacetylase which is activated upon caloric restriction and

163

exercise™". We found Sirtl mRNA expression upregulated in differentiating Nat8l o/e iBACs

when compared to controls. Sirtl mMRNA expression has been linked to energy expenditure and

mitochondrial function in insulin-sensitive tissues®®’

. We measured increased incorporation of
“C-labeled glucose into neutral lipids in Nat8l o/e iBACs compared to controls*®. Thus, forced
NAA synthesis might drain acetyl-CoA into DNL. This can be supported by the results of
d’Adamo and Yatsu™® who showed that NAA-derived acetate is three times better incorporated

into FAs in brain when compared to free acetate. Hence, Nat8l o/e in brown adipocytes might
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prevent use of acetyl-CoA for energy production in the TCA cycle, thereby causing an energy
crisis (probably increased NAD" / NADH ratio). Consequently, this would activate SIRT1-
dependent deacetylation of PPARy and increase its activity similar to known PPARYy ligands
(e.g. rosiglitazone)'®. It is known that chronic PPARYy activation leads to induction of marker
gene expression and mitochondrial biogenesis (reviewed in*®) in brown adipocytes. Further,
Festuccia et al."*® showed that rosiglitazone-mediated PPARYy activation increased lipolysis in

.1%° reported that PPARY regulates ATGL expression in adipocytes in

WAT of rats. Kershaw et a
vitro and in vivo. Hence, PPARy-mediated activation of ATGL might increase lipolysis, thus
providing ligands for PPAR-activation and creating a feed-forward loop for e.g. activation of
gene transcription and mitochondrial biogenesis. Of note, SIRT1 is also known to deacetylate
and activate PGCla, the so called master regulator of mitochondrial biogenesis*****2. Thus, it

might be important to analyze PGCLla protein acetylation upon overexpression of Nat8l.
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Figure 51. SIRT1-dependent deacetylation of PPAR vy in Nat8l o/e iBACs. Nat8l o/e in mitochondria
drains acetyl-CoA from energy production to de novo lipogenesis. As a result, nicotinamide adenine
dinucleotide (NAD") to NADH ratio increases and activates SIRTUIN 1 (SIRT1) deacetylase activity.
SIRT1 activates PPARy by deacetylation and leads to increased mitochondrial biogenesis, gene
transcription, and lipolysis. NAA, N-acetylaspartate; ASPA, aspartoacylase; ACSS2, Acetyl-CoA
synthetase 2; Ac, acetylation site.

Nicotinamide (NA), a product of sirtuin deacetylase activity, has been reported to
noncompetitively inhibit SIR2P, the yeast SIRT1 orthologue®®?%. Hence, NA is not a specific
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SIRT1 inhibitor in mammals, but targets general sirtuin activity. However, when Nat8I| o/e iBACs
were treated with NA, an inhibitor of sirtuin activity, the induction of Ppara and Ucpl was
inhibited. Therefore, SIRT1-dependent deacetylation of PPARy might be a possible explanation
for increased lipolysis in Nat8l o/e iIBACs compared to controls. Together with increased DNL
this might account for increased lipid turnover and its downstream effects on gene transcription
and oxygen consumption. To further strengthen this hypothesis, it will be necessary to
investigate PPARy and / or PGC1a protein acetylation in Nat8l o/e iBACs in the absence or
presence of a specific SIRT1 inhibitor such as selisistat®®.

Another hypothesis is based on our recent study where we showed that reducing ASPA activity
by silencing of Aspa led to a marked reduction of cytoplasmic acetyl-CoA and decreased
histone acetylation in iBACs, thereby connecting NAA catabolism to epigenetic gene regulation

(Prokesch & Pelzmann et al.'*’

). Thus, we hypothesized that manipulation of NAT8L might also
alter acetyl-CoA distribution in brown adipocytes. As a consequence, changes in acetyl-CoA
availability for histone acetyltransferases (HATs) might directly regulate gene transcription. We
showed that both Nat8l o/e and silencing led to increased expression of brown marker genes
such as Ucpl, Ppara, and Pgcla in brown adipocytes™®. Concomitantly, these genes were
increased in BAT of Nat8I-ko mice compared to controls. Of note, we found decreased NAA
levels and increased Acly mRNA expression in Nat8l-silenced iBACs and BAT of Nat8I-ko mice

when compared to controls. Wellen et al.*

reported that ACLY regulates gene expression via
histone acetylation in mammalian cells. Therefore, ACLY might compensate the supply for
cytoplasmic acetyl-CoA upon NATSL deficiency, but also alter acetyl-CoA shuttling and histone
acetylation in IBACs. Taken together, this might lead to altered histone acetylation and
activation of gene transcription in Nat8l-silenced iBACs.

Another interesting possibility is that modulating intracellular NAA concentrations directly affects
histone and / or protein acetylation, thereby regulating gene transcription. We have shown that
differentiation of iBACs in the presence of NAA also reduces marker gene expression similar to
Aspa silencing™*’. Therefore, | tested whether an overload of NAA would probably inhibit ASPA
activity. Importantly, | found that ASPA activity was high even when NAA concentrations were
far beyond physiological levels. Furthermore, addition of exogenous NAA did not change
cytosolic acetyl-CoA in iBACs, but reduced gene transcription'!’. Thus, NAA supplementation
during differentiation might not inhibit ASPA, but increase cytoplasmic acetate / acetyl-CoA
derived from NAA. Interestingly, we found Acly expression decreased in iBACs differentiated in
the presence of NAA™. However, Acly expression was also reduced in Aspa-silenced iBACs
compared to controls. Therefore, it might be interesting to investigate if ACLY activity is directly
inhibited by NAA or by increased NAA-derived cytoplasmic acetyl-CoA. This could again alter
ACLY-mediated acetyl-CoA delivery for HATs and subsequently affect histone acetylation and

gene transcription.
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Further, we wanted to investigate if other deacetylases such as sirtuins might be able to
deacetylate NAA, thereby using NAA as a direct source for acetate moieties for histone and / or
protein acetylation. However, in silico analyses of protein structure and substrate specificity by
Monika Oberer revealed that NAA is no possible substrate for sirtuins. Finally, | want to discuss
if ASPA and ACSS2 could be directly involved in providing nuclear acetyl-CoA. It has been
shown that ASPA and ACSS2 localize to the cytoplasm and nucleus and are likely to regulate
acetyl-CoA availability and thereby histone and protein acetylation in brain®®*%®. Hence, it cannot
be ruled out that unknown triggers also promote translocation of ASPA and ACSS2 to the
nucleus in brown adipocytes (see Figure 50). Thus, manipulation of intracellular NAA might
directly regulate nuclear acetyl-CoA availability for HATSs.

Taken together, these data indicate that brown adipocytes precisely sense if cytoplasmic acetyl-
CoA is provided by citrate or NAA and control the corresponding pathways depending on this
relation. Accordingly, this could change the fate of acetyl-CoA in metabolic processes and their
regulation.

As mentioned above, we observed that intracellular accumulation of NAA by either silencing of
Aspa or exogenous addition of NAA reduced Nat8l expression and reduced the brown
adipogenic phenotype in iBACs'’. Conversely, unpublished data from Katharina Huber shows
that NAA also accumulates in Nat8l o/e iBACs, where we observed increased lipid turnover,
UCP1 expression, mitochondrial biogenesis, and oxygen consumption rate when compared to
controls. Of note, we also found markedly increased Aspa expression in Nat8l o/e IBACs
compared controls, indicating increased ASPA activity. Further, | found that ASPA activity is

1.1 showed that

high when intracellular NAA concentrations are high. Madhavarao et a
enzymatic activity of NAT8L is activated by high concentrations of acetyl-CoA and L-Asp, but
inhibited by its product NAA. Hence, accumulation of NAA probably decreases NAA synthesis.
However, this would not necessarily exclude increased ASPA activity but could decrease NAA-
mediated flux of mitochondrial acetyl-CoA to the cytoplasm. Thus, NAA accumulation during
Aspa silencing and exogenous NAA supplementation might be able to decrease endogenous
NATS8L activity in brown adipocytes whereas NAA accumulation during Nat8l o/e might not be
able to decrease net NAT8L activity, as much more protein is present. Hence, these data
suggest that forced NAA synthesis and full ASPA activity together increase the metabolic flux
through the NAA pathway during Nat8l| o/e in iBACs. Indeed, silencing of Aspa in Nat8l o/e
iBACs recovered Aspa expression to control cell level and Ucpl expression was also massively
decreased when compared to control Nat8l o/e cells. Although mitochondrial biogenesis, lipid
turnover, and oxygen consumption need to be investigated in detail in these cells, these data
strongly suggest that increased flux through the NAA pathway is a prerequisite to increase the

brown adipogenic phenotype during Nat8l o/e in brown adipocytes.
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In summary, the detailed mechanism on how the NAA pathway impacts lipid, glucose, and
energy homeostasis in brown adipocytes remains unclear. Furthermore, the consequences of
manipulating NAA metabolism regarding histone and protein acetylation and its downstream
effects on gene transcription remain matter of further investigation. However, the in vitro data
obtained in this thesis further strengthen the hypothesis that the NAA pathway is a novel route
to regulate cytoplasmic acetyl-CoA, is connected to PPARa signaling, and able to regulate lipid,

glucose, and energy metabolism in brown adipocytes.

6.2.  The role of the NAA pathway in vivo — physiolo  gical triggers and the

effects of NATS8L deficiency on energy homeostasis

The second and third part of my thesis addressed the question how the NAA pathway impacts
energy homeostasis (and vice versa) in vivo. C57BI/6J wild-type (wt) and Nat8l knock-out**?

(Nat8I-ko) mice were used as a model system.

6.2.1. Is NAT8L the sole enzyme to produce NAA?

First, | tested if NAT8L is the only enzyme to produce NAA in vivo. Of note, Toriumi et al.*®’

reported that deletion of NAT8L strongly reduced NAA in different brain regions of C57BI/6J
mice, but did not eliminate NAA. In contrast, | did not detect NAA in total brain homogenates of
Nat8l-ko when using mice at the same age as in the study of Toriumi and colleagues.
Interestingly, residual NAA was detected in BAT, sSWAT, and serum of Nat8I-ko compared to wt
mice. This raised the question if external sources of NAA may exist? It has been described that

204 and bioavailable based on studies of Karaman et al.?*>%¢ we

NAA is part of many foods
found expression of two out of three proposed NAA transporters in small intestine'’. Hence,
residual NAA detected in Nat8l-ko mice might be taken up from the diet. However, this does not
explain the residual NAA in brain of Nat8I-ko mice shown by Toriumi et al. as NAA cannot cross
the blood brain barrier®®*’, One major difference in sample preparation was that Toriumi and
colleagues immediately extracted metabolites from the tissue samples whereas | used flash
frozen samples for analysis. Although NAA is a very stable metabolite compared to e.g. acetyl-
CoA, | cannot rule out that some NAA was lost during the additional freeze-thaw cycle before
homogenization and extraction. However, these data provide strong evidence that NAT8L is the

main enzyme to produce NAA in mice and NAA uptake from nutrients is feasible.
6.2.2. Physiological regulation of the NAA pathway

The physiological triggers activating or inhibiting the NAA pathway in adipose tissues have not
been identified. We reported an important role of the NAA pathway in lipid and glucose

metabolism™°. Therefore, | will discuss the physiological regulation and importance of NAA
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metabolism in brown and white adipose tissue in the next paragraphs. Namboodiri and
colleagues reported that the NAA pathway is upregulated after birth to support myelination in
brain®?%. Further, a variety of conditions including traumatic brain injury (TBI), neuronal energy
production, and neurodegenerative diseases have been reported to influence NAA synthesis

and catabolism in brain (reviewed in®-®

). Based on the hypothesis that the NAA pathway is
important to provide acetyl-CoA for lipid synthesis (see Figure 48), | studied the regulation of
Nat8l, and Aspa mRNA expression in adipose tissues in vivo and in vitro. A graphical summary

of these results is given in Figure 52.
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Figure 52. Physiological regulation of N-acetylaspartate (NAA) metabolism in adipose tissues in
C57BI/6 mice. The influence of aging, B3-adrenergic stimulation by CL 316,243, cold exposure, high-fat
diet (HFD) feeding, type 2 diabetes, fasting, and refeeding / glucose bolus on NATS8L (representing NAA
synthesis) and ASPA (representing NAA breakdown) is shown.

In accordance with a proposed role of the NAA pathway during developmental lipid synthesis, |
found Nat8l and Aspa mMRNA expression upregulated in brain but also BAT, sSWAT, and eWAT
of aging C57BI/6J mice. Interestingly, | detected a drop in expression of both Nat8l and Aspa
MRNA expression in BAT at the age of one month. In SWAT and eWAT, the opposite was found
and Nat8l and Aspa had an expression peak at the age of one month. The main function of BAT
in newborns is to perform high rates of thermogenesis to support the adaptive thermal response
which is necessary to prevent hypothermia®®. Further, BAT in newborn mice is functional but
not fully developed and activated at the time of birth. Of note, murine BAT gets activated and

maturates very fast within the first postnatal days. Thermoneutral conditions and huddling in
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nests decelerate the thermogenic response of BAT, but standard housing temperatures (23 —
25 °C) lead to a massive increase of BAT mass (including lipid accumulation) and activity in

newborn mice?'°

. Accordingly, BAT has to perform high rates of glycolysis, lipogenesis, lipolysis,
and FA B-oxidation. Increased flux through the NAA pathway might thereby provide acetyl-CoA
for lipid synthesis to provide FAs for B-oxidation. With increasing age and decreasing surface to
volume ratio, thermogenic demand decreases which might explain the downregulation of the
NAA pathway in BAT. On the other hand, the main white adipose depots (eEWAT and sWAT) are
expanding in young rodents to provide energy storage'. Although this is speculation, Nat8 /
Aspa upregulation during weaning might support DNL in healthy white adipose tissue. Thus, it
might be interesting to investigate how and if thermoneutral housing affects the regulation of the
NAA pathway in adipose tissues. In addition, Moffett et al. described that NAA synthesis in
neurons is activated when there is plenty of energy available®. Mother milk is a high fat and
high carbohydrate diet**2. Hence, changing diet from mother milk to normal CD at the age of 3
to 4 weeks might constitute a challenge to energy homeostasis in mice. Unfortunately, this does
not explain why the NAA pathway should be upregulated in sSWAT and eWAT as switching from
mother milk to CD seems to mimic a fasting state.

Another interesting observation was that | found Nat8l and Aspa mMRNA expression upregulated
in BAT of wt mice fed a HFD. BAT has been described as a sink for both circulating glucose and
lipids™**. HFD contains 45 % fat and 20 % protein, but also 35 % carbohydrates. Therefore, the
NAA pathway in BAT might support lipid turnover and energy expenditure on HFD as long as
excess glucose can be provided by and taken up from the circulation. We previously showed
that Nat8l was downregulated in BAT and eWAT of genetically obese ob/ob mice''®. Of note,
ob/ob mice are diabetic and highly insulin-resistant whereas the HFD-fed mice used in my
experiments were obese but still responded to an insulin bolus in ipITT. Thus, decreased
glucose uptake resulting from insulin resistance might decrease NAA synthesis in ob/ob mice.
Consistently, NAA concentrations in serum and urine of ob/ob mice were reported to be
reduced??. In addition, micro array expression analyses revealed reduced expression®’ of Nat8l
and Aspa in subcutaneous and visceral white adipose tissue of insulin-resistant compared to
insulin-sensitive obese individuals, respectively”*. Conversely, it has been shown that urinary
NAA was increased in diabetic rats and humans®®. Although inconsistent, these data indicate
that insulin-dependent glucose uptake and glucose availability might control NAA synthesis
downstream of glycolysis. Further, the NAA pathway might be important to regulate insulin-
dependent glucose disposal in adipose tissues during overnutrition. Supportive to that, | found
Nat8] mRNA expression decreased when glucose concentration was reduced in the
differentiation media of brown adipocytes, indicating a direct link between glucose availability

and NAA synthesis. However, the in vitro data on Aspa mRNA expression in brown adipocytes

' Data analyzed byGEO2R (http://www.nchi.nlm.nih.gov.gate2.inist.fr/geo/geo2r/?acc=GSE20950)
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in response to changing glucose concentrations is not conclusive yet and needs further
investigation. Importantly, Nat8l and Aspa mRNA expression was upregulated in BAT when
mice were injected with 1.5 g / kg glucose (similar to what is used for ipGTT) (see Figure 46).
These data suggest that glucose is able to increase the flux through the NAA pathway in BAT.
In eWAT, Nat8l mRNA expression was upregulated whereas expression of Aspa was reduced
after intraperitoneal glucose bolus, indicating increased NAA synthesis but not breakdown.
Hence, it could be speculated that NAA might store energy in eWAT. Further, these data
indicate that NAA synthesis is regulated by circulating glucose and insulin as injection of
glucose provokes an anabolic response similar to the normal feeding situation and increases
insulin secretion in healthy mice. Conversely, fasting induces a catabolic state in mice?®,
reduces circulating insulin and glucose concentrations and increases FA release from white
adipose tissue to be used for energy production®. Therefore, | tested how fasting influences the
NAA pathway in vivo. Nat8l and Aspa expression are reduced in adipose tissues of fasted mice
compared to ad libitum fed controls. Importantly, refeeding was able to increase Nat8l and Aspa
expression again. Thus, high levels of circulating FAs might inhibit whereas high levels of
glucose activate the NAA pathway.

Adaption to cold induces thermogenesis and consequently the production of heat in BAT of
rodents'®. Further, cold exposure increases the usage of both fatty acids and glucose as
substrates for heat production'®®. | found Nat8l and Aspa mRNA expression upregulated during
cold exposure in BAT. Mice adapt to cold by increasing their food consumption compared to
normal temperatures®’. Hence, cold exposure increases energy dissipation from both FAs and
carbohydrates, but also increases food intake and nutrient supply. Thus, increased glucose
availability combined with an increased lipid turnover might increase Nat8| / Aspa expression
during cold exposure. Chronic B3-adrenergic stimulation with the $3-adrenoreceptor agonist CL
316,243 (CL) has also been shown to increases energy dissipation and glucose disposal in BAT
and eWAT™3, Of note, CL does not increase food intake?®. Grujic et al.?*? even reported
reduced food intake in CL-treated mice compared to controls. Thus, a main energy source for
BAT thermogenesis during CL treatment is provided by circulating FFAs derived from lipolysis of
WAT. Motillo et al.*®® showed that lipolysis and DNL are coupled processes in adipose tissue.
Briefly, DNL is inhibited by acute p3-adrenergic stimulation and lipolysis is activated to provide
FAs for p-oxidation. On the other hand, chronic B3-adrenergic stimulation is able to increase
DNL again. Thus, increased DNL is necessary to supply novel FAs to TGs to compensate the
increase in lipolysis and FA B-oxidation'®. Accordingly, we found Nat8l, Aspa, and Acss2
MRNA upregulated in eWAT of CL-treated mice when compared to controls. This indicates that
the NAA pathway supports lipogenesis upon chronic CL-mediated adrenergic stimulation (see
Figure 45). Conversely, Nat8l and Acss2 mRNA expression was downregulated in BAT of mice

treated with CL for at least 7 days. It has been reported that glucose uptake into BAT during -
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adrenergic stimulation is insulin-independent®”. Hence, the downregulation of Nat8l and Acss2
in BAT could be explained by decreased insulin-mediated glucose-uptake and increased FAs in
the circulation. Thus, it could be important to determine if insulin is required to increase Nat8l
and Aspa expression upon glucose administration. In two independent experiments, Aspa
MRNA expression was found unchanged or increased in BAT of CL-treated mice compared to
controls (Figure 45). Thus, Aspa-mediated breakdown of NAA might provide acetate which
could be shuttled to mitochondria for energy production.

From these data, the question has to be raised if NAA could function as a “long-term” storage
form for acetyl-CoA in adipose tissue? NAA breakdown provides L-Asp and acetate. Acetate
can be used for lipid synthesis or transported back into the mitochondria where mitochondrial
acetyl-CoA synthetase (ACSS) 1 uses acetate to provide acetyl-CoA for energy production.
Thus, it seems feasible that certain amounts of NAA are produced as a backup for immediate
energy needs. A similar role has been reported in brain, where acute reductions of neuronal
NAA after TBI could provide fast supply of acetyl-CoA for energy production and repair
mechanisms®. Thus, stored NAA might be catabolized to L-Asp and acetate to fuel
thermogenesis rather than lipogenesis in brown adipocytes as soon as insulin-mediated glucose
uptake is limited.

In summary, these data demonstrate that the NAA pathway in adipose tissues is highly
regulated depending on glucose and FA availability and utilization, respectively. Therefore,
measurement of NAA uptake, release, production, and breakdown in different tissues and fluids
during metabolic challenges such as fasting, HFD, cold exposure, high-glucose diet, and
thermoneutrality is of great interest to gain deeper knowledge of the role of NAA metabolism in
vivo. Further, NAA transport between cellular compartments and different organs remains
matter of future investigation, as we did not detect expression of reported NAA transporters in
adipose tissues'!’. In accordance with a role in lipid synthesis during development, | show that
the NAA pathway is upregulated in adipose tissue after birth and during adolescence. Further,
NAA metabolism seems to be activated whenever high energy supply is needed (cold
exposure) and disposal of circulating carbohydrates is necessary (HFD, glucose injection). Of
note, continuous supply with dietary nutrients seems to be a prerequisite for the activation of the
NAA pathway as shown by CL treatment and fasting / refeeding experiments. Most importantly,
defective lipid and glucose metabolism strongly reduces Nat8l and Aspa expression in adipose
tissues of mice and men''®!%°2 Thus, although the collected data are partly inconsistent, |
want to hypothesize that NAA metabolism plays an important role in the development of obesity

and T2D via insulin-mediated glucose disposal in adipose tissues.
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6.2.3. NATBSL deficiency and reduced life span in mice

Next, | started to determine the metabolic phenotype of Nat8l-ko mice at the age of 8 weeks. It
was reported that either loss or accumulation of NAA causes myelination deficits and severe
neuropathologies in humans'®**°, Nat8l-ko mice are viable without any early developmental
impairment and show normal myelination whereas Aspa deficiency leads to demyelination and
premature death of about 70 % of Aspa-ko mice compared to controls’®. Interestingly, Nat8l /
Aspa-double-ko mice have a normal myelination phenotype and survival time was increased
when compared to Aspa-ko mice, but still about 50 % of these mice died earlier than their wt
littermates'®®**3, These data suggest that the NAA pathway is not required to provide acetyl-
CoA with regard to myelination. More likely, NAA accumulation in brain promotes myelination
defects and premature death. Of note, also peripheral accumulation of NAA has to be
considered in the lethal cascade in Aspa-ko mice. As a consequence of NAA accumulation in
brain and other tissues, acetyl-CoA might be sequestered in NAA, therefore not available as an
energy source. It might be valuable to determine NAA concentrations in Aspa-ko mice to get
information about which tissues actually take up / accumulate NAA. Further, increased urinary

105,106

NAA has been observed upon ASPA deficiency . Hence, this could simply mean that
acetyl-CoA gets “lost” as an energy source and might thereby lead to an energy crisis and death
in Aspa-ko mice. This would not be the case when also NAA synthesis is blocked by knock-out

of Nat8l. Maier et al.'®®

also reported that Nat8I-ko mice have reduced life span compared to
controls (about 20 % of these mice died in an observation period of 1 year). | observed similar
rates of sudden death of Nat8l-ko mice on CD and HFD without any obvious signs of illness,
weight loss, or seizures. As a first approach to identify the cause of death, | assessed cardiac
function in Nat8l-ko mice. | found similar heart rate, systolic, diastolic, and mean arterial blood
pressure in Nat8I-ko mice when compared to controls. It is known that cold exposure increases

blood pressure and induces cardiac hypertrophy in rodents (reviewed in?**

). Of note, hearts of
Nat8l-ko mice compared to controls became more hypertrophic when mice were exposed to
cold (4 °C) for 9 days (see Table 12). Before, | hypothesized that the NAA pathway might be
important in insulin-mediated glucose disposal in adipose tissues (see 6.2.2). Cold exposure
induces thermogenesis in BAT and food intake'®**". Hence, glucose availability and glucose
utilization is high under these conditions. Thus, NAT8L deficiency might lead to an inability to
activate the NAA pathway as observed during cold exposure in BAT of wt mice. It is also known
that insulin resistance can cause hypertrophy in rodents®?. Of note, | measured increased
insulin levels during intraperitoneal glucose tolerance test in plasma of Nat8l-ko compared to wt
mice on HFD at room temperature (RT). However, insulin sensitivity was not altered in Nat8I-ko
compared to wt mice. Further, no mouse died during cold exposure and | could not detect
morphological differences when fiber structure was compared in tissue sections of cardiac
muscle from wt and Nat8I-ko mice.
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In summary, both NAT8L and ASPA deficiency lead to decreased life expectancy in mice. Until
now, CNS-mediated loss or accumulation of NAA has been accounted for sudden death in
these mice. Importantly, these data show that NAA metabolism in peripheral tissues should also
be considered. Further, the data obtained in this thesis show that cardiovascular system and
heart function seem normal in Nat8l-ko mice at RT, but cold-induced cardiac hypertrophy was
increased when compared to wt mice. However, it is difficult to ascertain if this effect is
mediated by sympathetic nervous signaling or caused by metabolic changes due NATSL

deficiency in peripheral tissues.
6.2.4. NATSL deficiency and energy homeostasis in mice

Our recent in vitro studies showed that manipulation of the NAA pathway has significant impact
on brown adipocyte energy homeostasis*®*'’. Nat8| expression is strongly reduced in adipose

tissue of genetically obese mice and humans'*®1%%%14

. NATS8L deficiency in mice leads to
behavioral deficits and reduced survival compared to wt mice'®”?*®, but there is no data on the
metabolic phenotype of these mice. Therefore, | determined the metabolic phenotype of Nat8I-
ko compared to wt mice with special emphasis on changes in adipose tissue lipid, glucose, and

energy metabolism in accordance to the guidelines described by Tschop et al.'”

. When starting
the experiments at the age of 8 weeks, body weight (BW) of Nat8I-ko mice was reduced and
Nat8l-ko mice never caught up with their wt littermates neither on chow diet (CD) nor on high-fat
diet (HFD). In addition, weight gain of Nat8l-ko mice on HFD was reduced compared to controls.
Above, | proposed that the NAA pathway might be important for adipose tissue development as
Nat8l is upregulated after birth and during aging in mice (see 6.2.2). In addition, we and others
showed that NAA provides acetate / acetyl-CoA for lipid synthesis in brain'** and BAT**. Thus,
NATS8L deficiency might impair adipose tissue development and remodeling during adolescence
and HFD feeding, thereby leading to the observed differences in BW.

| also hypothesized that NAA synthesis is activated by insulin-mediated glucose uptake into
adipocytes (see 6.2.2). Thus, it might be possible that defective NAA synthesis might have
consequences for cellular and systemic glucose metabolism. Circulating glucose concentrations
increase during a meal and activate insulin secretion from B-cells in the pancreas promoting
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glucose uptake into metabolic tissues (reviewed in“*"). Glucose uptake is mediated by the

glucose transporter (GLUT) protein family (reviewed in?*®

). Most importantly, GLUT4 is the main
glucose transporter expressed in metabolic tissues such as WAT, BAT, cardiac muscle, and
skeletal muscle, where it facilitates insulin-dependent glucose uptake. Conversely, GLUT1
mediates the basal insulin-independent uptake of glucose into many tissues with its most
prominent role to provide glucose for the brain®®. Katz et al.”*’ reported that Glut4-ko mice are
growth-retarded and have markedly reduced fat mass. Nat8l-ko mice also show reduced BW

accompanied by a trend to reduced body length compared to wt mice, resembling a kind of
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growth retardation. In addition, eWAT mass was significantly reduced in Nat8l-ko mice on CD
and sSWAT mass was reduced in Nat8l-ko on HFD when compared to controls at the age of 9
months. Further, Glut4-ko mice develop cardiac hypertrophy and have a shortened lifespan®’.
Life span was also reduced in Nat8l-ko mice compared to controls. As mentioned above, |
observed that cold exposure led to increased cardiac hypertrophy in Nat8l-ko compared to wt
mice (see 6.2.3). Cold exposure increases FA release from WAT but also increases food intake,
thereby leading to high levels of circulating FAs but also glucose'®*#'’. Concomitantly, both
insulin-dependent as well as insulin-independent glucose transport by GLUT4 and GLUT],
respectively, gets activated in BAT??. | showed that cold exposure also increased expression of
Nat8l and Aspa in BAT. Hence, NAT8L deficiency might impair GLUT4 insulin-mediated glucose
uptake into BAT and WAT and thus probably evoke i) that circulating glucose would have to be
cleared by uptake into other metabolic tissues such as cardiac or skeletal muscle and / or ii)
lead to increased insulin secretion and insulin resistance. As a consequence, this could lead to
the observed cardiac hypertrophy in Nat8l-ko mice during cold exposure. Of note, adipose
tissue specific Glut4-ko mice do not suffer from cardiac hypertrophy and show increased life
span when compared to controls®®,

Another interesting fact is that Glut4-ko mice do not develop diabetes®’. Male Glut4-ko mice
show even mild hypoglycemia and do not show changes in plasma FFA, similar to what |
observed in Nat8l-ko mice on CD and HFD when compared to controls. In contrast, more than
50 % of heterozygous Glut4-ko mice develop diabetes by 6 months of age®”. Of note, Glutl
MRNA in cardiac muscle and Glut2 mRNA in the liver have been found upregulated in Glut4-ko
mice as a compensatory mechanism to GLUT4 deficiency®*’. Hence, it is also possible that this
is the case in Nat8l-ko mice. Further, we recently showed that the NAA pathway regulates
cytosolic acetyl-CoA concentrations™'’. Hence, a compensatory reaction in BAT of Nat8l-ko
mice would include forced formation of citrate and provision of acetyl-CoA by ACLY. Indeed, we
observed compensatory upregulation of ACLY in BAT of Nat8l-ko mice®®. Therefore, it is
possible that heterozygous Nat8l-ko mice do not provoke these compensatory effects and might
reveal a better view on the importance of NAA metabolism in glucose homeostasis. Thus, it
might be important to investigate if heterozygous Nat8l-ko mice have a different phenotype
compared to the homozygous mice. Further, it might be valuable to investigate mRNA and
protein expression of GLUTSs in various tissues of Nat8l-ko mice compared to controls.

Glut4-ko mice showed postprandial hyperinsulinemia and decreased insulin sensitivity during
ipITT whereas glucose clearance assessed by oral glucose tolerance test (0GTT) was similar to
wt??’. In contrast, Nat8l-ko mice on CD did not show differences in insulin sensitivity and
glucose tolerance. On HFD; insulin sensitivity was also not changed, but glucose tolerance was
increased in Nat8l-ko mice. Interestingly, analyses of insulin levels during ipGTT indicated

higher insulin concentrations in Nat8I-ko compared to wt mice. Thus, Nat8I-ko mice might not be
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insulin resistant at all but rather glucose-induced insulin secretion from pancreas might be
increased on HFD, leading to increased glucose clearance. Therefore, it would be important to
determine postprandial (e.g. after oral glucose gavage) and fasting insulin levels in Nat8l-ko
compared to wt mice. It is highly speculative, but these data suggest that NAA could possibly
regulate insulin secretion. Briefly, NAA synthesis activated by glucose disposal / uptake into
adipose tissue could finally result in NAA release into the circulation. Concomitantly, increasing
NAA concentrations sensed by B-cells in the pancreas could provide a feedback loop for
reducing insulin secretion. Thus, if NAT8L deficiency prevents NAA synthesis, one feedback
mechanism to attenuate insulin secretion might be lost. Hence, it could be important to test the
influence of NAA on 3-cell function.

Taken together, these data indicate that the NAA pathway plays an important role in insulin-
mediated glucose uptake in adipose tissue and that NAA might have the potential to regulate
insulin secretion from pancreas.

Another interesting observation was that Nat8l-ko mice showed increased weight loss upon
overnight fasting and increased energy expenditure (EE), when they were housed at standard
RT conditions. Of note, it is not trivial how to analyze EE in mice according to BW. Total body
mass, lean body mass, and an adjusted value termed metabolic body mass (BW°") have been
used for normalization®°. Three types of analyses have been used here (Figure 29). First, 24
hour EE was normalized to metabolic BW and displayed as a function of time. Second, EE
during 12 : 12 hour light and dark cycle has been averaged (also normalized to metabolic BW).
Third, EE has been analyzed as a function of body weight. Although the number of mice should
be increased to provide a better basis for these analyses, the obtained results clearly show that
EE is increased in Nat8l-ko compared to wt mice on CD and HFD. Recently, Toriumi and
colleagues® reported that locomotor activity (LA) was increased in Nat8l-ko compared to wt
mice. We did not detect significant changes in LA between wt and Nat8l-ko mice. However, it
cannot be excluded that increases in LA might, at least partly, contribute to increase EE in
Nat8l-ko mice. Another important point is to emphasize that differences in fat mass also

EZ° As mentioned above, | found eWAT mass reduced in CD-fed

significantly contribute to E
and sWAT mass reduced in HFD-fed Nat8I-ko compared to wt mice at the age of 9 months.
These results just represent a final measurement but it would be interesting to determine lean
and fat mass more accurately and over time. Therefore, it would be valuable to compare body
composition of Nat8l-ko and wt mice on CD and HFD during aging using proton magnetic
resonance (NMR) spectroscopy®®'. However, this does not explain increased EE in Nat8l-ko
compared to wt mice. The respiratory exchange ratio RER is a measure of which energy
substrates are used in an organism, with a RER of 0.7 indicating lipid utilization, and a RER of
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1.0 indicating carbohydrate utilization, respectively”™. Of note, (RER) was not significantly

changed in Nat8I-ko mice on CD but significantly increased on HFD when compared to controls.
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Therefore, if insulin-independent glucose uptake is increased in Nat8l-ko mice, this might
explain the mild hypoglycemia observed, as these animals would use more carbohydrates
(glucose) as an energy substrate. Activated BAT has been described as a metabolic sink of
both FAs and glucose'®. Further, we reported that brown marker gene expression was
increased in Nat8l-silenced brown adipocytes and BAT of Nat8l-ko mice compared to
controls'®. Hence, BAT thermogenesis could be activated by NATSL deficiency. BAT is able to
burn significant amounts of FA and glucose, thereby impacting lipid, glucose, and energy
metabolism in mice and men®"*%%*_ Of note, expression of brown marker genes such as Ucpl,
Ppara, Pgcla, and Cidea was increased in Nat8l-ko BAT on CD and HFD when compared to wt
littermates. Further, lipid droplet size and diameter was decreased while UCP1 protein in BAT of
Nat8l-ko on CD and HFD was increased compared to wt mice. Thus, these data suggested that
increased BAT thermogenesis might account for increased EE in Nat8l-ko mice. However,
tissue oxygen consumption of BAT was neither significantly increased on CD nor on HFD when
Nat8l-ko mice were compared to controls. The development of brown-like adipocytes in WAT
has also been described as a potent driver to increase whole body EE in mice?®’. Of note,
tissue oxygen consumption was increased in SWAT of Nat8l-ko mice on CD, but not altered on
HFD when compared to controls. Furthermore, | did not detect increased number of adipocytes
containing multilocular lipid droplets or increased UCP1 staining in SWAT and eWAT of Nat8I-ko
mice. These data suggest that browning of WAT does not contribute to increase EE in Nat8I-ko
mice. Thus, | want to conclude that BAT and browning of WAT is not likely to increase EE in
Nat8l-ko mice. In summary, all these data support the hypothesis that other metabolic tissues
such as cardiac muscle, skeletal muscle, and probably liver might be affected by NATS8L
deficiency and should be taken into account to plan further experiments. Interestingly, Nat8I-ko
mice on CD showed increased weight loss during cold exposure, similar to what was observed
during fasting at RT. Conversely, Nat8l-ko mice fed a HFD showed decreased weight loss when
compared to controls. In addition, | found decreased UCP1 protein expression and tissue
oxygen consumption, but increased lipid droplet size in BAT of Nat8l-ko mice on HFD after cold
exposure. Thus, | want to hypothesize that Nat8l-ko mice probably have deficits in handling or
reduce disposal of circulating lipids.

The so called Randle-cycle describes that if FA oxidation is performed in a tissue, glucose
oxidation is reduced, and vice versa®?. This is achieved by the fact that FA oxidation finally
yields mitochondrial acetyl-CoA. Hence, high rates of FA oxidation are able to increase
mitochondrial acetyl-CoA / coenzyme A ratio. As a consequence, the pyruvate dehydrogenase
(PDH) complex which catalyzes the final step in glycolysis to yield acetyl-CoA is inhibited

(reviewed in?*).

I mentioned before that NAT8L deficiency might impair insulin-dependent
glucose uptake by GLUT4 and lead to a compensatory upregulation of insulin-independent

GLUT1-mediated glucose uptake, related to what has been observed in Glut4-ko mice®”’.
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Hence, increased insulin-independent glucose utilization might be performed in cardiac muscle,
skeletal muscle, and liver of Nat8I-ko mice. In contrast, also circulating FFA concentrations have
to be controlled to prevent dyslipidemia. Thus, there might be a permanent competition whether
FAs or glucose is used as energy substrate by these tissues. Figure 53 gives a graphical
summary of the results discussed below and the resulting questions.

Mice are more active during the night and consume the majority of their daily food during this
period. During sleeping in the light phase, food intake is low and FAs released from WAT are
mainly used as an energy substrate. This is normally reflected by a high RER during the dark
and a lower RER during the light phase resembling carbohydrate and FA utilization,
respectively. Interestingly, this regulation of the RER is attenuated in Nat8I-ko mice on CD (see
Figure 28A). As mentioned above, this indicates a perturbation of FA or glucose utilization as
energy substrate. Conversely, Nat8I-ko mice on HFD get a lot of FAs from the diet but seem to
use more carbohydrates compared to their wt littermates, as indicated by increased RER (see
Figure 28C). Thus, FA utilization might be limited and an increase in GLUT1-mediated basal
glucose uptake could consequently lead to mild hypoglycemia as long as FA concentrations can
be controlled. Indeed, Nat8I-ko mice housed at RT show mild hypoglycemia but normal plasma
FFA when compared to wt littermates fed either CD or HFD. Importantly, FA release from eWAT
and sWAT was significantly reduced in Nat8l-ko fed CD and HFD when compared to wt
littermates. Thus, this indicates that FA utilization is impaired in Nat8l-ko mice and FA release
from WAT might be reduced to prevent hyperlipidemia. Of note, | also found reduced FA uptake
when Nat8l was overexpressed in brown adipocytes, indicating a preference in glucose
utilization when NAA synthesis is increased.

In contrast, cold exposure increases FA release from WAT and FA utilization in BAT, skeletal
muscle, and cardiac muscle. In addition, cold exposure also leads to increased glucose

utilization in these tissues but also increases food intake (reviewed in***%’

). Cold-exposed
Nat8l-ko mice on CD still have mild hypoglycemia but FA release from eWAT and sWAT was
significantly increased compared to controls. Accordingly, FFA and TG concentrations in the
serum of Nat8l-ko mice were significantly increased compared to controls. As mentioned above,
Nat8l-ko mice might have problems to utilize FAs as an energy substrate or FA release from
WAT might not be enough to reach the threshold of the Randle hypothesis to switch from
glucose to FA utilization in these mice. Finally, cold exposure of mice fed a HFD increases
circulating FAs by i) release of FAs from adipose tissue and ii) dietary FAs, but also circulating
carbohydrates®®?'’. Of note, FA release from eWAT was induced in cold-exposed Nat8l-ko
mice on HFD whereas it was undetectable in Nat8l-ko mice at room temperature. Thus, excess
dietary FAs from HFD in combination with FAs released from WAT might be able to decrease
glucose utilization in Nat8l-ko mice during cold exposure in accordance with the Randle

hypothesis.
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Figure 53. NAT8L deficiency and the Randle-hypothesis.  Vertical Arrows indicate differences between
wt and Nat8l-ko mice. Pink arrows indicate a hypothesis but are not supported by data yet. Hypotheses:
(A) On chow diet (CD), Nat8l-ko mice have deficits in insulin-mediated glucose uptake and compensate
by increasing insulin-independent glucose uptake leading to mild hypoglycemia. FA release from white
adipose tissue (WAT) is reduced to prevent hyperlipidemia. (B) On high-fat diet (HFD), more lipids are
supplied by the diet but Nat8l-ko mice still use more glucose (indicated by mild hypoglycemia and
increased respiratory exchange ratio (RER)). FA utilization in other tissues is a possible mechanism to
prevent hyperlipidemia here. (C) Cold exposure of Nat8I-ko mice on CD leads to both mild hypoglycemia
and hyperlipidemia, indicating a normal response of WAT to cold but defective FA utilization. (D) Cold
exposure of Nat8l-ko mice on HFD leads to highest FA / glucose ratio in the circulation compared to (A),
(B), and (C), as fatty acids are supplied by diet and WAT lipolysis. This might reach a certain threshold to
switch from glucose to FA utilization according to the Randle hypothesis (indicated by normoglycemia and
normal circulating lipids).
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Indeed, HFD-fed Nat8I-ko mice did not show hypoglycemia but serum FFA and TG levels were
also unchanged compared to wt littermates. However, FA release from eWAT was still reduced
in Nat8I-ko mice on HFD when compared to controls. Thus, sufficient FA supply from the diet
together with decreased FA release from eWAT might prevent weight loss of Nat8l-ko mice
during cold exposure. In summary, Nat8l-ko mice might have increased basal insulin-
independent glucose uptake leading to mild hypoglycemia as long as a certain threshold in the
ratio of circulating lipids to carbohydrates is reached, leading to increased FA and decreased
glucose utilization.

Taken together, the NAA pathway might be important to regulate substrate utilization in vivo in
accordance with the idea of the Randle cycle. Further, these data show that NAT8L deficiency
seems to regulate insulin-dependent versus insulin-independent glucose uptake in adipose
tissue, thereby affecting whole body lipid, glucose, and energy homeostasis. Further, the results
obtained in this thesis suggest a role of NAA in insulin signaling, thereby directly connecting

NAA metabolism to obesity-induced insulin resistance and diabetes.
6.2.5. NATS8L-deficiency and histone / protein acetylation

Manipulation of nucleo-cytoplasmic acetyl-CoA availability has been shown to regulate histone
and protein acetylation, thereby impacting cellular metabolism™®'*. Acetyl-CoA s
predominantly produced in mitochondria and then transported to the cytoplasm. The formation
of citrate in mitochondria and its subsequent transport to the cytoplasm has been described as
the canonical pathway to provide cytoplasmic acetyl-CoA by the action of ATP citrate lyase
(ACLY). Of note, Wellen et al. reported that ACLY regulates acetyl-CoA availability and links
cellular metabolism to histone acetylation.*® In addition, we recently introduced the NAA
pathway as an additional way to provide cytoplasmic acetyl-CoA. NAA is synthesized in
mitochondria, cleaved in the cytoplasm by aspartoacylase (ASPA) and the product acetate is
used by acetyl-CoA synthetase (ACSS) 2'®° for acetyl-CoA synthesis™’. We showed that Acly
MRNA expression is upregulated in BAT of Nat8l-ko mice compared to controls, arguing for a
compensatory upregulation of the ACLY-dependent acetyl-CoA production when the NAA
pathway is missing.

In addition we and others showed that NAA-derived acetate / acetyl-CoA also plays a role in
histone and / or protein acetylation®*!’. Of note, ASPA has been reported to localize to the
cytoplasm and the nucleus in oligodendrocytes in brain®. However, we found ASPA localized to

the cytoplasm in brown adipocytes™!’

. ACSS2, the enzyme downstream of ASPA which facilitate
the formation of acetyl-CoA from acetate, has been shown to provide acetyl-CoA to nuclear
histone-acetyltransferases (HATS) involved in epigenetic gene regulation'®. Hence, cytoplasmic
ASPA could deliver acetate for ACSS2, thereby regulating acetyl-CoA availability for HATs and

histone acetylation as well as lysine acetyltransferases (KATs) and protein acetylation'®. |
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found ASPA expression highly increased in BAT of Nat8l-ko compared to wt mice (Figure 44).
This might also be a compensatory upregulation upon loss of NATSL.

Taken together, these data show that the modulating NAA pathway might have significant
impact on histone and protein acetylation in adipose tissue. However, Nat8l-ko mice show
significant differences regarding energy homeostasis. Therefore, it might be valuable to first
analyze histone / protein acetylation upon manipulation of the NAA pathway in vitro before

overinterpreting mouse data.

6.3. Summary and Outlook

N-acetylaspartate (NAA) is synthesized by mitochondrial N-acetyltransferase 8-like (NAT8L)
and catabolized by cytoplasmic aspartoacylase (ASPA) in brown adipocytes. These two
enzymes build the so called NAA pathway. NAA synthesis requires mitochondrial acetyl-CoA
and L-aspartate. Acetyl-CoA is a universal metabolite linking energy derivation to virtually all

major cellular functions (reviewed in**

). Based on the data obtained in this thesis | was able to
show that NAA metabolism contributes to lipid and glucose metabolism in brown adipocytes by
regulating lipolysis and transcription factor signaling. Further, these data suggest that NAA-
metabolism is able to regulate acetyl-CoA availability for histone and / or protein acetylation,
thereby impacting DNA accessibility, gene transcription, enzyme activity, and energy
homeostasis. In vivo, the NAA pathway is highly regulated by metabolic triggers such as high /
low nutrient availability, circulating fatty acids, insulin secretion, and B-adrenergic stimulation.
Most importantly, investigation of lipid, glucose, and energy metabolism in Nat8l-knock-out mice
revealed a possible connection of NAA metabolism to insulin signaling and insulin-dependent
glucose uptake. Thus, although the function of the NAA pathway in adipose tissue is not clear
yet, this thesis provides fundamental evidence for the importance of NAA metabolism in
adipocyte energy homeostasis.

For future research, it will be most important to determine the physiological role of the NAA
pathway using tissue-specific knock-out models for Nat8l (and Aspa) and its comparison to the
full knock-out mouse model described here. Further, investigation of the regulation of circulating
NAA and NAA concentration in tissues as well as their changes during metabolic challenges will
provide a better understanding of the physiological role of NAA. It will also be important to
address the question how NAA transport is facilitated from tissues to the circulation (and vice
versa) as well as which tissues take up, metabolize, or sense circulating NAA. All these
attempts will help to integrate the NAA pathway into the big picture of adipose tissue

metabolism and its role in whole body physiology.
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8. Abbreviations

AAT

acetyl-CoA
ACLY
a-KG
ANCOVA
ANOVA
ASPA
Asp-NAT
ATGL
ATP

BAT

BSA

BMI
B-OHB

BP

BW

(K)cal
cAMP

CD

cDNA
C/EBP (a, B, ©)
CIDEA
CNS
CPT1b
Dex

DG

DMEM
DMSO
DNL
EDTA

EE

ER

eWAT
BE.FDG-PET
FA

FABP
FASN

FBS

FFA

G3P
GLUT1/4
GYK

HAT

HFD
HPLC/HRMS

aspartate aminotransferase (synonym: GOT, glutamate-oxalacetate
transaminase)

acetyl-coenzyme A

ATP citrate lyase

a-ketoglutarate

analysis of covariance

analysis of variance

aspartoacylase

L-aspartate N-acetyltransferase

adipose triglyceride lipase (synonym: Desnutrin)
adenosine triphosphate

brown adipose tissue

bovine serum albumin

body mass index

B-hydroxybutyrate

blood pressure

body weight

(kilo-) calories

cyclic adenosine monophosphate

chow diet

complementary DNA

CCAAT/enhancer binding protein (a, 3, 8)

cell death-inducing DNA fragmentation factor a-like effector A
central nervous system

carnitine palmitoyltransferase 1b
dexamethasone

diglyceride(s)

Dulbecco’s modified eagle medium
dimethylsulfoxide

de novo lipogenesis

ethylenediaminetetraacetic acid

energy expenditure

endoplasmic reticulum

epididymal white adipose tissue
®Fluoro-2-deoxy-d-glucose positron emission tomography
fatty acid(s)

fatty acid binding protein

fatty acid synthase

fetal bovine serum

free fatty acid

glycerol-3-phosphate

glucose transporter 1/ 4

glycerol kinase

histone acetyltransferase

high fat diet

high pressure liquid chromatography / high resolution mass spectrometry
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HRP
HSL
iBACs
IBMX
ipGTT
ipITT
Iso
kDa

ko

LA
L-glut
LD

MG
MGL
MM
MRNA
MS

NA
NAA
NAAG
NATS8L
NE

ntc

ob
OCR
ole

o/n
PBS
PCR
PDK4
PGC-1a
PIC
pMSCV
PPAR (a/y/d)
PPRE
P/S
gRT-PCR
RER
RT
RXRa
shRNA
SiRNA
SIRT1
SDS
SNS
SWAT
T2D
T3

TBI

horseradish peroxidase

hormone sensitive lipase

immortalized brown adipogenic cells
3-Isobutyl-1-methylxanthine

intraperitoneal glucose tolerance test
intraperitoneal insulin tolerance test
isoproterenol

kilo Dalton

knock-out

locomotor activity

L-glutamine

lipid droplet

monoglyceride(s)

monoglyceride lipase

maintenance medium for iBACs

messenger ribonucleic acid

mass spectrometry

nicotinamide

N-acetylaspartate

N-acetylaspartylglutamate
N-acetyltransferase 8-like (synonym: SHATI)
norepinephrine

non-targeting control

obese gene

oxygen consumption rate

overexpression, overexpressed

over night

phosphate buffered saline

polymerase chain reaction

pyruvate dehydrogenase kinase 4

PPARYy coactivator-1a

protease inhibitor cocktail

murine stem cell virus plasmid

peroxisome proliferator-activated receptor (a/y/d)
peroxisome proliferator-activated receptor response element
penicillin/streptomycin

guantitative real-time polymerase chain reaction
respiratory exchange ratio

room temperature

retinoid X receptor alpha

small hairpin RNA

small interfering RNA

sirtuin 1

sodium dodecyl sulfate

sympathetic nervous system

subcutaneous (inguinal) white adipose tissue
type Il diabetes

3,5,3'-triiodothyronine

traumatic brain injury
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TCA Trichloroacetic acid

TG triglyceride(s)

TZD thiazolidinedione

UCP1 uncoupling protein 1
VCO, carbon dioxide production
VO, oxygen consumption

vol volume

WAT white adipose tissue

wit wild type

8.1. Nomenclature

Genes are written in lowercase italics. Proteins are expressed in uppercase letters.
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