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Abstract

Abstract

Within the last three decades, the prevalence of obesity has doubled and the numbers of associated
co-morbidities such as type 2 diabetes and non-alcoholic fatty liver disease have also risen. To study
the etiology of obesity and novel pharmaceutical interventions for the cure of obesity, diet-induced
obese mouse models are the preferred choice for many researchers worldwide. Yet, study protocols for
the induction of diet-induced obesity (DIO) in mice vary with respect to numerous factors, which all
affect the outcome of these studies themselves. Therefore, results of different DIO studies are often
neither comparable, nor reproducible. For this thesis, it was examined how variations in the
experimental design of DIO experiments, such as differences in strain and gender of the mice used as
well as differences in feeding durations and dietary fat content of the (high fat) diets affect the
phenotypical heterogeneity of C57BL/6 mice. In doing so, certain key parameters such as body weight
and fat mass gain, as well as the development of hyperglycemia, glucose intolerance and
hyperinsulinemia were compared. Undergoing a low-calorie diet is the most popular, non-invasive
way to loose weight. Yet, the underlying molecular mechanisms following a diet-induced weight loss
have not been fully understood. This thesis presents detailed transcriptional analyses of the molecular
alterations in liver and adipose tissue of mice with a history of obesity. Briefly, male C57BL/6J mice
with DIO underwent a switch from a high-fat diet to a low-fat diet ad libitum and displayed a
“normalized” metabolic phenotype, comparable to age-matched never-obese mice, 7 weeks after the
diet-switch. Yet, at this time point, signs of hepatosteatosis and fibrosis, together with increased pro-
inflammatory gene expressions, were present in liver tissues of formerly obese mice. This was
paralleled by depot-specific adipocyte hypertrophy and macrophage infiltration in the perigonadal
adipose tissue of formerly obese mice. Microarray analyses of the perigonadal adipose tissue of
formerly obese mice further revealed up-regulation of numerous, partly inflammatory genes and
pathways. One of these up-regulated genes in perigonadal and brown adipose tissue (BAT) of obese
and formerly obese mice was the Activating Transcription Factor 3 (ATF3). Thus, by creating an
UCP1-specific conditional knockout of ATF3 in BAT of mice, the impact of BAT-derived ATF3 on
the development of DIO was analyzed. Here, the conditional knockout of ATF3 in male and female
mice displayed no significant impact on the susceptibility to DIO, regarding the onset of body weight
and fat mass gain, glucose intolerance and hyperinsulinemia. Still, a hypertrophy of adipocytes in
BAT and subcutancous white adipose tissue from diet-induced obese Atf3"":Ucpl™" mice was
identified, contributing first insights into the role of ATF3 in BAT. In summary, this thesis contributes
to novel understandings on how different dietary interventions impact the pathogenesis and
reversibility of DIO in mice and presents metabolic and genetic alterations due to a history of DIO.
Moreover, the presented results indicate that the presence of ATF3 in brown adipocytes does not play

arole for the development of DIO in mice.



Zusammenfassung

Zusammenfassung

Innerhalb der letzten drei Jahrzehnte hat sich die Pravalenz von Adipositas verdoppelt und die
Fallzahlen von assoziierten Begleiterkrankungen wie Typ 2 Diabetes mellitus und nichtalkoholischer
Fettleber sind ebenso gestiegen. Um die Krankheitsursachen von Adipositas und neue
pharmazeutische Interventionen zur Heilung von Adipositas zu erforschen, sind didtinduzierte adipose
Mausmodelle die bevorzugte Wahl fiir viele Waissenschaftler weltweit. Jedoch variieren
Studienprotokolle fiir die Entstehung von didtinduzierter Adipositas (DIA) in Mausen hinsichtlich
zahlreicher Faktoren, die jeweils selbst Auswirkungen auf die Ergebnisse der Studien haben. Deshalb
sind Ergebnisse verschiedener DIA-Studien oft weder vergleichbar noch reproduzierbar. Fiir diese
Arbeit wurde untersucht wie Variationen in den Versuchsanordnungen von DIA Experimenten, wie
beispielsweise Unterschiede im Stamm und Geschlecht der Méause sowie Unterschiede in der
Fiitterungsdauer und im Fettgehalt der (Hoch-) Fettdidten, die phénotypische Heterogenitit der
C57BL/6 Maiuse beeinflussen. Dabei wurden Schliisselparameter wie die Zunahme von
Korpergewicht und Fettmasse sowie die Entstehung von Hyperglykdmie, Glukoseintoleranz und
Hyperinsulindmie verglichen. Sich einer kalorienarmen Didt unterziehen ist die populdrste,
nichtinvasive Methode um Gewicht zu verlieren. Die molekularen Mechanismen, die einer
didtinduzierten Gewichtsabnahme zugrunde liegen, sind bisher nicht vollstindig erfasst. Diese Arbeit
prasentiert detaillierte Transkriptionsanalysen der molekularen Verdnderungen in Leber und
Fettgewebe von Méusen mit einer Vorgeschichte von Adipositas. Mit wenigen Worten, didtinduziert-
adipose C57BL/6]J Minnchen wurden von einer Hochfettdidt auf eine Niederfettdidt ad /libitum
umgestellt und zeigten einen ,,normalisierten* metabolischen Phénotyp, der vergleichbar war zu
gleichaltrigen nie-ddipds gewesenen Méusen, 7 Wochen nach der Didtumstellung. Dennoch waren zu
diesem Zeitpunkt histologische Zeichen einer Fettleber und Fibrose zusammen mit erhdhten pro-
inflammatorischen Genexpressionen im Lebergewebe von ehemals adipésen Mausen vorhanden. Dies
ging mit einer depot-spezifischen Fettzellhypertrophie und Makrophageninfiltration im perigonadalen
Fettgewebe ehemals adipdser Méuse einher. Microarrayanalysen vom perigonadalen Fettgewebe
ehemals adiposer Maiuse zeigten weiterhin die Hochregulierung einer Vielzahl zum Teil
inflammatorischer Gene und Signalwege. Eines dieser hochregulierten Gene im perigonadalen und
braunen Fettgewebe von adipdsen und ehemals adiposen Méausen war der Transkriptionsfaktor
Activating Transcription Factor 3 (ATF3). Indem ein UCP1-spezifischer konditioneller Knockout von
ATF3 im braunen Fettgewebe von Mausen geschaffen wurde, wurde der Einfluss von ATF3 aus dem

braunen Fettgewebe auf die Entstehung von DIA untersucht.



Zusammenfassung

Hier zeigte der konditionelle Knockout von ATF3 in ménnlichen und weiblichen Mausen keinen
Einfluss auf die Suszeptibilitit fiir DIA hinsichtlich der Zunahme von Korpergewicht und Fettmasse,
der Entstehung von Glukoseintoleranz und Hyperinsulindimie. Dennoch wurde eine
Fettzellhypertrophie im braunen und subkutanen weiflen Fettgewebe von didtinduziert - adipdsen
Atf3""Ucp1™" Miusen gefunden, was zu ersten Einblicken hinsichtlich der Rolle von ATF3 im
braunen Fettgewebe beitragt. Zusammenfassend trigt diese Arbeit zu neuen Verstdndnissen bei, wie
verschiedene Diétinterventionen die Pathogenese und Umkehrbarkeit von DIA in Maéusen
beeinflussen und zeigt metabolische und genetische Verdnderungen aufgrund einer Vorgeschichte von
DIA auf. Des Weiteren weisen die in dieser Arbeit prisentierten Ergebnisse darauf hin, dass das

Vorhandensein von ATF3 in braunen Adipozyten keine Rolle fiir die Entstehung von DIA spielt.
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Introduction

1. Introduction

The section 1.3 of this chapter contains in parts text and figures, which were published by the
author of this dissertation together with Dr. Theresa Schottl and Dr. Siegfried Ussar in the review
article “Heterogeneity of adipose tissue in development and metabolic function”, Schoéttl, T., Fischer,

I.P. and Ussar, S., Journal of Experimental Biology (2018) [1].

1.1 Obesity - causes and consequences

Obesity, which can be defined as the abnormal and excessive accumulation of fat that results in a
body mass index (BMI) > 30kg/m” [2], has become a major health problem of the modern society
since its prevalence has doubled in more than 70 (westernized) countries over the past three decades
[2, 3]. In 2015, 603.7 million adults and 107.7 million children were obese and especially childhood
obesity is on the rise [3]. Interestingly, this problem represents a greater burden for female adults than
male adults, whereas the opposite is true for children [3]. Occurring due to an imbalance of energy
intake and energy expenditure, excessive fat accumulation, specifically in the visceral part of the body,
is known to deregulate systemic lipid- and glucose- homeostasis [4]. Obesity is therefore considered as
a major risk factor for the development of type 2 diabetes mellitus, non-alcoholic fatty liver disease
(NAFLD), cardiovascular and other, neoplastic diseases [4]. The most relevant epidemiological factors
causing obesity are excessive dietary intake of saturated fatty acids, in combination with lack of
activity and a sedentary lifestyle [1]. Throughout multiple genome-wide association studies (GWAS)
mono - or polygenic predispositions to obesity have been recognized. Prominent examples of
monogenic mutations, associated with obesity, are for instance the melanocortin 4 receptor [5, 6],
leptin [7] or leptin receptor [8]. Most of the known genetic predispositions are apparent as single
nucleotide polymorphisms (SNPs) and were identified via GWAS. Among other genes, multiple
widespread SNPs were identified in the alpha-ketoglutarate-dependent dioxygenase (FTO) gene [9,
10], which encodes for an enzyme, which oxidxatively demethylates single-stranded DNA and RNA.
Mutations in the FTO gene have been therefore frequently studied but only proven to attribute to 22%
of the risk of becoming obese [10]. Newer studies even question the direct involvement of SNPs in
FTO gene in the obesity development, as obesity-associated SNPs have been functionally associated
with two FTO-neighboring genes: Iroquois-class homeodomain protein (IRX3) and Protein
Phosphatase 1, Regulatory Subunit 134 (RPGRIP1 L) [11, 12] [13]. Indicating that in general, novel
candidate genes, identified from metabolically relevant GWAS studies may have to be treated with
caution. In total, estimates of heritability of increased BMI approximately vary around 40% to 70%
[14, 15]. Therefore, epigenetic modifications, caused by a variety of environmental factors such as

parental high fat diets (HFD), as well as changes in gut microbiota additionally contribute to the
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development of obesity [16-18].

1.2 Obesity related co-morbidities

1.2.1 Non alcoholic fatty liver disease

If the capacity to store triglycerides in (visceral) adipose tissues is exhausted, ectopic lipid
accumulation takes place, due to a spillover of lipids, preferably to near metabolic organs such as the
liver, pancreas or muscle. Thereby, the accumulation and storage of triglycerides in the liver, the so-
called process of hepatosteatosis, is an early event occurring in the development of nonalcoholic fatty
liver disease (NAFLD) and is one of the most prominent obesity-related co-morbidity with
approximately 51% of prevalence [19, 20]. NAFLD describes the excessive accumulation of
triglycerides within the hepatocytes, without the presence of inflammation, fibrosis or hepatocellular
ballooning [20, 21]. NAFLD has a global prevalence of estimated 25% and is closely associated with
other metabolic co-morbidities, such as e.g. type 2 diabetes, as 23% of patients suffering from NAFLD
were estimated to suffer from type 2 diabetes [19]. Untreated NAFLD can progress to non-alcoholic
steatohepatitis (NASH), hepatic fibrosis, cirrhosis, hepatocellular carcinoma and, in the last
consequence, lead to death [22, 23]. Therefore, NAFLD is considered an important complication of

obesity, which should be targeted for instance by lifestyle interventions such as dieting [24].

1.2.2 Type 2 diabetes mellitus (T2DM)

Glucose homeostasis is highly regulated in the body by a variety of factors, but primarily the
pancreatic hormone insulin. Shortly, upon postprandial increase of glucose in the blood, insulin is
being secreted from the pancreatic B-cells and travels through the blood stream to peripheral tissues to
initiate glucose-uptake. Diabetes mellitus can be defined as a group of metabolic disorders, which are
all characterized by chronically elevated blood glucose levels (hyperglycemia). Symptoms occur as
polydypsia, polyuria, fatigue and peripheral neuropathy often present in feet or the eyes [25].
Therefore, long-term complications include blindness, renal failure and cardiovascular diseases. In
2014, around 366-422 million people were estimated to suffer from either type lor type 2 diabetes
mellitus (T1DM, T2DM) or, its closely related disease, gestational diabetes. Thereby, patients
suffering from T2DM accounted for over 90% of the mentioned causes [26, 27]. Moreover, 3.7
million deaths were estimated to be caused by diabetes and hyperglycemia in 2014 [26]. TIDM is a
chronic disease characterized by the absence of insulin production, due to an autoreactive immune
system, attacking and destroying the insulin producing f-cells and resulting in constant
hyperglycemia. Known mechanisms causing insulitis and f-cell-loss include, among others,

hyperactive CD8+ T-cells, auto-antigen production and T-effector cell resistance to T-regulatory cells
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[28, 29]. This abberant immune responsiveness is believed to be partly caused by genetic
predispositions, as approximately 40 risk loci are known for the development of T1DM, so far [29].
Treatment options for TIDM comprise different insulin-replacement therapies and require a lifelong
application. Delineating from this, T2DM, is a multifactorial disease, which is caused by a
combination of risk factors such as genetic predispositions as well as environmental factors, including
obesity, nutrient excess and a sedentary lifestyle. So far, over 100 gene loci have been identified for
the development of T2DM [30-32]. The predominant manifestation of T2DM varies between less
insulin production, due to B-cell dysfunction, and insulin resistance in peripheral tissues, in both cases
leading to hyperglycemia. Insulin resistance in metabolically active organs, such as liver, muscle and
adipose tissue can be triggered, e.g. by accumulation of lipids in the cell and local tissue inflammation.
Insulin resistant cells cannot recognize insulin and thus cannot take up glucose. The accumulating
glucose in the blood therefore triggers a feedback loop to the pancreas to produce more insulin,
eventually leading to a state of hyperinsulinemia. Chronic elevation of insulin production can induce
exhaustion of the B-cell and B-cell dysfunction [30, 33]. Treatment options comprise a healthy
lifestyle, physical activity and a variety of pharmaceutical drugs, aiming to restore insulin sensitivity

[30].

1.3 Adipose tissue is a heterogeneous organ

1.3.1 Adipose tissue depots in mice and men

The primary location to store energy varies between different species: While vertebrates, such as
amphibians and reptiles preferentially store energy intra-abdominal, mammals accumulate fat within
the abdomen but also subcutaneously (anterior and posterior) [1, 34, 35] (Figure 1). In humans, the
subcutaneous depots comprise cranial, facial, abdominal and gluteal accumulation of fat and serve as
protection against heat loss and mechanical damage. In contrast, intra-abdominal storage of
triglycerides takes places in the omentum as well as retroperitoneal and visceral, and shields vital
organs. Of note, the individual distribution of subcutaneous and visceral adipose tissue varies due to
several factors such as genetics, age, sex, nutrition and the energy homeostasis of the specific depots
[36-38]. In mice, subcutaneous adipose tissue (sScWAT) includes the posterior subcutaneous, so called,
inguinal and anterior subcutaneous adipose tissue. Murine visceral adipose tissue comprises
mesenteric, retroperitoneal, perirenal and perigonadal adipose tissue (gWAT) [1, 39] (Figure 1). In the
majority of above-mentioned adipose depots, white adipocytes are the predominant type of cells, yet,
brown and brown-like adipocytes can be sporadically found in the visceral and subcutaneous depots of

mice under normal conditions, which can be augmented under certain stimuli, as explained later
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(1.3.3). Still, the primary location of BAT is in the inter- and subscapular, axillary and cervical areas
of the subcutaneous anterior depot in mice [1, 35, 40]. BAT was firstly described in hibernating small
mammals undergoing torpor and its main function was attributed to maintaining body temperature in
cold environments [41, 42]. This process is specifically important for small mammals that cannot

undergo shivering thermogenesis. Its function is explained in more detail in section 1.3.3.
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Figure 1 Adipose tissue depots in different species.

Reptiles and amphibians store fat in the intra-abdominal cavity, as so-called fat bodies. In contrast,
mammals such as mice and humans store fat in distinct adipose depots within the abdomen, but also under the
skin (subcutaneous). These adipose compartments can be grouped into subcutaneous white adipose tissue (SAT),
visceral white adipose tissues (VAT), dermal adipose tissue (AWAT), bone marrow adipose tissue (MAT) and
brown adipose tissue (BAT) and hold individual metabolic functions and risks. This graphic was produced by
using Servier Medical Arts templates, which are licensed under a Creative Commons Attribution 3.0 Unported
License; https://smart.servier.com and is adapted with permission from [1].

1.3.2 White adipose tissue exhibits depot-specific plasticity and metabolic function
in obesity

Latest since the discovery of leptin in 1994 [7, 43], the adipose tissue is considered as a
metabolically active organ, which has important endocrine and immunological functions [44, 45].
Among other factors, the anatomic location of each (white) adipose tissue depot itself impacts the
endocrine profile. It was for instance shown that subcutaneous adipose depots secrete and express
higher rates of leptin than visceral depots of lean and obese subjects [46, 47]. In contrast, adiponectin
expression has been shown to be oppositely regulated. Leptin has pro-inflammatory functions as it

increases the recruitment of monocytes and production of pro-inflammatory cyto- and chemokines
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[44, 48, 49]. Increased adiponectin levels in the plasma and adipose tissue are associated with high
insulin sensitivity and a decreased risk for T2DM and cardiovascular diseases [44]. The administration
of adiponectin for instance resulted in a decline in body and fat mass [50] and reduced hyperglycemia
and restored insulin sensitivity in obese mice [51]. In obese states, adiponectin expression and
secretion is decreased, therefore past research targeted to increase the expression of insulin-sensitizer
adiponectin by activation through e.g. peroxisome proliferator-activated receptor y (PPARYy) agonists
[52]. Moreover, also deviating from most adipose-secreted hormones, adiponectin exhibits anti-
inflammatory properties as it suppresses pro-inflammatory cytokine production and remodels
macrophage function [44]. In line, production of adiponectin is curtailed by pro-inflammatory
cytokines such as tumor necrosis factor (TNF) and interleukine 6 (IL6) [44, 53]. Moreover, while
adipokines derived from visceral adipose tissue are secreted into the portal system and have direct
access to the liver [54], adipokines secreted by the subcutaneous depots enter the system circulation
[1]. Therefore, severe accumulation of fat in the visceral part directly impacts hepatic metabolic

function, and is moreover associated with an overall higher (cardio)-metabolic risk [1, 37].

1.3.2.1  Hypertrophy vs. Hyperplasia and metabolic dysfunction in obesity

Accompanying excessive weight gain, obesity is marked by enlarged adipocyte cell size
(hypertrophy) due to increased triglyceride storage as well as augmented adipocyte numbers
(hyperplasia) [55]. While hypertrophy already occurs with moderate weight gain, adipocyte
hyperplasia primarily occurs in severely obese humans [56, 57] and mice [58] [59]. Still, some studies
report the subcutaneous depot to be the primary site for hyperplasia [60]. In humans, lean subjects
show larger adipocytes in the subcutaneous adipose tissue than in visceral adipose tissue [61]. Yet in
mice, the opposite is the case, as multiple mouse studies showed smaller adipocytes in the
subcutaneous than in the visceral depots (Figure 2). Recently, a rodent study by van Beek and
colleagues demonstrated that the gWAT had a limited capacity to store lipids, which was reached at an
average body weight of 40g [62]. Therefrom, prolonged HFD-feeding caused crown-like structure
(CLS) formation, and ectopic lipid accumulation in the liver, promoting the development of hepatic
steatosis and insulin resistance [62]. In contrast, sScWAT and mesenteric WAT initially displayed a
slower rate in expanding, but continued to increase lipid accumulation throughout 34 weeks of HFD-
feeding [62]. In contrast, hypoplasia in subcutaneous adipose tissue seems to be largely driven by an
overall reduction of stored triglycerides within individual adipocytes and is associated with increased
insulin sensitivity [1, 63, 64]. Rapid adipose tissue expansion is associated with detrimental metabolic
alterations accumulating in tissue insulin resistance (Figure 2) [65]. In particular, hypoxia, occurring
due to the incapability of the neovasculature to meet the requirements of oxygen supplementation to
the expanding tissue, was shown to be an early hallmark of adipose tissue dysfunction [65, 66].

Already a few days of HFD-challenge rapidly boost adipocyte expansion [67, 68], which is paralleled
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by an induction of hypoxia-inducible factor 1 (HIF1-a). In adipose tissue, HIF 1-a thereby activates the
transcription of extra cellular matrix (ECM) components eventually leading to fibrosis, instead of
having beneficial angiogenic effects [67]. Yet, contradictory results on the genetically and
pharmacologically ablation of HIF1-a suggest both an amelioration [69] but also aggravation of DIO

and associated glucose intolerance [70].
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Figure 2 Heterogeneity of white adipose tissue in lean and obese states.

In the lean state, murine subcutaneous adipose tissue is characterized by smaller but increased number of
adipocytes. Weight gain triggers adipocyte hypertrophy, with visceral adipocytes increasing their cell sizes more
rapidly. This associates with reduced adiponectin expression in visceral adipose tissue. In subcutaneous adipose
tissue, hypertrophy results in lower expression of pro-inflammatory cytokines and less M1 macrophage
infiltration. Visceral adipose tissue expansion triggers pro-inflammatory cytokine expression as well as
recruitment of immune cells and contributes to adipose tissue dysfunction and insulin resistance. This graphic
was produced by using Servier Medical Arts templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com and is adapted with permission from [1].

1.3.2.2 Obesity - a state of low-grade inflammation giving rise to insulin resistance
Around 10-15% of the glucose uptake after a meal is mediated by adipocytes, thus adipose tissue plays
an important role in the glucose homeostasis [71, 72]. Glucose itself contributes to lipid metabolism,

as 50% of the up-taken glucose is used to synthesize glycerol and fatty acids in adipocytes [73].
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In adipose tissue, glucose is taken-up by the insulin-dependent glucose transporter 4 (GLUT4 or
SLC2A) [74]. In basal states, GLUT4 is stored in intracellular vesicles. Upon binding of insulin to its
specific receptor, GLUT4 carrying vesicles are being incorporated into the plasma membrane via
exocytosis and GLUT4 is released and freed to mediate the glucose uptake. Increased lipid influx from
nutrition together with glucose-induced lipogenesis create a constant lipid overload in obese states,
which decreases the anti-lipolytic effect of insulin and promotes insulin resistance. The full
mechanisms causing the development of local insulin resistance are currently not known [37, 75, 76].
Yet, the presence of a low-grade inflammatory state in obesity is strongly associated with the
development of a (local) insulin resistance. Accompanying adipose tissue expansion upon obesity, the
increase in hypoxia and HIF1-a mediates the up-regulation of pro-inflammatory cytokines such as IL-
6 and macrophage inflammation factor (MIF1), contributing to the low-grade inflammatory state
(Figure 2) [66]. There are two types of macrophages residing in the stromal vascular fraction (SVF) of
adipose tissue, M1 type macrophages and M2 type macrophages. M1 are pro-inflammatory, activated
cells promoting cytotoxicity and tissue damage, induced by pro-inflammatory cytokines, such as IFNy
and TNF. In contrast, M2 type macrophages are unactivated cells, or alternatively-activated by I1L-4,
IL-13 and express arginase-1, the mannose receptor/CD206 and macrophage galactose-type C
lectin/CD301 [44]. In lean adipose tissue, M2 macrophages predominate the presence of M1
macrophages with a ratio 4:1. M2 macrophages are promoting immune suppression and are expressing
anti-inflammatory cytokines (Figure 2). Yet, with advancing obesity, hypertrophic adipocytes secrete
increased amounts of pro-inflammatory adipokines (leptin, IL-6, TNF) and decreased amounts of anti-
inflammatory adipokines such as adiponectin, enhancing the recruitment of immune and vascular
cells, such as CD8 cells and natural killer cells (NK cells) to the adipose tissue [44]. This in turn
accelerates the production of pro-inflammatory cytokines, creating a state of mild metabolic
dysfunction [44]. In severely obese conditions, M1 macrophages are predominantly surrounding
necrotic adipocytes, forming CLS, fueling the pro-inflammatory environment but also contributing to
tissue remodeling (Figure 2) [44, 66, 77]. Thereby, cellular lipid overload is suspected to cause the
formation of CLS [77]. Providing one possible scenario of how adipose tissue expansion causes
insulin resistance. Yet, recently, Shimobayashi et al reported that insulin resistance even precedes
macrophage accumulation and adipose tissue inflammation. Therefore the exact mechanisms of the

hierarchy of adipose tissue inflammation and insulin resistance have to be further investigated [78].

1.3.3 Brown and beige adipocytes and their thermogenic function

WAT is mainly composed of unilocular cells, with a high capacity to store triglycerides, while

BAT contains multilocular adipocytes, rich in mitochondria, which possess a lower capacity to store
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energy. Most importantly, brown adipocytes hold the unique feature to dissipate energy in form of
heat, upon noradrenergic stimulation. This process is mediated by uncoupling protein 1 (UCP1), a
protein residing in the inner mitochondrial membrane, which uncouples the proton motive force of the
respiratory chain, thereby combusting energy as heat. BAT activity can be increased upon cold
exposure and nor-adrenergic stimulation, which can be initiated pharmacologically [79] and by fasting
[80]. In humans, for a long time it had been believed that active BAT was only present in the neck and
shoulder of newborns and small children, where its function was attributed to the defense of body
temperature upon cold exposure, in order to compensate for the lack of shivering-thermogenesis [1,
81]. Further, it was believed that BAT activity would decrease during aging and would be vanished by
reaching adulthood. However, in 2009, multiple studies finally manifested the presence of
metabolically active BAT in adult humans, using F'*-FDG PET/CT Scans [1, 82-84]. Active BAT was
identified ranging from the anterior neck to the thorax [82] yet, the highest localization of active BAT
was found in the paracervical and supraclavicular region [1, 83, 84] (Figure 1). The presence of
metabolically active BAT in humans varies due to several intrinsic factors such as the individual age,
sex, and body mass, but also due to seasonal changes, and is estimated to be prevalent in between 1-
10% of humans [1, 85, 86]. Thereby, higher presence of active BAT was detected in young, lean
women than in men. Batches of brown-like adipocytes with thermogenic function can also accumulate
in WAT upon cold exposure, noradrenergic — and various other endocrine stimuli [87]. These beige or
alternatively termed brite (brown in white) [88, 89] adipocytes have the characteristics of brown
adipocytes, as they possess the same morphology and express most of the brown adipocyte specific
genes, such as Ucpl, Cell Death-Inducing DFFA-Like Effector A (Cidea) and proliferator-activated
receptor gamma coactivator 1-alpha (Pgcla), p2x purino receptor 5 (P2rx5) and Pat2 [87, 90]. Yet, it
has been shown that beige and brown adipocytes cannot be considered as identical, as they emerge
from different embryonic precursor cells [89] and are individually transcriptionally regulated [91].
Due to their favorable function of dissipating energy in form of heat, instead of storing it as fat, recent
research aims to target the activation of brown adipocytes and the conversion of white to brown or
beige adipocytes, in order to increase ways of energy expenditure as a cure for the obesity epidemic

[1,87,92-95].

1.4 Animal models of DIO

To analyze the etiology of obesity in vivo, animal models have become very helpful. Over the
years, various monogenic and polygenic knock-out mouse lines for specific obesity related loci have
been made available to study the causes and consequences of obesity. Prominent examples are the

leptin or leptin receptor deficient ob/ob [7] or db/db [96] mice. Yet, since the genetic contribution to
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the development of obesity is estimated only between 40-70% [14, 15], different diet-induced obesity
(DIO) animal models have been generated to determine the progression and outcome of this
multifactorial disease [97, 98]. When exploring environmental factors affecting weight gain, DIO
models are more representative of the human pathogenesis and, thus, remain the preferable choice in
obesity and diabetes research [97]. The phenotypes of the DIO mice are known to vary with the
specific environment of the animal facility (e.g. ambient temperature, humidity and light/dark cycle),
the experimental study design (e.g. duration of feeding, endpoints), utilized diets (caloric value,
composition, source of fat) and involved animals (age, gender, strain) [99]. Specifically, the genetic
background of the mice has been found to impact the susceptibility to DIO. Inbred strains such as
C57BL/6, 129X1/Sv], DBA/2 and FVB/N were shown to be susceptible in varying degrees to HFD
induced adiposity, glucose intolerance and insulin resistance [100]. Among those, and due its high
affinity to obesity and impaired glucose tolerance, the C57BL/6 strain has been most commonly used
in metabolic studies [101]. The C57BL/6 mouse line was first established by C.C. Little in the 1920s
and is one of the most frequently used genetic inbred mouse line [102]. Over the years, distinct sub-
strains of the C57BL/6 mouse have evolved as the result of genetic drifts, occurring at different
breeding facilities [101]. In the last years, a great variety of genetic differences between the Jackson
Laboratory derived C57BL/6J strain and strains derived from other breeders, such as the National
Institute of Health (NIH) C57BL/6N strain, were elucidated [102, 103]. A frequently discussed, in-
frame, five-exon deletion was discovered in the nicotinamide nucleotide transhydrogenase (Nnf) gene
of the C57BL/6J strain 2005 [104]. The Nnt encodes for an enzyme, residing in the inner
mitochondrial membrane, which is responsible for the proton coupling and hydride transfer from
NADH to NADP" and malfunction of the enzyme is associated with oxidative stress [105]. The five-
exon deletion in the Nnt has been made responsible for the more obesogenic phenotype of C5S7BL/6J
mice, as this mutation was shown to cause mitochondrial dysfunction [106], associated with insulin
resistance [100, 107]. Further, a loss of the Nnt gene aggravated high-fat diet induced gain in total
body mass, fat mass and non-fasting glucose levels of C57BL/6J mice [108, 109]. Therefore, the
functional Nnt possessing C57BL/6N strain is currently considered to be the model of interest for
future metabolic research, e.g. by the International Knockout Mouse Consortium (IKMC) [101].
Broad evidence of a sexual dimorphism of obesity in rodents, displayed by divergent kinetics of HFD
induced weight gain, adipose tissue plasticity and insulin sensitivity is given nowadays [110-112].
Thus, some studies claim that female mice are protected against obesity and its associated
dysregulation of glucose- and insulin homeostasis [113, 114]. Therefore, special notice should be

taken when planning DIO studies, concerning the gender of the mice involved.
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1.5 Strategies and challenges overcoming DIO

Today, there are multiple ways to overcome obesity, by either increasing energy expenditure
through enhanced physical activity and/or decreasing energy intake [4, 115]. Among these, bariatric
surgery is the most efficient in reducing body mass, with a long term reduction of > 50% of pre-
operative body mass [18, 116]. Moreover, concurrent co-morbidities as type 2 diabetes, hypertension
and dyslipidemia have been shown to be mitigated by bariatric surgery [18, 117]. Still, surgical-based
weight loss approaches can induce post-operative adverse effects, such as the dumping syndrome,
consequent malabsorption and impaired nutritional status, bowl injuries and ulcera [18, 118, 119]. A
popular, and less effective way to lose weight and eventually overcome obesity is dieting.
Unfortunately, many obese patients struggle to maintain a stable body weight after dieting and regain
weight to an even greater extent [120, 121], giving rise to a new and higher body set point [122].
Maintenance of a reduced body weight in formerly obese patients was shown to be affected by
compensatory mechanisms, including a reduction in resting energy expenditure [123]. This decrease in
energy expenditure was further shown to be paralleled by an increase in hunger, which was
hypothesized to cause the rebound to obesity of over 95% of formerly obese American patients [124].
Furthermore, evidence is given by multiple rodent studies that weight loss, induced by caloric
restriction, reprograms orexigenic pathways [125] and promotes hyperphagia [126, 127]. Upon weight
loss, adipocyte cell sizes, but not numbers are decreasing. This suggests that the individual number of
adipocytes is set during childhood and adolescence, while the expansion of adipocytes is adaptable to
the nutritional status [128, 129]. Among the adipokines, especially leptin, plays a major role in body
weight regulation [130, 131]. Circulating leptin levels are directly proportional to fat mass and
adipocyte size [132] and act as afferent satiety signals to the central nervous system (CNS) [133]. In
lean individuals, increased levels of leptin stimulate receptors in the hypothalamus and other brain
regions to decrease food intake and increase energy expenditure [134, 135]. In contrast, most obese
individuals have exacerbated levels of circulating leptin, but do not exhibit the regulation of appetite
and energy metabolism upon it. This term has been often called “leptin resistance” and is studied
frequently [136, 137]. Moreover, reduction of fat mass and paralleled decrease in circulating leptin,
has been discussed to be the cause for the impaired regulation of hunger and increased rate of body
weight rebound in formerly obese men and mice [138, 139]. However, the molecular and functional
underpinnings of a history of obesity and body mass rebound have not been fully understood, yet.
Another approach of resetting the energy balance and overcoming obesity, by increasing the rate of
energy expenditure, is through pharmacological targeting the activation of BAT. Therefore, activation

of adaptive thermogenesis in humans is currently one of the focuses of obesity research [94, 95] [18].
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1.6 Activating Transcription Factor 3 - a regulator of metabolism?

Activating transcription factor 3 (ATF3) is part of the mammalian ATF/CREB family of
transcription factors and also known by its alternative names LRF-1, LRG-21, CRG-5 and TI-241
[140]. All members of the ATF-family share the consensus cAMP responsive element (CRE) binding
sitt TGACGTCA and a bZip DNA binding domain ( Figure 3). It is known that ATF/CREB proteins
regulate gene expression by forming-selective heterodimers with each other or other bZip proteins
such as AP-1 and C/EBP and thereby acting as transcriptional repressors or activators [140]. Among
the protein family members, especially ATF2, ATF4 and ATF6 are of relevance. While ATF4 and
ATF6 are predominantly involved in unfolded protein response and endoplasmatic reticulum (ER)
stress regulation, [141, 142] ATF2 has been shown to be involved in regulation of BAT adaptive
thermogenesis [143, 144].
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Figure 3 Members of the ATF/CREB transcription factor family.
ATF family members can be divided into 6 subclasses according to their sequence homology, all sharing a
consensus bZIP sequence (marked in orange). This figure was taken with permission from [145].

ATF3 homodimers function as transcriptional repressors, while heterodimers of ATF3 with e.g. c-Jun
or ATF2 act as transcriptional activators [140]. Over the past years, ATF3 has been shown to be of
clinical interest, as it is highly expressed in the livers of patients with type 2 diabetes or non-alcoholic
fatty liver disease (NAFLD) [146] as well as in pancreatic islets of type 1 and type 2 diabetics [147,
148]. Additionally, ATF3 is identified to be up-regulated in endothelial cells of patients suffering from
atherosclerosis [149]. Moreover, in rodents, ATF3 expression was shown to be induced by various
conditions such as ischemia, cancer, seizures, obesity and diabetes. In vitro experiments further
showed up-regulation of ATF3 upon stress signals such as hypoxia [150], radiation [151], ER stress
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[152] and inflammation [140] as well as in cases of pancreatomy, ischemia-perfusion and
streptozotocin treatment [147]. Moreover, ATF3 expression was exacerbated in isolated B-cells under
H,0, treatment, mimicking oxidative stress, which could be rescued by dosage of n-acetyl-L-cystein
(NAC), a known antioxidant [147]. From rodent studies we know that ATF3 whole body knockout
mice are protected from cytokine-induced B-cell apoptosis [148]. Moreover, it has been proposed that
ATEF3 directly regulates insulin transcription in the p-cells [153]. Thereby, both detrimental as well as
protective roles have been attributed. For instance, whole body knockout of ATF3 ameliorated HFD-
induced hyperinsulinemia in mice [153]. In vivo overexpression of ATF3 in murine B-cells was
associated with growth retardation and a high rate of perinatal death, decreased expression of hepatic
gluconeogenic genes, abnormal distribution of insulin producing cells and in severe cases p-cell loss
[148]. Yet, some of the mice overexpressing ATF3 in P - cells showed a more liver-specific
phenotype, exhibiting reduced serum glucose levels. Still, the effects within the pancreas positively
correlated with ATF3 expression. Overall, suggesting that stress-induced expression of ATF3
positively controls insulin transcription, before enhancing B-cell apoptosis, due to constant B-cell
overwork [153]. Newer studies demonstrate that ATF3 is also regulating glucagon production in a-
cells [154, 155]. In addition, mice depleted from ATF3 in the hypothalamus and pancreas exhibit
better glucose tolerance, higher insulin sensitivity and decreased energy intake in lean and obese states
[155]. In regard to adipose tissue, an adipocyte-specific overexpression of ATF3 was shown to induce
mitochondrial dysfunction and decreased glucose tolerance in DIO mice [156]. In line, in DIO as well
as ob/ob and db/db mice, Atf3 was found to be up-regulated in WAT [157]. Moreover, ATF3 has been
described as a negative regulator of the insulin-sensitizing adipokine adiponectin [157], linking
obesity-induced mitochondrial dysfunction to reduced adiponectin levels and hyperinsulinemia [158].
In cases of cellular or ER stress, caused for instance by hypoxia, it was further reported that ATF3
counteracts adipocyte differentiation by transcriptionally repressing CCAAT/enhancer binding protein
o (C/EBPa), peroxisome proliferator activated receptor y (PPARy) [159, 160], and its co-activator
fatty acid-binding protein 4 (FABP4) in vitro [161]. In line, knockout of ATF3 in 3T3-L1 cells was

shown to ameliorate mitochondrial dysfunction in obesity-mimicking hypoxic states [156] (Figure 4).
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Figure 4 Targets of ATF3 in metabolic regulation.
ATF3 is induced by various stress factors and acts as a hetero- or homodimer and controls transcription of genes
involved in various metabolic processes in the heart, pancreas, macrophages, WAT and the hypothalamus. The
function of ATF3 in BAT has not been elucidated yet. Scheme was adapted from [162] and made by using
Servier Medical Arts templates, which are licensed under a Creative Commons Attribution 3.0 Unported
License; https://smart.servier.com.

Hasin and colleagues showed that ATF3 expression on gene as well as protein level can be
induced by pharmacological doses of a- and p-adrenergic stimuli in all heart chambers
(phenylepinephrine and isoproterenol both 2.5mg/kg) [163]. The biggest effect however was found
upon angiotensin Il injection, where ATF3 expression was particularly found in the left chamber, after
which EGFR-dependent pathways via ERK and PI3K-Akt were activated [163]. Moreover, it was
presented that ATF3 plays a protective role in cardiac fibroblasts under an angiotensin II stimulus.
Consistently, cardiac specific ATF3ko mice exhibited increased hypertensive ventricular remodeling

and heart failure, which could be rescued by ATF3 overexpression [164] (Figure 4).

Previous studies performed by Dr. Carola Meyer, Jana Schifer and myself identified ATF3 as a
noradrenergic response gene in BAT in vivo and in vitro (Master Thesis Jana Schdfer) [165]. In BAT,
Atf3 was one of the strongest up-regulated genes (p< 0.01 and FC 10.33) among 855 differentially
regulated genes (p<0.01, FDR<10%, FC >1.2) 2.5h after noradrenalin stimulation.
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This finding was validated in primary or immortalized differentiated brown adipocytes from
wildtype mice stimulated with isoproterenol or the specific P;- receptor agonist CL-316,243,
indicating that A#f3 might be a B-adrenergic response gene [165]. Despite the known functions of
ATF?3 in the regulation of white adipose tissue, relatively little is known about the function of ATF3 in
BAT. Therefore studying the function of ATF3 in more detail is of great interest, especially with

respect to the favorable BAT function of activating thermogenesis.
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1.7 Aims of the work

The obesity epidemic has rapidly grown the last decades and represents a health threat for all age
groups, since it is associated with the development of, e.g. T2DM and cardiovascular diseases. Thus,
the need for personalized medicine is growing and most of the pre-clinical studies for anti-obesity
drugs depend on rodent DIO models. Yet, DIO studies are often not comparable as they vary in
experimental set ups and outcomes. Therefore, the aim of this work was to identify how different
dietary interventions influence the outcome of DIO studies and which metabolic and genetic
underpinnings could be observed due to a history of DIO in C57BL/6 mice. In detail, one aim was
to elucidate how the experimental set up impacts the development of HFD-induced obesity in
C57BL/6 mice. Specifically asking the question how variations in mouse strains, gender, diet
composition and feeding durations affect body weight and fat mass gain as well as the
development of glucose intolerance. Consuming a low-fat diet is a well-liked method for
overcoming obesity. Thus, it was aimed to see whether DIO could be reversed in C57BL/6 mice by ad
libitum switch from a HFD to a low-fat diet. In particular, it was aimed to uncover metabolic
underpinnings of diet-induced weight loss in peripheral tissues of C57BL/6J mice. Since many
formerly obese subjects regain body mass after dieting, it was aimed to see whether formerly obese
mice were more susceptible to recurring weight gain upon re-exposure to a hypercaloric environment
for 48h. Moreover, the question was asked if candidate genes could be identified, which were up-
regulated in adipose tissue of obese and formerly obese mice, when compared to age-matched
never-obese mice. In this context Activating Transcription Factor 3 (ATF3) was identified to be an
interesting candidate gene in white and brown adipose tissue of obese and formerly obese mice. Thus,
the impact of BAT derived -ATF3 on the development of DIO was analyzed using an UCP1-
specific ATF3 knockout model.
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2. Material & Methods

2.1 Material

2.1.1 Laboratory equipment

Table 2 List of laboratory equipment

Equipment

Supplier

Cell culture hood Safe 2020

Thermo Fisher Scientific Inc., Waltham, MA, USA

Centrifuge Mikro 200R

Hettrich Zentrifugen, Tuttlingen, Germany

CO, incubator

Thermo Fisher Scientific Inc., Waltham, MA, USA

Nuclear magnetic resonance measurement
device

EchoMRI®LLC, Houston, TX, USA

Glucometer

Abbott GmbH & Co. KG, Wiesbaden, Germany

Heating magnetic stirrer

VELP scientifica, Usmate, Italy

Shaking incubator

Thermo Fisher Scientific Inc., Waltham, MA, USA

Mice weighing scale (Ranger 4000)

OHAUS Europe GmbH, Greifensee, Switzerland

Microscope AxioScope

Zeiss, Oberkochen, Germany

Nanodrop 2000 UV-Vis spectrophotometer

Thermo Fisher Scientific Inc., Waltham, MA, USA

Oroboros, Oxygraph 2k

Oroboros Instruments GmbH, Innsbruck, Austria

Pherastar FS

BMG Labtech, Ortenburg, Germany

PH-meter Lab 850

SI Analytics GmbH, Mainz, Germany

Scale M-prove

Sartorius, Goettingen, Germany

Table centrifuge perfect spin mini

PeQ Lab, Erlangen, Germany

Tagman cycler Viia7

Applied biosystems, Foster City, USA

Tissue lyzer 11

Qiagen, Hilden, Germany

VapoProtect Mastercycler

Eppendorf, Hamburg, Germany

Water bath

Thermo Fisher Scientific Inc., Waltham, MA, USA

Table 3 List of consumables

Consumable

Supplier

Histological casettes 500

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Pipettes 5Sml

Greiner Bio-One GmbH, Frickenhausen Germany

Pipettes 25ml

Greiner Bio-One GmbH, Frickenhausen Germany

Pipettes 10ml

Greiner Bio-One GmbH, Frickenhausen Germany

Einmalspritzen 1ml

B.Braun, Melsungen, Germany

FilterTips TipOne 1-200

Starlab GmbH, Hamburg, Germany

FilterTips TipOne 0.1-10

Starlab GmbH, Hamburg, Germany

FilterTips TipOne 0.5-20

Starlab GmbH, Hamburg, Germany

FilterTips TipOne 100-1000

Starlab GmbH, Hamburg, Germany
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Glucose stripes

Abbott GmbH & Co. KG, Wiesbaden, Germany

MicroAmp Optical 384-Well Reaction
Plate

Gibco/Life Technologies/Thermo Fisher Scientific Inc., Massachusetts

MA, USA

Superfrost Plus slides

Menzel GmbH & co KG Braunschweig, Germany

Optical adhesive covers

Gibco/Life Technologies/Thermo Fisher Scientific Inc., Massachusetts

MA, USA

PCR 8ER-SOFTSTRIPS 0.2ml 5X25

Biozym Scientific GmbH, Oldendorf, Germany

Reaction tubes 2.0ml

Sarstedt, Niimbrecht, Germany

Reaction tubes 1.0ml

Sarstedt, Niimbrecht, Germany

TC-Platte 12 Well,Standard,F

Sarstedt, Niimbrecht, Germany

TC-Platte 6 Well,Standard,F

Sarstedt, Niimbrecht, Germany

10cm cell culture dish

Thermo Fisher Scientific, Nunc AG, Roskilde, Denmark

15cm cell culture dish

Thermo Fisher Scientific, Nunc AG, Roskilde, Denmark

2.1.2 Mouse diets

Table 4 List of used mouse diets

N ch Ssniff Ssniff Ssniff RD RD RD

ame ow Ctrl 45% 60% ctrl | 58% | 60%
Numb Altromin | E15745- | E15744- | E15742- D D D

umber 1318 04 34 34 12329 | 12331 | 12492
Protein (kcal%) 27.00 20.00 20.00 19.00 | 16.40 | 16.40 | 20.00
Carbohydrate (kcal%) 59.00 70.00 35.00 21.00 | 73.10 | 25.60 | 20.00
Fat (keal%) 14.00 10.00 45.00 60.00 | 10.50 | 58.00 | 60.00
Total (keal%) 100.00 100.00 | 100.00 100.00 | 100.00 | 100.00 | 100.00
Metabolizable energy 3.47 3.66 4.59 5.11 407 | 5.6 524
(kcal/g)
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RD Ctrl

[ mineralsivitamins
[ casein

Bl maltodextrin

Bl sucrose

3 soy oil

3 coconutoil

RD 58% RD 60%

[ mineralsivitamins
[ casein

Il maltodextrin

Bl sucrose

3 soy oil

3 coconut oil

[ minerals/vitamins
[ casein

Il maltodextrin

Il sucrose

Bl cellulose

3 soy oil

3 lard

Ssniff 10% Ssniff 45% Ssniff 60%
[ mineralsiitamins [ minerals/vitamins [ mineralsivitamins
[ casein [ casein [ casein
Bl maltodextrin Bl maltodextrin Bl maltodextrin
Il sucrose Bl sucrose I sucrose
Bl corn starch Bl corn starch Bl corn starch
Bl cellulose Il cellulose Bl cellulose
[ palm oil 3 palmoil 3 palm oil
=3 lard 3 lard 3 lard
[ cornoil 3 comn oil 3 cornoil
Chow
[ mineralsivitamins
3 casein
Il maltodextrin
Il sucrose
Bl cellulose
3 palmoil
3 lard
3 cornoil
Figure 5 Composition of used mouse diets.
2.1.3 Chemicals
Table 5 List of chemicals
Product Supplier

2 - Mercapethanol

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Acetic Acid Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Agarose Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Ascorbate Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Bovine serum albumin (BSA), fatty acid
free TG

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Bradford Reagent Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Chloroform Applichem GmbH, Darmstadt, Germany
Collagenase IV Life Technologies/Thermo Fisher Scientific Inc., MA, USA

Cytochrom C

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Dexamethason Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Dimethyl sulfoxide (DMSO) Carl Roth GmbH + Co. KG, Karlsruhe, Germany
i Life Technologies/Thermo Fisher Scientific Inc.
DTT Applichem GmbH, Darmstadt, Germany
EDTA Carl Roth GmbH + Co. KG, Karlsruhe, Germany
EGTA Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Eosin (Chromotrope II) Alfa (Aesar), Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany

Ethanol (denatured)

Brenntag GmbH, Essen, Germany
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Ethanol, absolute

Merck KGaA, Darmstadt, Germany

Glucose (20%)

B.Braun, Melsungen, Germany

HEPES

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Hematoxilin (Mayer’s
Hémalaunsolution)

Merck KGaA, Darmstadt, Germany

IBMX

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Indomethazin

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Insulin

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Isoproterenol hydrochloride

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Isopropanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
KCl Carl Roth GmbH + Co. KG, Karlsruhe, Germany

KFI1 Carl Roth GmbH + Co. KG, Karlsruhe, Germany
KH,PO, Carl Roth GmbH + Co. KG, Karlsruhe, Germany
MgCl, Applichem GmbH, Darmstadt, Germany

NaCl Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Na-Desoxychelat Carl Roth GmbH + Co. KG, Karlsruhe, Germany
NaOH

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Noradrenalin

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Nu-PAGE LDS sample buffer

Gibco/Life Technologies/Thermo Fisher Scientific Inc.,
Massachusetts MA, USA

Nuclease free water

Qiagen GmbH, Hilden, Germany

PFA

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

PCR-Puffer without MgCl12 10x

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Protease Phosphatase inhibitor cocktail

Thermo Fisher Scientific Inc., Massachusetts MA, USA

Proteinase K

VWR International GmbH, Ismaning, Germany

PMSF

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Qiazol

Qiagen GmbH, Hilden, Germany

Rnase free Water

Qiagen GmbH, Hilden, Germany

Rosiglitazone

Santa Cruz Biotechnology, Dallas, (TX), USA

SDS - 20% Applichem GmbH, Darmstadt, Germany

SERVA DNA Stain Clear G SERVA Electrophoresis GmbH, Heidelberg, Germany

T3 Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Triton X VWR International GmbH, Ismaning, Germany

TRIS Carl Roth GmbH + Co. KG, Karlsruhe, Germany

TRIS HCL Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Tween 20 Gibco/Life Technologies/Thermo Fisher Scientific Inc.,
Massachusetts MA, USA

Xylol Carl Roth GmbH + Co. KG, Karlsruhe, Germany
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2.1.4 Media and buffers

Table 6 List of cell culture media

Product

Supplier

DMEM, high glucose, GlutaMAX

Gibco/Life Technologies/Thermo Fisher Scientific Inc., (MA), USA

DPBS

Gibco/Life Technologies/Thermo Fisher Scientific Inc., (MA), USA

Fetal bovine serum (FBS)

Gibco/Life Technologies/Thermo Fisher Scientific Inc., (MA), USA

Penicillin-Streptomycin (10,000
U/ml)

Gibco/Life Technologies/Thermo Fisher Scientific Inc., (MA), USA

Trypsin-EDTA (0.05%)

Gibco/Life Technologies/Thermo Fisher Scientific Inc., (MA), USA

Table 7 Composition of digestion mix

Reagent Final concentration
DMEM (pure) 100%
Collagenase IV 1%

BSA 0.1%

Culture medium (DMEM/10%FBS/1%P/S):

500 ml DMEM with 50 ml FBS and 5 ml Penicillin-Streptomycin

Induction medium:

Induction medium was prepared by supplementing culture medium with the in Table 8 described

compounds.

Table 8 Induction medium compounds

Reagent Final concentration
IBMX/ 0.5M KOH 0.5mM
Dexamethason/100% Ethanol S5uM
Indomethazin/DMSO 125uM
T3/0.1% DMSO (H,0) InM

Insulin 100nM
Rosiglitazone (optional) luM

Differentiation medium:

Differentiation medium was prepared by supplementing culture medium with the in Table 9 described

compounds.
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Table 9 Differentiation medium compounds

Reagent Final concentration
T3/0.1% DMSO (H,0) InM
Insulin 100nM

10x PBS (pH 7.4):

1000ml ddH,0 with
¢ 80g NaCl
e 2.0gKCl

b 144g NazHPO4
b 24g KH,PO,

10x TBS (pH 7.4)

1000ml ddH,0:

e 12.1g Tris

¢ 85gNaCl
10x TRIS (pH 7.6)
900ml ddH,0:

e 87.6 NaCl

* 60.5¢gTRIS

¢ Set pH-value to 7.6 with 1M HCI
* Adjust volume to 10001

50x TAE buffer (pH 8.5):
750ml ddH,0:
e 242g Tris-Base
e 57.1ml acetic acid
e 100ml 0.5M EDTA
* Adjust volume to 1000ml

2% Agarose gel:
2g agarose in 100ml 1xTAE buffer

4% PFA (pH 7.4):

800ml 1xPBS:
* 4gPFA
* 1M NaOH dropwise until clear
* Adjust to 1000ml with 1xPBS

RIPA (pH 7.2):
250ml ddH,0:

* 1.97g Tris-HCI

e 2.19g NaCl

* 93.05¢ EDTA

* 0.62g Na-Deoxychelat
¢ 2.5ml Triton-X
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COX assay buffer (pH 7.4):
250ml ddH,0:

* 1.7g Kh,Po4 (50mM)

* 0.19¢ EGTA (2mM)

*  440mg Ascorbate (10mM)

COX tissue buffer:
50ml ddH,O0:
* 0.12g HEPES (10mM)
¢ 0.15g KCI1 (40mM)
* 0.04g EGTA 2mM)
* 0.03g KFI (10mM)
*  5ml Tween (20)
¢ 0.5u] PMSF 2uM)

2.1.5 Primers

Table 10 List of qPCR primers

Gene-name Forward (5°<3’) Reverse (3°<5’)
Acaca GATGAACCATCTCCGTTGGC GACCCAATTATGAATCGGGAGTG
Adiponectin | TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT
Agrp GGCCTCAAGAAGACAACTGC GCAAAAGGCATTGAAGAAGC
Ascl AGTGTTCCAGGACACCCTTG GGGTGGCACTCAAGAAAGAG
A3 GAGGATTTTGCTAACCTGACACC | TTGACGGTAACTGACTCCAGC
Cdllb TGACCTGGCTTTAGACCCTG ACCTCTGAGCATCCATAGCC
Cdllc CTGGATAGCCTTTCTTCTGCTG GCACACTGTGTCCGAACTCA
Cd206 TGATTACGAGCAGTGGAAGC GTTCACCGTAAGCCCAATTT
Cd301 CTCTGGAGAGCACAGTGGAG ACTTCCGAGCCGTTGTTCT
Cd68 TGTCTGATCTTGCTAGGACCG GAGAGTAACGGCCTTTTTGTGA
Cidea AATGGACACCGGGTAGTAAGT CAGCCTGTATAGGTCGAAGGT
F4/80 CATAAGCTGGGCAAGTGGTA GGATGTACAGATGGGGGATG
Fasn AGAGATCCCGAGACGCTTCT GCTTGGTCCTTTGAAGTCGAAGA
Foxol CGCCTCCTACTACTGAGC TGTCTGTACTTAGGCGCACA
Glutd CCGCGGCCTCCTATGAGATACT AGGCACCCCGAAGATGAGT
Hprt CAGTCCCAGCGTCGTGATTA AGCAAGTCTTTCAGTCCTGTC
1ip GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
16 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
Ldlr TCAGACGAACAAGGCTGTCC CCATCTAGGCAATCTCGGTCTC
Lepr CGTGGTGAAGCATCGTACTG GGGCCATGAGAAGGTAAGGT
Leptin GGGCTTCACCCCATTCTGA TGGCTATCTGCAGCACATTTTG
P2rx5 CTGCAGCTCACCATCCTGT CACTCTGCAGGGAAGTGTCA
Pat2? GTGCCAAGAAGCTGCAGAG TGTTGCCTTTGACCAGATGA
Pepckl CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC
Pgclo AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG
Pomc CATTAGGCTTGGAGCAGGTC TCTTGATGATGGCGTTCTTG
Ppary CCCTGGCAAAGCATTTGTAT GAAACTGGCACCCTTGAAAA
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Prdml6 CCGCTGTGATGAGTGTGATG GGACGATCATGTGTTGCTCC
Scdl TCCAAGCGCAGTTCCGCCAC TGGAGATCTCTTGGAGCATGTGG
Srebplc GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
Srebp2 CATTCTCCAGCAGTTCCGTG GCCCTCTCACAGTGACAGAA
Thp GAAGCTGCGGTACAATTCCAG CCCCTTGTACCCTTCACCAAT
Tnfo CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Ucpl GGCCTCTACGACTCAGTCCA TAAGCCGGCTGAGATCTTGT
2.1.6 Kits

Table 11 List of used Kits

Kit Supplier
Adiponectin ELISA Merck KGaA, Darmstadt, Germany

Cholesterol WAKO Chemicals GmbH, Neuss, Germany

Leptin ELISA Alpco Diagnostics, Salem, NH, USA

Masson’s Trichrome Stain Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Mouse Ultrasensitive Insulin ELISA Kit | Alpco Diagnostics, Salem, NH, USA

NEFA WAKO Chemicals GmbH, Neuss, Germany
PeqgGreen VWR Life Science Competence, Erlangen, Germany
PCR Taq Polymerase Qiagen GmbH, Hilden, Germany

QuantiTect Reverse Transcription Kit Qiagen GmbH, Hilden, Germany

RNA 6000 Pico Kit Agilent, Santa Clara, CA, USA

RNeasy Mini Kit Qiagen GmbH, Hilden, Germany

Gibco/Life Technologies/Thermo Fisher Scientific Inc., Massachusetts

SYBR Green PCR Master Mix, 2-Pack MA, USA

Triglyceride (used for plasma

WAKO Chemicals GmbH, Neuss, Germany
measurements)

Triglyceride (used for tissue
measurements)

BioVision Inc., Milpitas, CA, USA
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2.2 Methods

2.2.1 In vivo measurements

2.2.1.1 Mouse Strains

Wild type male and female C57BL/6NCrl and C57BL/6JCrl mice were purchased from Charles
River (Germany) at the age of 6 weeks. The colony of Atf3™™ and Atf3"";Ucp1“*" mice was generated
by crossing male C57BL/6] mice, carrying heterozygous Atf3 flox alleles (Atf3"") [166], to
C57BL/6N mice with a knockin of the cre-recombinase under the UCP1 locus [167]. Tsonwin Hali,

+ .
19" mice

from the Ohio State University, generously provided the two founder Atf3"" mice and Ucp
were kindly provided by Dr. Timo Miiller, from the Institute of Diabetes and Obesity at the Helmholtz

Zentrum Miinchen and were originally described in [167, 168].

2.2.1.2 Housing conditions

All mice were maintained in a conventional animal facility of the Helmholtz Zentrum Miinchen
(Neuherberg, Germany) at constant ambient temperature of 22+ 2°C, with 45-65% humidity and a 12h
light-dark cycle. All mice received a standard chow diet (Altromin 1318, Lage, Germany) and water
ad libitum until further dietary interventions or death (Figure 5 and Table 4). In vivo animal
experiments were performed upon approval of the Bavarian Animal Care and Use Committee (AZ
55.2-1-54-2532-36-2012, 55.2-1-54-2532-152-13, 55.2-1-54-2532-33-2014 and 55.2-1-54-2535-172-
14).

2.2.1.3 Dietary intervention studies

2.2.1.3.1 Diet-induced obesity (DIO) protocols

For the comparison of different DIO protocols regarding their potency to induce obesity, in a first
step, 7 weeks old male C57BL/6JCrl and C57BL/6N wildtype mice were randomly assigned to
different low-fat diets (LFD) and HFDs: ‘Ssniff 60%’ (60% kcal from fat (lard), E15742-34 Ssniff
GmbH, Soest, Germany), ‘RD 60%’ (60% kcal from fat (lard), D 12492 Research Diets, New
Brunswick (NJ), USA) or ‘Ssniff Ctrl> (10% kcal from fat, E15745-04, Ssniff GmbH, Soest,
Germany) for 16 weeks (Figure 5 and Table 4). During the further DIO protocols, 7 weeks old male
and female C57BL/6N wildtype mice were randomly assigned to one of three experimental diet
groups (n=6): ‘Ssniff 60%’ (60% kcal from fat (lard), E15742-34 Ssniff GmbH, Soest, Germany),
‘Ssniff 45%’ (45% kcal from fat (lard), E15744-34, Ssniff GmbH, Soest, Germany) or the LFD
‘Ssniff Ctrl” (10% kcal from fat (lard) E15745-04, Ssniff GmbH, Soest, Germany) and received
respective diets for 3 days up to 140 days ad libitum. Regarding the 3, 14, 84 and 140 days cohorts,
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the experimental feeding started in October 2015 and ranged until February 2016, whereas the 56 days
cohort was run from April 2016 to June 2016 (Figure 6).
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Figure 6 Scheme of cohorts running in the DIO phenotyping study.
Upon arrival, all male and female C57BL/6N mice were acclimatized to the Ssniff Ctrl diet (10%kcal from fat) for one week.
Prior to starting the experimental feedings with either one of the three diets: Ssniff Ctrl, Ssniff 45% or Ssniff 60% , body
composition was determined of all mice via NMR. Body mass was determined in a weekly manner. Prior to sacrificing the
mice at indicated time points (3 days—140days) i.p. GTTs and NMR measurements were performed. Except the 56 days
cohort, all feeding experiments took place during October 2015 and February 2016.

For the HFD-characterization of the Atf3"":;Ucp1™®" mice, male and female Atf3"" (n=6 and
n=10) and Atf3""Ucp1“** (n=6 and n=10) littermates were given the RD 58% HFD (D12331,
Research diets, New Brunswick (NJ), USA) for a duration of 13 weeks (Figure 5 and Table 4).
During all the DIO studies, body weight was determined in a weekly manner, using ranger 4000 scale

from OHAUS (Greifensee, Switzerland).

2.2.1.3.2 Diet induced weight-loss

8 week old male C57BL/6JCrl mice were distributed into weight-matched pairs and were
randomly assigned to either the RD 58% HFD (D12331, Research diets, New Brunswick (NJ), USA,
‘obese’, n=47) or a LFD ‘RD Ctrl’ (10.5% kcal from fat, D12329, USA Research diets, New
Brunswick (NJ), USA, ‘lean’, n=23). After 20 weeks of feeding, a group of HFD-fed mice was
switched to the LFD (formerly obese, n=23) ad libitum for 7 subsequent weeks. A sub-group of the
diet-switched (formerly obese) mice and age-matched lean mice were (re-) introduced to the RD 58%

HFD ad libitum for 48h (formerly obese- HFD and lean-HFD, n=12).
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2.2.1.4 NMR-Analysis

Body composition was assessed by nuclear magnetic resonance measurements (EchoMRI“LLC,

Houston, USA) before the onset of dietary interventions and prior to sacrificing the mice (Figure 6).

2.2.1.5 Glucose Tolerance Test (GTT)

Mice were fasted for six hours during the light phase and basal glucose levels (Omin) were
determined 6h postprandial, using a FreeStyle Freedom Lite Glucometer (Abbot, Wiesbaden,
Germany). Thereafter, 2g/kg body weight glucose (20% glucose in saline) was injected

intraperitoneally and blood glucose was assessed at 15, 30, 60 and 120 min past injection.

2.2.1.6 Sacrifice and tissue collection

All mice were sacrificed in the same manner with respect to the individual projects. Regarding the
DIO-phenotyping study, mice were euthanized by Ketamin (100mg/kg) / Xylazin (7mg/kg), blood was
taken from the vena facialis for plasma isolation and organs were isolated for further molecular and
histological analysis. The Atf3""Ucp1°®" mice were sacrificed by cervical dislocation and the diet-
induced weight loss mice were killed via CO, following a 3h fast. Blood was withdrawn from the
interior vena cava and put in EDTA-coated cups on ice until further use. Blood was centrifuged
(4000g, 4°C, 10min). Plasma was collected and stored at -20°C until further use. Tissues were rapidly

dissected, weighed, snap-frozen on dry ice, and stored at -80°C until further analysis.
2.2.2 Ex vivo measurements

2.2.2.1 Genotyping

Tissue specimen, e.g. ear clips, were digested with 1M NaOH in a thermocycler at 95°C for 30
min under vigorous shaking (1000rpm). Subsequently, the pH was readjusted, using 50mM Tris-HCI.
For genotyping the Atf3 floxed allelles, a PCR Mastermix was prepared Table 13. 21.5ul oft he 4#3-

PCR Mastermix was added to 1pl of digested DNA and amplified following the protocol given in
Table 14.

Table 12 List of primers used for genotyping.

Primer Forward (5°<3’)
Atf3 Oligo 956 TTCACTGCTAATAGCTCCTG
Atf3 Oligo 845 TTCATAGCTCAGGGAACATCGG
Atf3 Oligo 916 CAACTCCCTCTCCTCAAGTC

Ucplcre F1 CAAGGGGCTATATAGATCTCCC
Ucplcre R1 ATCAGAGGTGGCATCCACAGGG
Ucplcre R2 GTTCTTCAGCCAATCCAAGGG
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Table 13 A7f3-PCR Mastermix for genotyping

Volume

Reagent (ul)
10x PCR buffer 2
25mM MgCl12 1.5
SmM dNTP's 0.4
Primer Mix (20uM) 1
Taq Polymerase 0.2
ddH,0 14.4
10x Coral Red Dye 2
Total 21.5

Table 14 Atf3-PCR protocol

PCR steps Temperature (°C) Time Number of cycles
Denaturation 94 4 min 1
Melting 94 20 sec 35
Annealing 64 20 sec 35
Polymerisation 72 1 min 35
Polymerisation 72 2 min 1
Cooling 12 Infinite 1

For the Ucplcre genotyping, 9.5ul of Ucplcre-PCR Mastermix ( Table 15) was added to 0.5ul of
DNA and amplified in a PCR cycler, following the protocol given in Table 16.

Table 15 Ucpl cre-PCR Mastermix

Reagent Volume (ul)
10x PCR Mix Platinum Green 5
Primer (10uM) 0.5
Total 9.5
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Table 16 Ucpl cre PCR protocol

PCR steps Temperature (°C) Time Number of cycles
Denaturation 95 5 min 1
Melting 95 45 sec 35
Annealing 58 45 sec 35
Polymerisation 72 45 sec 35
Polymerisation 72 10 min 1
Cooling 12 Infinite 1

Amplified DNA was loaded on a 2% agarose gel containing DNA stain clear and run at 150V for
45min. Atf3 floxed alleles were detected at a size of 347bp and wildtype bands observed at a size of
189bp. Sometimes, recombination was visible with an additional band showing up at 242bp (Figure
7). Ucplcre+ bands were detected at a size of 336bp and UcplIcre- bands were observed at a size of

554bp (Figure 7).

o fli+ AR fIf o fi+ ff A fIA

Atf3 genotyoping:

» fl-allele 189bp
* cko 242bp
» wt-allele 347bp

500bp

100bp

cre- cre+ cre- cre- cre- cre- cre- )
Ucp1cre genotyoping:
* cret  336bp
* cre- 554bp

500bp

100bp

Figure 7 Example of A#f3 flox and UcpIcre genotyping loaded on a 2% agarose gel.
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2.2.2.2 Metabolic measurements

Plasma and liver triglycerides, cholesterol and non-esterified free fatty acids (NEFA) were
determined via the LabAssay™ kits (WAKO Chemicals, Neuss, Germany), according to the
manufacture’s instruction. Plasma insulin and leptin were measured using the Ultrasensitive insulin
and leptin ELISA Kits (ALPCO Diagnostics, Salem, USA). Plasma adiponectin was determined using
the MOUSE Adiponectin ELISA Kit (Merck Millipore, Darmstadt, Germany) according to the

manufacture’s instructions.

2.2.2.3 Hepatic triglyceride content

Hepatic triglyceride content was determined in 40mg of grinded liver tissue and extracted using
the LabAssay'" Triglyceride Kit from WAKO Chemicals GmbH and BioVision (Milpitas, USA)

according to the manufacturer’s instructions.

2.2.2.4 Cytochrome C Oxidase (COX)- activity measurements

30mg of BAT was homogenized in COX-tissue buffer (2.1.1), using a Potter-type homogenizer
and subsequently sonicated with several short bursts, following previous publication [169]. 2ml of
COX-Assay buffer was transferred to the O2k Oxygraph chambers and suspended with 40uM
Cytochrome C, SmM ADP and 2uM oligomycin. Tissue homogenate was added in steps of 2.5ul and
oxygen consumption as recorded in the Oroboros instruments (Innsbruck, Austria) at 37°C. Protein
content of the homogenized BAT was determined via Bradfordassay (Sigma Aldrich, Taufkirchen,
Germany) and COX activity was determined from 120pg of homogenized BAT and normalized to mg
BAT tissue.

2.2.2.5 Histology

For histological analysis, pieces of sScWAT, gWAT and liver were taken and fixed in 1ml of
4% PFA (Carl Roth, Karlsruhe, Germany) in PBS at room temperature for 24h and restored in 1ml
70% ethanol until further analysis. Ethanol fixed tissues were dehydrated in an ascending row of
ethanol and xylene (90% ethanol, 2x 100% ethanol, each for 1h and subsequently 3x xylene, each for
10min). Subsequently, tissues were saturated with paraffin (2x 1h and overnight at 65°C) and
embedded with paraffin (Leica, Germany) on the next day. Embedded tissues were cut into Spum
sections using a microtome (Leica, Germany). Sections were floated into a water bath (37°C; Thermo
Haake, Germany), taken up on microscopic slides and oven-dried (60°C, 10min, Binder GmbH,

Germany).
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2.2.2.5.1 H&E staining

Tissue sections were stained with Hematoxylin and Eosin. The sections were cleared in xylene (2x
2min) and deparaffinized in a descendent row of ethanol (100%-70% each 2min). After washing with
ddH,O (2min), the sections were stained with Hematoxylin and Eosin (30sec.) and subsequently
washed under running tap water (2min). Thereafter, the tissue sections were dehydrated through an
ascendant row of ethanol (96%-100% each 2min) and cleared in xylene (2x 5min). Immediately after
staining the sections were mounted using Roti-Histokit (Carl Roth, Germany), coverslipped (Medite

Medizintechnik, Germany) and air-dried.

2.2.2.5.2 Masson’s trichrome staining
To assess the level of hepatic fibrosis, Masson’s trichrome stainings were performed on Spum
thick, paraffin embedded liver tissue sections (n=5) using the trichrome stain (Masson)-Kit (HT15)

from Sigma Aldrich according to the instructions.

2.2.2.5.3 Grading of fibrosis and steatosis
Fibrosis (0=no fibrosis, 6=cirrhosis) and steatosis grading (1=<5% of liver cells involved,
4=>66% liver cells involved) were performed according to standard guidelines [170]. The histological

score was calculated by summing up the assessed fibrosis score and histological score.

2.2.2.5.4 Adipocyte size measurements

H&E stained sections of scWAT and gWAT were examined under a light microscope (Zeiss
Axioscop 40, Germany, 200x magnification). Per tissue, pictures from three different areas were taken
(Zeiss AxioCam MRC, 200 x magnifications). Adipocyte cell size was determined by measuring the
scope of 20 to 25 randomly picked adipocytes per area of the respective adipose tissue using
AxioVision Rel.4.8. Mean adipocyte cell sizes + SD (um?) were calculated for each area, tissue,
animal and experimental group. Adipocyte cell size distributions are presented as relative % per BIN

(2000pm?).
2.2.3 In vitro analysis

2.2.3.1 Isolation of primary cells

2.2.3.1.1 Digestion of adipocytes

7 week old Atf3" and Atf3"",Ucp1®" were sacrificed by cervical dislocation and BAT and
scWAT were excised and subsequently stored in 10cm dishes with ice cold PBS. The tissues were cut
into tiny pieces, using two razor blades. Cut tissues were digested in Sml (BAT) or 10ml (scWAT) of

in Table 7 described digestion mix, using a thermocycler at 1000rpm, 37°C, 30min.
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2.2.3.1.2 Isolation of BAT adipocytes

Digested BAT was filtered through a 250um mash into a 50ml falcon and washed with Sml of ice
cold PBS. The digested mix was left to stand for 15min, to allow adipocytes floating to the top.
Subsequently, the layer of adipocytes was removed with a cut 1ml pipette tip and added to 1ml of
Qiazol (Qiagen, Hilden, Germany) for subsequent RNA-isolation.

2.2.3.1.3 Isolation of preadipocytes

Digested BAT and scWAT was filtered through a 100um yellow gauche into a 15ml falcon and
the filter was washed with 5ml of ice cold PBS. The suspension was centrifuged (800g, RT, 5min).
The supernatant was removed and the pellet was re-suspended in 5ml of culture medium and once
more centrifuged (800g, RT, Smin). The supernatant was again removed and the pellet re-suspended in

3ml of culture medium and eventually plated on a 6-well plate.

2.2.3.2 Culturing of preadipocytes

Preadipocytes were maintained in culture medium (see chapter 2.1.4) at 37°C in a humified 5%
CO,, 95% air environment. The culture medium was changed every other day and cells were sub-
cultured when reaching a confluence of 80-90%. For the latter, cells were washed with PBS, detached
during a 3min incubation with trypsin and re-suspended in DMEM. After removal of the supernatant,

the cells were re-suspended with fresh culture medium and splitted in a desired ratio.

2.2.3.3 Differentiation of preadipocytes

For the differentiation into mature adipocytes, 1x10” preadipocytes were seeded to 12-well plate
and the medium was changed every two days, until a confluence of 90%. The differentiation was
induced by adding 1ml of induction mix (Table 8) to each well (Day 0). For the induction of
subcutaneous preadipocytes, additionally, 1uM rosiglitazone was added. After two days, the induction
medium was replaced by freshly prepared differentiation medium (Table 9) and this medium was

changed every other day until the cells were fully differentiated.

2.2.3.4 Isoproterenol stimulation

Fully differentiated brown adipocytes were stimulated with 0.5uM isoproterenol for 2h. The
medium was not changed in control treated cells. After 2h, the cells were washed with PBS, lyzed and

frozen until further analysis.
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2.2.4 Standard molecular biological techniques

2.2.4.1 Protein isolation

Tissues were roughly grinded in liquid nitrogen, aliquoted and stored at -80°C until further use.
20mg (BAT, liver) to 100 mg (gWAT, scWAT) of grinded tissue were homogenized in 1ml of freshly
prepared RIPA-buffer, containing protease- and phosphatase inhibitor cocktail, by using the tissue
lyzer (Tissue Lyzer II, Qiagen) two times for 1.5min at 28HZ. Supernatants were taken after two
subsequent rounds of centrifugation (18600g, 4°C, 30min). Isolated protein homogenates were

quantified using Bradfordassay and stored at -20°C until further use.

2.2.4.2 RNA isolation
In liquid nitrogen grinded tissues of BAT (20mg), WAT (80-100mg), and liver (20mg) were

homogenized in 1ml of Qiazol and whole, isolated hypothalami and hearts were grinded in RPE buffer
containing 2M [B-mercaptoethanol for two times (1.5min at 28HZ) using the tissue lyzer. After an
incubation (RT, 5min), tissue homogenates were centrifuged (2500g, 4°C, 5min) and the supernatant
was transferred into a new RNAse-free cup. Subsequently, phase separation of the supernatant was
induced by adding 200ul chloroform, vortexing and centrifugation (4°C, 18400g, 20min). 350ul of the
RNA containing clear phase was further added to 70% Ethanol, mixed well and pipetted to a spin
column of the RNeasy Mini Kit (Qiagen, Germany) and RNA isolation was further processed
according to the manufacture’s instruction. RNA yield was determined using the Nanodrop (Nanodrop

2000, Thermo Scientific).

2.2.4.4 cDNA-Synthesis and qPCR

1pug of RNA was reversely transcribed in to cDNA using QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacture’s protocol. Real-time quantitative poly chain reaction (RT-
qPCR) was performed using SYBRgreen reagents and run on ViiA™ 7 Real-Time PCR System from
Applied Biosystems. Primer sequences are enlisted in Table 10. Differential expression levels were
calculated via the AAct method and are expressed as relative mRNA levels to the housekeeping-gene

or fold change (FC) to the control group [171].

2.2.4.5 RNA integrity measurements

The integrity of the isolated RNA (RNA integrity number (RIN)) was determined using the
Agilent RNA 6000 Pico kit in the Agilent 2100 Bioanalyzer, according to the manufacturer’s
instructions. Briefly, a previously prepared gel was mixed with 65ul of the blue RNA 6000 pico dye.
After centrifugation (13000g, RT, 10min), a RNA 6000 pico chip was loaded at a priming station with
27ul of the gel-dye mix. Subsequently, the chip was loaded with 9ul of conditioning solution and 60pl
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of the RNA 6000 Pico marker. Finally, 1ul of the ladder and each sample (2ng/ul) was applied to the
gel. After vortexing the chip (2400rpm, RT, 1min), it was run in the bioanalyzer Agilent 2100
(AlphaMetrix Biotech, Germany), according to the manufacturer’s instruction. Only high quality RNA
(RIN > 7) was used for the microarray analysis and RNA-sequencing [18].

2.2.4.6 Expression profiling

Microarrays were performed by Dr. Martin Irmler from the Institute of Experimental Genetics at
the Helmholtz Zentrum Miinchen. Total RNA (30ng) was amplified using the Ovation PicoSL WTA
System V2 in combination with the Encore Biotin Module (Nugen, San Carlos, USA). Amplified
cDNA was hybridized on Affymetrix Mouse Gene ST 2.0 arrays containing about 35,000 probe sets.
Staining and scanning (GeneChip Scanner 3000 7G) was done according to the Affymetrix expression

protocol including minor modifications as suggested in the Encore Biotion protocol [18].

2.2.4.7 RNA seq analyses

RNA seq analyses were performed by Dr. Elisabeth Graf and Thomas Schwarzmayr from the
Institute of Human Genetics of the Helmholtz Zentrum Miinchen and were evaluated by Dr. Dominik
Lutter from the Institute of Diabetes and Obesity, using DESeq2 analyses, as previously described
[172]. Thereby, the default settings were used and the adjusted p value was <0.01.

2.2.5 Statistical analyses

Microarrays were analyzed by Dr. Martin Irmler from the Institute of Experimental Genetics, by
using the Expression Console (v.1.4.1.46, Affymetrix) for obtaining annotated normalized RNA gene-
level data (standard settings including median polish and sketch-quantile normalisation). Statistical
analyses were performed by utilizing the statistical programming environment R [173], implemented
in CARMAweb (CARMAweb version 1.5.18 - uses R version 2.11.0 together with Bioconductor
version 2.6; [174]). Genewise testing for differential expression was done employing the limma #-test
and Benjamini-Hochberg (BH) multiple testing correction (FDR<10%). Sets of regulated genes were
defined by p<0.01 (limma #-test) or FDR<10% (BH) and further filtered for fold-change (>1.2x for
liver and >1.3x for gWAT) and average expression in at least one group of the dataset (>8 for liver
and >16 for gWAT). Heatmaps were generated with the R script pheatmap. In case of several probe
sets for the same gene, only the one with the highest ratio is shown. The pathway analyses were
generated through the use of QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood

City, www.qgiagen.com/ingenuity). The Fisher’s Exact Test was used to define sets of enriched

canonical pathways (p<0.05) or biological functions (p<0.01) [18]. Data are presented as mean +
standard error of the means (SEM), unless stated differently in the figure legend. Normality was tested

by D’Agostino & Pearson omnibus, Shapiro-Wilk and KS normality test. For normally distributed
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data, statistical significance was determined by unpaired Student’s t-test or, for multiple comparisons,
using One- or Two-Way ANOVA, followed by Tukey’s Multiple Comparison’s Test, if not stated
otherwise in the respective figure legends. Nonparametric data was tested for statistical significance by
using Kruskall-Wallis test followed by Dunn’s Multiple Comparison’s Test. Differences reached

statistical significance with p<0.05(*), p<0.01(**), p<0.001 (***) and p<0.0001(****),

2.2.6 Literature survey

Prior to planning the experimental designs for the DIO phenotyping studies, a small literature
survey was performed, reviewing at that time high-impact journal publications for used DIO protocols.
Searching the “pubmed.gov” database from the National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/) for 2013’s publications, filtered by the terms “diet-induced obesity”
AND “high-fat diet” AND “2013” AND “mice” AND “obesity” in total 472 publications were found,
from which 402 were actually published in the year 2013. Restricting the identified results to high-
impact journal publications (impact factor >10 according to the 2013 Thompson Reuters Impact
Factor), in total 19 reports (Appendix) were analyzed regarding their methodology. Key parameters
were age, gender and strains of the mice as well as feeding durations and composition of the HFDs

used.
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3. Results

3.1 The phenotype of diet-induced obesity (DIO) is variable

To extend the knowledge of factors impacting the onset and development of DIO, HFD- feeding
experiments, differing in feeding durations and (high fat) diets, were performed in male and female

mice from the C57BL/6N and C57BL/6J background.

3.1.1 DIO experimental set ups are heterogeneous

Prior to performing HFD-feeding studies in the year 2014, a small literature research was carried
out in order to learn about at that time used DIO protocols. According to this literature research, in
2013, the C57BL/6 mouse was the most commonly used model in metabolic research (Figure 8A).
Often, studies failed to indicate sub-strains of the C57BL/6 mice or even did not state the background,
at all. However, when indicated, there was a clear preference of the C57BL/6J sub-strain, while only
few studies performed their DIO experiments with C57BL/6N mice (Figure 8A). Another main
finding of this small literature survey was that females were generally underrepresented in DIO studies
(Figure 8B). Strikingly, despite the well-known interaction of sex hormones and metabolism, 29% of
the studies did not indicate the gender of the mice used (Figure 8B). In most of the analyzed studies,
the age of the mice at the onset of feeding varied between 6 to 8 weeks (Figure 8C). Moreover, the
duration of high fat feeding was highly variable, ranging from 8 to 182 days, with a peak at 84 and 98
days of feeding (Figure 8D). Concerning the diet, the 60% kcal from fat HFD emerged as the most
popular food to induce obesity (Figure 8E), followed by diets where 45% of kcal was derived from fat.
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Figure 8 Results of the literature research.
(A) Mouse strains, (B) gender distribution among the mice studied, (C) age at the onset of feeding, (D) duration of feeding,
(E) high fat diets and (F) control diets used, in selected DIO studies (n=19-21).

Importantly, most of implicated studies failed to indicate or did not use proper control diets (Figure
8F). Indicating a general substantial variety in DIO protocols, that lead to results, which might not be

comparable or reproducible.

3.1.2 C57BL/6N and not C57BL/6J mice are more susceptible to weight gain

At 7 weeks of age and prior to any experimental feedings with HFD or control diets, body weights
and body composition of male C57BL/6NCrl and C57BL/6JCrl were determined. Thereby,
C57BL/6NCrl mice exhibited lower lean- and body mass than age-matched C57BL/6JCrl mice

(Figure 9).
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Figure 9 Male C57BL/6N mice exhibit lower body mass than male C57BL/6J mice at 7 weeks of age.
Body composition including fat-, lean- and total body mass of 7 weeks old, male C57BL/6N and C57BL/6J mice (n=18).
Significance was tested via Two-Way ANOVA followed by Sidak’s Multiple comparison test.

Feeding the Ssniff 60% HFD rapidly increased body weight of both male C57BL/6J and
C57BL/6N mice, compared to mice, fed the Ssniff Ctrl LFD (Figure 10A). Thereby, the onset of
weight gain was detected in C57BL/6N mice, already starting from week three (C57BL/6N Ctrl vs.
C57BL/6N 60%: 23.53+0.34 vs. 27.40+0.55, p<0.05), whereas the onset of weight gain in C57BL/6J
mice was first noticed after 5 weeks of feeding (C57BL/6J Ctrl vs. C57BL/6J 60% 27.84+0.50g vs.
31.83+0.90g). After 12 weeks of feeding, C57BL/6N mice on the 60% HFD displayed significantly
more body mass than the C57BL/6J mice (44.04+1.05g vs. 40.13+2.08g, p<0.05). This difference in
body weight between the C57BL/6 substrains was still present after 16 weeks of feeding and based on
increased fat- and not lean mass of C57BL/6N mice (Figure 10A and B). Interestingly, at 23 weeks of
age and 16 weeks of experimental feeding, also control fed C57BL/6N mice showed an increased fat
mass, compared to C57BL/6J mice. Prolonged HFD-feeding is known to deregulate glucose
homeostasis, which can be assessed by fasting circulating glucose levels and glucose tolerance tests.
Here, 16 weeks of Ssniff 60% HFD feeding induced fasting hyperglycemia in C57BL/6J but not
C57BL/6N mice (Figure 10C), supporting the previously described notion that C57BL/6J mice are
more susceptible to DIO [109]. Consistently, 16 weeks of 60% HFD feeding caused an impaired
glucose tolerance in both C57BL/6 substrains (Figure 10D). Regarding the C57BL/6J mice, this
decreased glucose tolerance was however revoked when basal glucose values were subtracted (Figure
10E). Interestingly, C57BL/6J mice on the control diet also showed impaired glucose tolerance
compared to C57BL/6N mice on the control diet (p<0.05) (Figure 10C). Indicating that in our
experimental set up, C57BL/6N mice showed slightly more weight gain than C57BL/6J mice and

decreased glucose tolerance, but the latter exhibited more impaired hyperglycemia in basal conditions.
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Figure 10 DIO phenotype after 16 weeks of 60% HFD feeding is more pronounced in CS7BL/6N than C57BL/6J
mice.
(A) Weight course of male C57BL/6N and C57BL/6J mice during 16 weeks of feeding either a 60% HFD (60% E15742-34
Ssniff, Germany) or the matched control LFD (Ctrl E15745-04, Ssniff Germany) n=(8). (B) Body composition of male
C57BL/6N and C57BL/6J after 16 weeks of feeding the experimental diets (n=8). (C) Basal glucose levels of 6h fasted male
C57BL/6N and C57BL/6J after 16 weeks of feeding the experimental diets (n=8). (D) L.p. Glucose tolerance test (2mg
glucose/g body weight), of male C57BL/6N and C57BL/6J after 16 weeks of feeding the experimental diets (n=8). (E) Basal
glucose subtracted area under the curve (AUC) calculated from i.p. GTT in (C) (n=8). Statistical significance was determined
via One-Way ANOVA (C) and (E) or Two-Way ANOVA (A), (B) and (D) followed by Tukey’s multiple comparisons test.
Significance was indicated with black asteriks (*) regarding the comparison ‘C57BL/6J Ctrl” vs. ‘C57BL/6J 60%’, in green

asteriks () regarding the comparison ‘C57BL/6N Ctrl’ vs. ‘C57BL/6N 60%’ and in pounds (#) regarding the comparison
‘CS7BL/6J 60%’ vs. ‘CSTBL/6N 60%’.

3.1.3 No difference in the weight-inducing potential of the 60% HFD from Ssniff and
Research Diets

In parallel to investigating, which C57BL/6 substrain was more susceptible to DIO, it was further
assessed whether the manufactural source of diets influenced the onset of DIO. Therefore, a different

cohort of male, 7 weeks old C57BL/6N mice was fed a 60% HFD from Research Diets (Research
diets, New Brunswick (NJ), USA) for 16 weeks (Table 4 and Figure 5).
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Figure 11 DIO phenotype of male CS7BL/6N mice after 16 weeks of feeding a 60% HFD is not impacted by the
source of HFD manufacturers.
(A) Body weight course of male C57BL/6N mice given a 60% HFD, either derived from Ssniff Germany (Ssniff 60%,
E15742-34 Ssniff, Soest, Germany) or Research diets (RD 60%, RD 12492 Research Diets, New Brunswick (NJ) USA) or a
matched control diet (Ctrl, E15745-04, Ssniff, Soest, Germany) (n=8). (B) Body composition of male C57BL/6N after 16
weeks of feeding the experimental diets (n=8). (C) Basal glucose levels of 6h fasted male C57BL/6N mice after 16 weeks of
feeding the experimental diets (n=7-8). (D) Lp. GTT (2mg glucose/g body weight) of male C57BL/6N mice after 16 weeks
of feeding the experimental diets (n=7-8). (E) Basal glucose-subtracted area under the curve (AUC), calculated from i.p. GTT
in (D). Statistical significance was determined via One-Way ANOVA (C) and (E) or Two-Way ANOVA (A), (B) and (D)
followed by Tukey’s multiple comparisons test. * in turquoise are indicating statistical significance between the ‘Ctrl’ and
‘RD 60%’ group, * in black are indicating statistical significance between the ‘Ctrl” and ‘Ssniff 60%” group.

In line with what has been shown before (Figure 10), 16 weeks of feeding the 60% HFD from
Research diets (RD 60%) increased the body mass of male C57BL/6N mice to the same extent as the
60% HFD from Ssniff (Ssniff 60%) (Figure 11A), despite an earlier onset of weight gain, already after
3 weeks of HFD feeding, when compared to control diet fed mice (C57BL/6N RD 60%: 23.53+0.34¢g
vs. C57BL/6N Ctrl: 29.06+0.63g, p<0.05). Apart from this, fat mass was increased by either of the
HFD feedings, with no difference due to the manufactural source (Figure 11B). Moreover, basal
glucose levels were only significantly increased in C57BL/6N mice which were given the 60% HFD
from Ssniff and not the 60% HFD from Research Diets, despite a trend in the latter (Figure 11C).
Feeding both HFDs for 16 weeks decreased glucose tolerance, whereby no difference in glucose
tolerance was found between either of the 60% HFDs Figure 11D. The calculated basal glucose
subtracted area under the curve was significantly augmented due to feeding the 60% HFD from
Research diets (Figure 11D and E). As there were no significant differences in the weight inducing
potential between the two HFDs, it was decided to perform the following DIO experiments of chapter

3.1.4 in C57BL/6N given different types of Ssniff HFDs, which were varying in their fat contents.
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3.1.4 Differences in the DIO phenotype, due to gender, HFD composition and

feeding durations

Next, the development of DIO in mice, which were housed in the same facility, but were exposed
to different, most frequently used high-fat diets (HFDs), for various experimental durations, was
characterized. In detail, male and female C57BL/6N mice, at the age of 7 weeks, were given either a
Ssniff 60%- or Ssniff 45% kcal of fat containing HFD or a matched control LFD (10% kcal from fat)
ad libitum for five different periods, ranging from 3 days to 140 days (n=6 per sex, diet and time
point) (Figure 6 and Table 4).

The individual body weight curves of cohorts of mice of the same sex and on the same diets
diverge from each other, indicating a high inter-study variability, especially present in female mice
(Figure 12A and B). The individual body weight curves of the cohorts of mice of the same sex and on
the same diet were grouped for and thereby, a time-dependent increase in body mass was observed in

male and female mice, given either of the HFDs (Figure 12C and D).
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Figure 12 Diet-induced weight gain in male and female C57BL/6N mice is influenced by various feeding
conditions.
Individual weight curves of male (A) and female (B) C57BL/6N mice, which were given either a 60% HFD (60% kcal from
fat (lard), E15742-34 Ssniff GmbH, Soest, Germany), 45% HFD (45% kcal from fat (lard), E15744-34, Ssniff GmbH, Soest,
Germany) or a low-fat containing control diet (E15745-04, Ssniff GmbH, Soest, Germany) for 3, 14, 56, 84 or 120 days (n=6
per diet and time point). Overlay of the individual curves (shown in (A) and (B)), of male (C) and female (D) C57BL/6N
mice. Data are presented as mean £ SEM ((A) and (B)) or mean = SD in ((C) and (D)). Statistical significance was calculated
via Two-Way ANOVA followed by Tukey’s multiple comparisons test. Black asteriks (*) are indicating statistical
significance in Ssniff Ctrl vs. Ssniff 45% HFD-fed mice, pounds (#) are indicating statistical difference between Ssniff Ctrl
and Ssniff 60% HFD, and crosses (+) are indicating statistical significance between Ssniff 45% and Ssniff 60% HFD groups.
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The onset of obesity was not as pronounced in female mice as in male C57BL/6N mice, indicating
that throughout the cohorts male mice were more susceptible to DIO than female mice (Figure 12A
and B), which was already known [111, 112]. Interestingly, the higher fat content of the 60% HFD did
not immediately impact the level of weight gain. Instead, the higher fat content only fueled accelerated
body mass increase in comparison to the 45% HFD from 28 days on in female (Ssniff 60%:
24.30 £ 0.60g vs. Sniff 45%: 22.25 £0.51 g), and 56 days on in male (Ssniff 60%: 38.61 £ 1.12g vs.
Ssniff 45%: 36.02 £0.91g) C57BL/6N mice (Figure 12C and D). This is suggesting that the fat
content of the HFD impacts the severity of body mass gain only during long-term feeding conditions.
Moreover, male mice on the control diet gained a substantial amount of body weight in comparison to
female mice (male Ctrl A140days: 13.20 £1.92g vs. female Ctrl A140days: 7.33g + 0.72g, p<0.0001)
(Figure 13A and B).

>
H
7
o
g

*kkk

w
<

body weight (g)
- N
T T

A body weight (g)

—-e— Ssniff Ctrl male
Ssniff Ctrl female

L] L] L]
0 days 140 days Ssniff Ctrl male Ssniff Ctrl female

days on Ctrl diet

Figure 13 Control diet increases body weight of male and female C67BL/6N mice within 140 days of feeding.
(A) Body weights of male and female C57BL/6N before (0 days) and after (140 days) 140 days of Ssniff Ctrl feeding (n=6).
(B) Body weight gain of male and female C57BL/6N within 140 days of Ssniff Ctrl feeding (n=6). Statistical significance
was calculated via Student’s t-test and indicated via asteriks (*).

Body composition analyses prior to sacrificing the mice at the respective study end points
displayed that the time-dependent gain in body weight was paralleled by an increase in body fat mass,
which was already present in the 3days cohort in male (Figure 14C) but became only significant in the

84days cohort in female mice and (Figure 14 D).
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Figure 14 The gain of fat mass is more impacted by the HFD composition in female than in male CS7BL/6N mice.
Body mass, fat mass and lean mass of male ((A), (C) and (E)) and female ((B), (D) and (F)) C57BL/6N mice of the
respective feeding groups at the days of sacrifice (n=6). Statistical significance was calculated by Two-Way ANOVA
followed by Tukey’s multiple comparisons test. Statistical significance is indicated with asterisks (*) and refers to the
comparison of HFD vs. Ctrl, unless supported by a line.

In line with the body weight data, the 60% HFD was more potent in elevating fat mass than the
45% HFD, regarding both genders (Figure 14C and D). Yet, HFD-specific differences manifested only
in the 84 days cohort and were absent at earlier study end points (Figure 14C and D).
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Figure 15 Hyperinsulinemia manifests with longer feeding durations.
Basal glucose levels, AUC of performed i.p. GTT and insulin levels of male ((A), (C) and (E)) and female ((B), (D) and (F))
C57BL/6N mice of the respective feeding groups at the end of the indicated feeding durations. Statistical significance was
calculated by Two-Way ANOVA followed by Tukey’s multiple comparisons test. Statistical significance is indicated with
asterisks (*) and refers to the comparison of HFD vs. Ctrl, unless supported by a line.

Monitoring the blood glucose at selected study end points, a biphasic increase in fasting glucose
levels after 14 days and 84 days of 45% and 60% HFD-feeding was detected, regarding both genders
(Figure 15A and B). Suggesting that hyperglycemia can already be detected after short-term HFD.
Analyzing the area under the curve (AUC) of glucose tolerance tests, an increase in glucose
intolerance in male and female mice was detected, which was influenced by the duration of HFD-
feeding, but not by the kind of HFD the mice were receiving (Figure 15C and D). Additionally, a time-
dependent increase of glucose intolerance in male mice on the control diet was found, which was not
seen in female mice on the same diet (AUC male Ssniff Ctrl 14days: 16398.75 + 1432.61 vs. AUC
male Ssniff Ctrl 140days 22430.00 + 2068.81, p<0.0001). In these DIO studies, an earlier onset of
hyperinsulinemia in male mice than in female mice was observed (Figure 15E and F), whereby the
different fat contents of the HFDs only impacted the onset of hyperinsulinemia from 84 days on
(Figure 15E and F).

58



Results

Taken together, male C57BL/6N mice showed an earlier onset of obesity and overall more
pronounced effects of body and fat mass gain, as well as obesity-induced hyperinsulinemia, than age-
matched female mice. Moreover, some diet-specific differences to the induction of obesity were
observed as the 60% HFD increased body weight, glucose intolerance and hyperinsulinemia more,

than the 45% HFD, specifically in the long long-term HFD cohorts ( =56 days of HFD feeding).
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3.2 A switch from a HFD to a LFD (ad libitum) leaves an inflammatory

fingerprint in liver and perigonadal adipose tissue of formerly obese mice

In order to investigate molecular alterations caused by a history of DIO, age-matched HFD-fed
mice as well as mice, which underwent a diet switch from a HFD to a control LFD after 20 weeks of
feeding, and control diet fed mice, afterwards referred to as ‘obese’, ‘formerly obese’ and ‘lean’ mice,
were characterized in terms of weight gain and weight loss-induced alterations of relevant metabolic
parameters as well as molecular underpinnings in peripheral tissues. The following subsections of this
chapter are containing results and figures, which were published by the author of this dissertation in
the article “A history of obesity leaves an inflammatory fingerprint in liver and adipose tissue.”, 1.P.

Fischer et al., International Journal of Obesity (London), 2018 [18].

3.2.1 A switch from HFD to LFD (ad libitum) reverses the DIO phenotype

To provide comparability with prior caloric restriction experiments performed by our group [127],
here, for the induction of obesity, 8 week old, male C57BL/6JCrl mice were fed a 58% HFD
(Research Diets RD 12331, Table 4) for 20 weeks. After 20 weeks of feeding, massive weight gain
was observed in the HFD-fed, obese group when compared to the LFD, lean mice (32.75 g = 0.74 g
vs. 47.84 g+ 1.57 g, p<0.0001). The ad libitum switch from the HFD to the LFD induced a
significantly reduced body weight, already within one week after the switch (47.62g = 1.12g vs.
43.33g = 1.19g, p<0.05). Weight loss was promoted in the formerly obese mice during the following
six weeks, while mice receiving the HFD continuously gained weight. After 27 weeks of feeding,
formerly obese mice weighed in average 35.24g and were not statistically different from the lean,
control diet fed mice (32.00g + 0.95¢g) (Figure 16A). In line with the normalization of body mass, total
lean and fat mass were reduced in the diet switched mice and were not different to those of lean mice
(Figure 16B). As previously mentioned, disturbed glucose tolerance is an important obesity-associated
co-morbidity, which contributes to the onset of T2DM. After 27 weeks of feeding, HFD-fed, obese
mice showed an impairment in glucose tolerance when compared to the lean mice, whereas diet-
switched, formerly obese mice exhibited a normal response to the glucose challenge (Figure 16C and
D). Moreover, no differences in basal glucose levels were identified in neither of the experimental
groups (Figure 16E). In this diet-switch model, obesity induced hyperinsulinemia was however

reversed in the formerly obese C57BL/6J mice (Figure 16F) [18].

In order to further characterize the metabolic status of the diet-switched mice, standard plasma
metabolites were measured (Figure 17). Ad libitum switch to the LFD induced a significant reduction

of circulating levels of triglycerides, cholesterol and NEFA, when compared to the obese HFD mice.
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More importantly, plasma metabolites of formerly obese mice were not statistically different from

those of lean mice (Figure 17) [18].
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Figure 16 Switch from a HFD to a LFD (ad libitum) reverses DIO phenotype of male C57BL/6J mice.
(A) Body weight curve of lean (n=23), obese (n=24) and formerly obese mice (n=23) Statistical difference was determined
via two-way ANOVA and reached significance with p< 0.05. (*) Significance is indicated for formerly obese against lean
mice. (B) Lean mass and fat mass were determined in a subgroup of lean, obese and formerly obese mice (n=10-11), after 27
weeks of experimental feeding and 35 weeks of age. (C) Lp. GTT (glucose 2g/kg body weight) in a subgroup of formerly
obese, lean and obese mice (n=11-12) at 35 weeks of age. (D) Area under the curve (AUC) of performed i.p.GTT (n=12). (E)
Fasting basal glucose (mg/dl) of a subgroup of formerly obese, lean and obese mice (n=11-12) at 35 weeks of age. (F) Plasma
insulin of a subgroup of formerly obese, lean and obese mice (n=8), measured after sacrifice at 35 weeks of age. Statistical

significance was calculated via One-Way ANOVA ((D), (E), (F)) or Two-Way ANOVA ((A), (B) and (C)) followed by
Tukey’s multiple comparisons test.
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Figure 17 Plasma metabolites are normalized in diet-switched C57BL/6J mice.
Plasma triglycerides (A), cholesterol (B) and NEFA (C) in lean, obese and formerly obese mice (n=8), determined after

sacrifice at 35 weeks of age. Statistical significance was calculated via One-Way ANOVA followed by Tukey’s multiple
comparisons test.

3.2.2 A switch from HFD to LFD (ad libitum) does not fuel diet-induced

thermogenesis

Conlflicting studies have reported that caloric restriction-induced-weight loss is associated with
browning in WAT and activation of BAT, thereby contributing to an overall increase of energy
expenditure [175]. To analyze whether the assessed weight loss in this model was caused by an
increase of energy expenditure or a decrease of energy intake, the caloric intake was measured of lean,
obese and formerly obese mice after 27 weeks of feeding the experimental diets. Thereby, a significant
reduction of caloric intake was found in formerly obese mice, when compared to obese mice, with no
difference to lean mice (Figure 18A). RT-qPCR analysis moreover revealed a down-regulation of the
expression of thermogenic genes Ucpl, Pgcla, Cidea and PR domain 16 (Prdmli6) in scWAT of
obese mice (Figure 18B). Transcription levels of these thermogenic genes were however not different
in scWAT of formerly obese mice, compared to neither obese nor lean mice (Figure 18B), indicating
that no browning occurred 7 weeks after the diet switch. In line with this, expression of Ucpl/ and
Pgclo was not different in BAT from either of the experimental groups (Figure 18C). Cytochrome C-
oxidase (COX)- activity can be used as a surrogate for mitochondrial respiratory capacity. In this
experiment, COX-activity was significantly reduced in BAT from obese mice, when compared to lean
mice (Figure 18D). Importantly, oxygen consumption was not different in formerly obese mice and
lean mice (Figure 18D). Concluding that the assessed weight loss was not related to an increase of

thermogenic activity in sScsWAT or BAT, but related to a decrease in energy intake [18].
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Figure 18 Switch from a HFD to a LFD (ad libitum) does not fuel diet-induced thermogenesis.
(A) Caloric intake measured in kcal/per two mice (per cage) at 35 weeks of age from lean, obese and formerly obese mice
(n=6-12). (B) Relative mRNA expression of thermogenic genes in scWAT of lean, obese and formerly obese mice (n=12).
(C) Relative mRNA expression of thermogenic genes in BAT from lean, obese and formerly obese mice (n=8). (D) COX-
activity given as oxygen consumption (pmol/(s*mg tissue)) of BAT from lean, obese and formerly obese mice (n=6-8).
Statistical significance was calculated via One-Way ANOVA followed by Tukey’s multiple comparisons test [18].

3.2.3 Weight loss, induced by ad libitum switch to a LFD does not facilitate
hyperphagia within 48h of re-feeding

Previous studies have shown that caloric restriction was followed by an up-regulation of
hyperphagic pathways [127, 176]. To study whether body weight rebound and hyperphagia was
facilitated in the diet-switched, formerly obese mice, lean and formerly obese mice (n=12) were
further (re)- introduced to hypercaloric feeding for 48h at 35 weeks of age. Body weight and food
intake were monitored every 24h. Interestingly, no significant difference in cumulative weight gain or
energy intake between formerly obese and lean mice was found during the 48h of refeeding (Figure
19A and B). Moreover, HFD (re)-feeding did not induce any significant alteration in circulating levels
of insulin, leptin, triglycerides, free fatty acids or cholesterol between formerly obese and lean mice
(Figure 19C). Still, regarding the latter, a significant increase in cholesterol levels was found in lean-
48h HFD mice when compared to lean mice (Figure 19C). The drive to overeat is regulated centrally
[177]. Therefore, mRNA expression of hypothalamic neuronal marker Agouti-related peptide (4grp)

and Proopiomelanocortin (Pomc) was measured but no significant alterations were identified upon 48h
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HFD (re-) feeding between mice that underwent the diet-switch and lean mice (Figure 19D).
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Figure 19 A history of DIO does not facilitate hyperphagia within 48h of re-feeding.
(A) Body weight of lean and formerly obese mice, (re-) fed with HFD for 48h (n=12). (B) Cumulative energy intake from
lean and formerly obese mice, (re-) fed with HFD for 48h (n=6) calculated as kcal/48h/2 mice. (C) Plasma metabolites of
lean and formerly obese mice (re-) fed with HFD for 48h (n=8). (D) mRNA expression of hypothalamic orexigenic and
inflammatory genes lean and formerly obese mice (re-) fed with HFD for 48h and obese mice (n=6). Statistical significance
was calculated via One-Way ANOVA ((D), (E), (F)) or Two-Way ANOVA ((A), (B) and (C)) followed by Tukey’s multiple
comparisons test [18].

Additionally, it has been repeatedly shown that leptin is a key regulator for food intake and body
weight control [122]. In this study, a history of DIO did not impact the hypothalamic transcription of
leptin receptor (Lepr) and forkhead box protein O1 (Foxol) (Figure 19D). Previously it was shown by
us that hypothalamic inflammation was caused by short-term high-fat diet feeding [178]. To see
whether inflammation was aggravated by former obesity, mRNA levels of //6 and Cd68 were
determined, but both were not significantly altered between the experimental groups (Figure 18D).
Concluding, a history of DIO did not facilitate body weight rebound and hyperphagia, nor impact
hypothalamic response upon 48h of hypercaloric (re-) feeding in this experimental setup of diet-

switched weight loss [18].
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3.2.4 Weight loss, induced by ad libitum switch to a LFD partly reverses obesity-
associated hepatic steatosis

NAFLD is often caused by extensive weight gain and contributes to the known co-morbidities of
obesity [20]. To assess the grade of hepatic steatosis, liver weights and hepatic triglyceride contents of

lean, obese and formerly obese mice were determined, 7 weeks after the diet switch (Figure 20A and

B).
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Figure 20 Ad libitum switch to a LFD reverses liver weight and triglyceride content.
(A) Liver weights of lean, obese and formerly obese mice, at 35 weeks of age and after 27 weeks of feeding the
experimental diets (n=12). (B) Triglyceride contents (ug per mg of liver tissue) from livers of lean, obese and formerly

obese mice (n=7-8). Statistical significance was calculated via One-Way ANOVA followed by Tukey’s multiple
comparisons test.

The 58% HFD feeding induced a significant increase of tissue weight and triglycerides in the
liver, when compared to lean mice. Yet, liver weight and triglyceride contents were reversed in former
obese mice, when compared to obese mice and were not different to those of lean mice (Figure 20A
and B) [18]. Hepatic steatosis is marked by the excessive retention of lipids in the liver and can result
in inflammation and fibrosis [20]. Therefore, the level of fatty liver disease was assessed histologically
by H&E and masson’s trichrome stainings. A persistent increase of fat accumulation in the livers of
formerly obese mice was observed when compared to lean mice (Figure 21). The Masson’s trichrome

dye stains fibrotic tissue in blue, indicated in Figure 21 by black arrows [18].
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Figure 21 Ad libitum switch to a LFD is associated with fibrosis.
Representative H&E stained liver sections of a lean, obese and formerly obese mouse (x200 magnification, scale 100pm).
Arrows are indicating fibrotic lesions around the portal area and portal — to — portal bridging.

Determining the grade of fibrosis according to standard guidelines [170, 179], a slightly augmented
level of portal to portal- and pericellular fibrosis in liver sections from formerly obese mice was

observed, which was more comparable to those of obese, than lean mice (Figure 21) [18].
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Figure 22 Histological scoring of H&E and Masson’s Trichrome stained liver sections.
Data are given as boxplots indicating mean, minimum and maximum(n=5-8).

Quantitative real-time PCR further identified gene expression of pro-inflammatory cytokines Tnfo
and //1f; to be significantly up-regulated in the livers of formerly obese vs. lean mice (p<0.05). Sterol-
regulating element binding factor (SREBP) 1 and 2 are key regulatory genes, controlling the
transcription of genes, which are involved in the fatty acid uptake and de novo lipogenesis- (SREBP1)
as well as the cholesterol- synthesis (SREBP2) pathway. RT-qPCR analysis revealed a transcriptional
down-regulation of Srebpl, fatty acid synthase (Fasn), steaoryl-CoA desaturase (Scdl), Srebp2 and
low-density lipoprotein receptor (Ldlr), in livers of obese vs. lean mice (Figure 23A). While the
hepatic expression of genes of the fatty acid synthesis pathway were normalized, mRNA levels of
Srebp?2 and Ldlr were persistently down-regulated in livers of formerly obese mice compared to lean

mice (Figure 23A) [18].
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Figure 23 A history of DIO covers a pro-inflammatory hepatic transcription profile.
(A) RT-qPcr analysis of hepatic genes. Expression levels are normalized to housekeeping gene HPRT and given as FC to the
lean group (=1). (B) Heat map of 322 significantly (p<0.01) regulated hepatic genes in the comparison of formerly obese and
lean mice (n=6). (C) Top up- and down-regulated genes are presented separately. Detailed lists of significantly regulated
genes can be found in Supplemental Table 6 of [18]. Raw data can be accessd via GEO database at NCBI (GSE97272).
Statistical analysis was performed via One-Way ANOVA followed by Tukey’s multiple comparisons test (A) and limma ¢-
test (p<0.01) and further filtered for fold-change (FC>1.2).

Additionally, microarray analysis was performed by Dr. Martin Irmler, from the Institute of
Experimental Genetics at the Helmholtz Zentrum Miinchen, in livers of lean, obese and formerly
obese mice, to further identify hepatic genes, which were differentially regulated in the direct
comparison between formerly obese and lean mice. In total, 322 differentially regulated genes were
identified, of which 199 genes were up- and 123 significantly down-regulated (FC >1.2, p< 0.01,
Av>8) (Figure 23B) [18].

67

N

o

N

0



Results

A Top Diseases and Bio Functions B Predicted upstream regulators
Inflammatory Response-_ p<102-p<10- LPS p<107
Infectious Diseases+ p<102-p<10+ TNF p<0.0001
Hematological Disease-] p<10-2-p<10-5 IL6 p<0.01
Immunological Disease-_ p<10-2-p<10-® IFNy: p<0.01
T T T T 1 T T T 1
Q ,19 N S N 0 1 2 3
Number of regulated genes Activation z-score

Figure 24 Associated pathways and predicted upstream regulators of transcriptionally regulated hepatic genes of
formerly obese mice.
(A) Top 5 statistically significant (by p-value; p<0.01) activated ‘Diseases and Bio Functions’ associated with the 322
regulated genes. (B) Significantly activated predicted upstream regulators of the 322 regulated hepatic genes in the livers of
formerly obese mice. Detailed lists of enriched pathways and upstream regulators can be found in Supplementary Tables 7-8
of [18].

Furthermore, Ingenuity Pathway Analysis identified ‘inflammatory response’ to be the top-
associated ‘disease and bio-function’ pathway (p<0.01- p<10”) (Figure 24A) and additionally
identified LPS, TNF, LDL, IL6 and IFNy as predicted ‘activated upstream regulators’ of the 322
differentially regulated hepatic genes (Figure 24B) [18]. Further, 45 genes were identified, which were
regulated in both the livers of formerly obese and obese mice, when compared with lean mice (Figure

25). These included pro-inflammatory cytokine Cc/5 and 112r.
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Figure 25 Venn-diagramm of overlapping hepatic genes in pairwise comparisons.
Venn-diagram of (overlapping) differentially expressed genes (FC>1.2 p<0.01) in three pairwise comparisons ‘formerly
obese vs. lean’ (left panel), ‘obese vs. lean’ (upper panel) and ‘formerly obese vs. obese’ (right panel). A detailed list of the
differentially expressed genes regarding each comparison can be found in the Supplementary Tables 9-13 of [18].
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Taken together, the diet-switch-induced weight loss normalized some of the obesity-associated
fatty liver phenotypes, such as tissue weight and triglyceride content. However, histological scoring
and RT-qPCR analysis revealed slightly increased levels of inflammation and fibrosis and a down-
regulation of genes involved in the cholesterol synthesis pathway, caused by a history of DIO.
Moreover, deep transcriptional profiling revealed 322 hepatic genes to be differentially regulated by a

history of obesity, which were mostly associated with inflammation [18].

3.2.5 Depot-specific adipocyte plasticity after diet-induced weight loss

After sacrifice, the weight of adipose tissue depots was measured. 58% HFD-feeding significantly
increased fat mass of sSSWAT and gWAT adipose tissue compared to LFD-fed, lean mice. Consistent
with total fat mass, the diet switch normalized scWAT and gWAT mass of the formerly obese mice,

which were not different to fat depot masses of lean mice (Figure 26A and B) [18].
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Figure 26 Switch from a HFD to a LFD (ad libitum) normalizes adipose tissue weights.
(A) Subcutaneous (scWAT) and (B) perigonadal (gWAT) tissue wet weight (g) of lean, obese and formerly obese mice at 35

weeks of age and after 27 weeks of experimental diet (n=12). Statistical analysis was performed via One-way ANOVA
followed by Tukey’s multiple comparisons test.

Leptin and adiponectin are two of the most prominent secreted adipokines from WAT [180] and
circulating levels of these hormones were determined in plasma post mortem. 58% of HFD-feeding
induced a hyperleptinemia, which was reversed in the diet-switched, formerly obese mice (Figure
27A). It is known that obesity is associated with decreased adiponectin levels [181]. In this

experiment, diet-switched formerly obese mice displayed significantly increased adiponectin levels in

comparison to obese mice (Figure 27B).
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Figure 27 Switch from a HFD to a LFD (ad libitum) reverses circulating adipokine levels.

Plasma leptin (A) and adiponectin (B) levels of lean, obese and formerly obese (n=7-8). Statistical analysis was performed
via One-way ANOVA followed by Tukey’s multiple comparisons test.

It is known that weight gain is paralleled by an expansion of adipocyte size [55]. Accordingly, in

this experiment, adipocyte cell sizes of sScWAT and gWAT were increased in obese mice compared to

lean mice (Figure 28) [18].
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Figure 28 A history of obesity is associated with depot-specific hypertrophy and CLS formation.

Representative sections from H&E stained scsWAT (upper panel) and gWAT (lower panel) of lean, obese and formerly obese
mice (200x magnification, scale bar= 50um). Arrows are indicating CLS.
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Strikingly, weight loss only reduced adipocyte cell size expansion in the scWAT but not the gWAT of
formerly obese mice, when compared to lean mice (p<0.001) (Figure 29A and B) [18].
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Figure 29 Quantification of depot-specific hypertrophy and CLS formation.
Frequency distribution of adipocyte cell sizes (um?) from scWAT and gWAT of lean, obese and formerly obese mice (n=4-
5). Statistical significance was tested via One-Way ANOVA (C and D) or Two-Way ANOVA (A and B) followed by
Tukey’s multiple comparisons test. Significant differences are indicated with + (formerly obese vs. lean mice), # (obese vs.

formerly obese) and *=p<0.05 (obese vs. Lean). % of counted Crown like structures (CLS) per number of counted adipocytes
of sScWAT (C) and gWAT (D) (n=4-5).

Obesity is often associated with a state of low-grade inflammation [44]. To assess the extent of
white adipose tissue inflammation, mRNA levels of the pro-inflammatory cytokines IL6 and Tumor
necrosis factor TNF, as well as the adipokines leptin and adiponectin were measured via quantitative
real-time PCR in both adipose depots. There, HFD-feeding induced an increase in gene expression of
116 and Tnfa (Figure 30A and B). This increase in pro-inflammatory gene expression was reversible, as
mRNA levels of formerly obese mice were not statistically different to those of lean mice, regarding
both depots. Leptin mRNA levels were augmented in scWAT, but not in gWAT of obese mice.
Consequently, the diet-switch caused a reduction of leptin mRNA levels in the scWAT, while leptin
mRNA levels remained unchanged in the perigonadal adipose depots among all treatments.
Interestingly, adiponectin mRNA levels were only altered by obesity in the gWAT, but not sScWAT.
Intriguingly, Adiponectin expression was not completely reversed by the diet-switch, when comparing
formerly obese vs. lean mice (Figure 30A and B). Moreover, RT-qPCR analysis of different
macrophage- and inflammation markers showed an increase in F4/80, Cdl1b, Cdllc, Cd68 in both
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adipose tissue depots of obese mice, which was reversed in formerly obese mice, albeit a trend to
elevated levels compared to lean controls remained. The only statistically significant difference
between formerly obese and lean mice was identified regarding the expression of M2 type macrophage

marker CD301in scWAT (Figure 30) [18].
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Figure 30 A history of DIO is associated with a depot-specific pro-inflammatory transcriptional profile in WAT.
RT-qPCR analysis of adipose tissue related cytokines, adipokines and macrophage markers in ssWAT (A and C) and gWAT
(B and D). (n=7-11). Expression levels are normalized to housekeeping gene HPRT and given as FC to the lean group (=1).
Statistical analysis was performed via Two-way ANOVA followed by Kruskall-Wallis test.
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In order to further clarify molecular alterations in the gWAT, transcriptional profiling was
performed by Dr. Martin Irmler, from the Institute of Experimental Genetics at the Helmholtz
Zentrum Miinchen, on the gWAT of formerly obese, obese and lean mice. In the direct comparison
between formerly obese and lean mice, we identified 309 differentially expressed genes (FC < 1.3,
p<0.01, Av> 16), of which 234 were up-and 75 were down- regulated in the gWAT of formerly obese
mice (Figure 31A) [18].
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Figure 31 A history of DIO covers a proinflammatory adipogenic transcription profile.
Heat map of 309 significantly (p<0.01) regulated genes in gWAT of formerly obese versus lean mice (n=6). Top up- and
down-regulated genes are presented separately. A detailed list of the 309 differentially expressed genes can be found in
Supplemental Tables 2-3 of [18] and accessed via GEO database at NCBI (GSE97272). (B) Top 5 statistically significant
(p<0.001) enriched canonical pathways associated with the 309 differentially expressed genes of formerly obese vs. lean
mice. Genewise testing for differential expression was done employing the limma #-test and Benjamini-Hochberg (BH)
multiple testing correction (FDR<10%) and further filtered for FC >1.3.
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Among the top-regulated canonical pathways, we identified immunity- and inflammation-
associated pathways as ‘innate & adaptive immune cells communication’ pathways to be up-regulated

(p<0.00001) (Figure 31B).

obese vs. lean

2456
A1559 V897
4 1404
23 V1 460 V944
formerly
obese vs. formerly obese
lean 3 vs. obese
6 A2V 1 2086
AV 2 N8OV 1277

Figure 32 Venn-diagram of significantly regulated genes from gWAT.
Venn diagram of (overlapping) significantly differentially expressed genes (FC>1.3, FDR<10%) in three pairwise
comparisons ‘formerly obese vs. lean’ (left panel), ‘obese vs. lean’ (upper panel) and ‘formerly obese vs. obese’ (right panel).
A detailed list of the differentially expressed genes regarding each comparison can be found in Supplemental Tables 4-5 of
[18].

Comparing the differentially regulated genes in the formerly obese vs. lean state in a more
restrictive way (FC> 1.3x, FDR<10%, Av>16), the list was narrowed down to six genes, which were
associated to with immune function (Veaml, LyzI, H2-q5), cellularity (Fbnl) and body weight
regulation (Nmb) or have not been described before (Ggm26523) (Figure 32). Interestingly, four of
these identified candidate genes are also significantly regulated in the same direction when compared

in obese vs. lean mice (Gm2635, H2-q5, Vcaml and LyzI) (Figure 32) [18].

Taken together, the observed weight loss and associated normalization of total fat mass was only
partly, and depot-specifically accompanied by the restoring of adipocyte hypertrophy and obesity-
associated inflammation. The persisting gWAT hypertrophy was further paralleled by a differential
regulation of genes, which were associated with immune function, cellularity and body weight
regulation. To elucidate the function of identified candidate genes in the context of adipose tissue

metabolism and weight loss, future studies will focus on respective genes.
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One of the top regulated genes in gWAT of both obese and formerly obese mice was Activating
transcription factor 3 (4#f3) with an FC of 4.5 (p<0.001) in the comparison obese vs. lean and a FC of

1.71 (p<0.01) in the comparison of formerly obese vs. lean mice (Figure 33 A and B).
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Figure 33 Activating Transcription Factor 3 is regulated in obese and formerly obese conditions in adipose tissue.
(A) Linear expression of Atf3 in the microarray analysis of gWAT from obese vs. lean (A) and formerly obese vs. lean (B)
mice (n=6). (C) RT-qPCR analysis of ATF3 expression in different tissues of lean, obese and formerly obese mice (n=8-12).

The up-regulation of A#f3 in gWAT of obese and formerly obese mice was further validated via
RT-qPCR of (Figure 33C). Moreover, an up-regulation of A#f3 was further identified in scWAT and
BAT of obese mice, whereby the latter has not been described before. In the following section 3.3 the

function of ATF3 in BAT was addressed.
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3.3 UCP1-specific ATF3 knockout does not impact HFD-induced weight gain

and glucose intolerance

3.3.1 The UCP1-specifc ATF3 ablation is barely detectable at basal states but

becomes evident upon isoproterenol stimulation

ATF3 has been shown to have detrimental, as well as beneficial functions in various (white
adipose) tissues. Yet the function of ATF3 in murine and human brown adipocytes has not been

described. To specifically elucidate the function of ATF3 in murine brown adipocytes, a UCP1-cell
specific knockout line was created, by crossing mice carrying Atf3-floxed alleles with Ucp1®" mice
[167]. It is known that the whole body knockout of ATF3 in mice does not display any phenotypic
changes in basal state [148]. However, pancreatic and duodenal homebox1 (Pdx1)-specific ATF3
knockout mice were shown to have reduced body mass [155]. In this experimental set up, female and
male Atf3"";Ucp1" mice did not show a decrease in body weight (Figure 34A), nor lean mass and

fat mass (Figure 34B), when compared to their floxed littermates with an age of 12 weeks.
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Figure 34 UCP1-specific ablation of ATF3 has no impact on body weight development in C57BL/6N male and

female mice.
(A) Body weight of 12 week old male (n=7) and female (n=6) Atf3"" and Atf37",Ucp1°™" mice. (B) Body composition of
male (n=3) and female (n=6) Atf3"" and Atf3""Ucp1™ mice. Statistical analysis was determined via One-way ANOVA

followed by Tukey’s multiple comparisons test.
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Moreover, no differences in random fed glucose levels could be detected in male and female

Atf3"UCP17®" mice when compared to their floxed littermates (Figure 35).
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Figure 35 UCP1-specific ablation of ATF3 has no impact on random fed glucose levels in CS7BL/6N male and
female mice.

Random fed glucose levels of 12 week old male (n=7) and female (n=6) A3 and Atf‘3ﬂ/ﬂ;UcplCre+ mice. Statistical
significance was tested via One-Way ANOVA followed by Tukey’s multiple comparisons test.

As ATF3 is known to regulate the expression of a variety of genes involved in adipose tissue
metabolism, and contributing to overall systemic energy homeostasis, one aim was to identify the
target genes of ATF3 in brown adipose tissue, which would be affected by the loss of function in this
transgenic model. Therefore, RNA-sequencing from BAT of female Atf3"™ and Atf3"™;Ucp1°®" mice
at the age of 8 weeks were performed with the help of Dr. Elisabeth Graf and Thomas Schwarzmayr
from the Institute of Human Genetics and Dr. Dominik Lutter from the Institute of Diabetes and
Obesity at the Helmholtz Zentrum Miinchen. Surprisingly, only 11 significantly regulated genes
(p<0.01) were identified when comparing BAT RNA from Atf3""Ucp1" vs. Atf3"" mice (Figure
36A). Among those, neither A#f3, nor brown adipocyte specific Ucpl were differentially expressed
between the genotypes. These findings were validated by measuring the relative mRNA expression of
ATF3, UCP1 and other known ATF3 targets by qRT-PCR, whereby no significant differences
between Atf3"" and Atf3"";Ucp1“*"were found (Figure 36B), indicating that the expression of ATF3
is hardly detectable at basal, unstressed states. Yet, among the regulated genes Protein phosphatase 1
(Ppplr10), B-cell lymphoma 6b (Bcléb) and Actin philament associated protein 1 (Afapl) were
significantly up-regulated in BAT of Atf3"";Ucp1“®" mice. Of note, these genes have already been
described to be significantly up-regulated in cardiac fibroblasts of whole body ATF3ko mice, which

were stimulated with angiotensin I1 [164].
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Figure 36 ATF3 mRNA expression is hardly detectable in BAT from Atf3"™;Ucp1°* vs. Atf3"" mice in basal states.

(A) Heat map of significantly differently regulated genes in BAT from 8 week old female Atf3™™ and Atf3"™:Ucp1™" mice
(n=4) during RNA-Sequencing (p<0.01). (B) mRNA expression of ATF3 and Ucpl as well as known Atf3 target genes in
BAT from 8 week old female Atf3"™ and Atf3ﬂ/ﬂ;UcplCre+ mice (n=4). Y-axes underwent a log2 scaling to better visualize

the data scatter.

To further elucidate whether 4¢3 expression was down-regulated in the created transgenic model,
primary mature brown adipocytes were isolated and ATF3 and UCP1 mRNA expression was

measured. Also  thereby, no  differences could be  detected (Figure  37).
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Figure 37 ATF3 mRNA expression is not different in isolated primary brown adipocytes from Atf3"/ﬂ;Ucp
Atf3"" mice.
(A) mRNA expression of ATF3 in isolated mature adipocytes from male and female Atf3"" (n=6) and Atf3"";Ucp1°" (n=6)
mice. Data are not separated by gender. (B) mRNA expression of UCP1 in isolated mature adipocytes from male and female
A3 (n=6) and Atf37",Ucp1°" (n=6) mice.

VS.

In another validation approach, primary subcutaneous pre-adipocytes from Atf3"" and
Atf3""Ucp1°® mice were isolated and differentiated in vitro to mature brown adipocytes with or

without the presence of 1uM rosiglitazone in the induction medium.
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Figure 38 ATF3 mRNA expression is not altered in rosiglitazone differentiated subcutaneous adipocytes from
A3 Ucp17® mice.
(A) ATF3 mRNA expression from with or without 1uM rosiglitazone differentiated primary preadipocytes from scWAT
from male and female Atf3"™ (n=5) and Atz ﬂ;UcplCre+ (n=4-5) mice. Data are not separated by gender. (B) Ucpl mRNA
expression from with or without 1uM rosiglitazone differentiated primary preadipocytes from scWAT of from male and
female Atf3"" (n=5) and Atf3"";Ucp1°®* (n=4-5) mice. Data are not separated by gender.

Thereby rosiglitazone-differentiated adipocytes showed no difference in ATF3 mRNA expression
to cells differentiated without rosiglitazone (Figure 38A). Further no significant difference in Ucpl
expression was identified between the genotypes, despite a trend to oppositely regulated UCP1 mRNA
expression in — and + rosiglitazone treated cells (Figure 38B). From human and rodent studies, we
know that in obese states, adaptive thermogenesis and BAT activity are diminished [85, 86, 182]. The
main function of brown adipocytes is to provide energy in form of heat through uncoupling of the
mitochondrial respiratory chain via UCP1. This adaptive thermogenesis can be activated by
noradrenergic stimulation and other external stimuli via the sympathetic nervous system. One known
activator of adaptive thermogenesis is isoproterenol, which acts on B-adrenoreceptors. In order to
answer the question whether ATF3 is involved in the brown fat function, brown pre-adipocytes from
Atf3"" and Atf3"";Ucp1°®" mice were isolated, and upon full differentiation, stimulated with 0.5pM

isoproterenol for 2h.
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Figure 39 UCP1-specifc ATF3 ablation in primary brown adipocytes emerges upon isoproterenol stimulation.
(A) Atf3 and (B) Ucpl mRNA expression from primary differentiated brown adipocytes, treated with 0.5uM isoproterenol
for 2h, isolated from female Atf3" ﬂ;Ucpl " mice (n=4). Statistical analysis was tested via One-Way ANOVA, followerd by
Tukey’s multiple comparisons test.

Thereby, a significant up-regulation of A#3 expression upon isoproterenol stimulation was

observed in Atf3""mice, which was diminished in Atf3"";Ucp1°®* mice.

In this chapter, it was shown that a deletion of ATF3 in brown adipocytes was barely detectable at
baseline, but became visible when brown adipocytes were challenged with isoproterenol. Thus, ATF3
ablation in BAT did not make an impact on the phenotype of the transgenic male and female

Atf3"":Ucp1° mice in basal conditions.

3.3.2 The UCP1-specific ablation of ATF3 does not impact the DIO phenotype

We and others have shown that ATF3 expression is up-regulated in white adipose tissue of rodent
DIO models as well as genetic obesity models [18, 156, 157]. To elucidate the role of ATF3 in BAT,
Atf3"" and Atf3"";Ucp1™" mice were challenged with RD 58% HFD ( Table 4) for 13 weeks.
Consistent with what has been shown before in wildtype mice (3.1.3), the RD 58% HFD increased the
body weights of male and female Atf3"™ and Atf3"";Ucp1”®" mice over the time course of 13 weeks
(Figure 40A and B). In this course, no significant genotypic difference in body weight gain was
noticed in male and female mice, despite a slight trend to increased weight gain in female

Atf3""Ucp1°" mice (Figure 40 A and B).

Only a gender-specific effect was seen, as male mice gained more body weight than female mice

regarding both genotypes (Figure 40 A and B).
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(A) Body weight course and (B) weight gain of male (n=7) and female (n=6) Atf3"" and Atf3""Ucp1°®* mice during 13
weeks of 58% kcal from fat HFD feeding. Significance was indicated with asteriks (*) regarding the comparison between
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from fat HFD for 13 weeks. Statistical significance was determined via One-Way- or Two-Way ANOVA followed by
Tukey’s multiple comparisons test.

cre

Yet, the difference in body weight gain of male vs. female Atf3"";Ucp1°®" mice became only apparent
after 12 weeks of feeding, as female Atf3"™";Ucpl™" gained a substantial amount of body weight
(male vs. female Atf3""Ucp1™®": 18.69 + 0.95g vs. 13.33 + 2.69g, p<0.05). Consistently, no
significant change in body composition was detected due to the ablation of ATF3, as no differences in
body mass, lean mass nor fat mass were seen in male and female Atf3"" vs. Atf3""Ucp1" mice
(Figure 40C). Again, only a small, but insignificant trend to increased fat mass in female

Atf3"":Ucp1°®" mice was found (Figure 40C).

Regarding both genders, no significant difference in perigonadal adipose tissue weights, liver weights
or ectopic liver triglyceride accumulation were identified between Atf3"" and Atf3"";Ucp1® mice
after 13 weeks of HFD feeding (Figure 41A, B, C ). Moreover, no genotype-specific alterations in the
expression of hepatic phosphoenylpyruvate carboxykinase 1 (Pepck 1), acetyl-coA-carboxylase
(Acaca), Srebplc or Srebp2 were identified. Only a down-regulation of Srebp2 in the livers of male

Atf3"" mice was found when compared to female Atf3"" mice (Figure 41D).
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Figure 41 UCP1-specific ablation of ATF3 does not impact perigonadal adipose tissue and liver fat accumulation upon

HFD feeding.

(A) gWAT and (B) liver weights and (C) liver triglycerides of male (n=7) and female (n=6) A3 and Atf3ﬂ/ﬂ;Ucp1Cre+ mice
after 13 weeks of HFD. (D) mRNA expression of hepatic genes and representative pictures of livers from male (n=7) and
female (n=6) Atf3"" and Atf3ﬂ/ﬂ;Ucp1°mJr mice. Statistical significance was determiend via One-way ANOVA followed by

Tukey’s multiple comparisons test.

This indicates, together with the elevated liver weights in male Atf3"" mice (Figure 41C), that the
cholesterol metabolism was more altered in male than female mice upon HFD, but was not altered by

the ablation of ATF3 (Figure 41C, D).

13 weeks after the HFD-feeding, glucose tolerance was tested in male and female Atf3"" and

Atf3""Ucp1°®" animals. As expected, male mice displayed a decreased glucose tolerance compared to
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female mice (Figure 42A and B). However, no significant difference in the glucose tolerance was
detected between HFD-fed Atf3"" and Atf3"";Ucp1™®" mice of both genders, despite a trend to
decreased glucose tolerance in the ATF3 ablated animals (Figure 42A and B).
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Figure 42 UCP1-specific ablation of ATF3 does not alter glucose homeostasis.
(A) Intraperitoneal glucose tolerance test (i.p. GTT with 2mg glucose/g body weight) of male (n=7) and female (n=6) Atf370
and AtBﬂ/ﬂ;UcplCre+ mice at the end of the HFD feeding. * marks gender-specific statistical significance. (B) Calculated AUC
during the i.p. GTT. (C) Basal glucose levels from male (n=7) and female (n=6) A3 and Atf‘3ﬂ/ﬂ;UcplCre+ mice which
were fasted for 6h. (D) Plasma levels of insulin after 13 weeks of HFD feeding. Statistical significance was determiend via
One-way (B, C, D) - or two-way ANOVA (A) followed by Tukey’s multiple comparisons test.

Consistent, no genotype-specific difference in basal glucose levels was found after 13 weeks of HFD
feeding (Figure 42C). Circulating levels of insulin were generally significantly augmented in HFD-fed
males when compared to females, but no differences were detected due to the depletion of ATF3 in
BAT (Figure 42D). Concluding, HFD treatment did not induce any significant phenotypic differences

between Atf3" and Atf3"™;Ucp1™*" mice, neither in male, nor in female.

3.3.3 Atf3"":Ucp1°®* mice show increased BAT whitening after 13 weeks of HFD

Consistent with body mass, BAT weight was generally elevated in male mice, when compared to
female mice. However, no genotype-specific differences in BAT weight were observed in male and
female Atf3"" and Atf3"";Ucp1™" mice (Figure 43A). Regarding the mRNA expression of ATF3 in
BAT from HFD fed mice, a trend to a down-regulation of A#f3 was detected in Atf3"";Ucp1™®

compared to their Atf3"" littermates. Yet, these differences were not statistically significant (Figure
43B).
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Figure 43 Expression of ATF3 and its downstream targets is not significantly altered in DIO Atf3ﬂ/ﬂ;Ucp

male and female mice.
BAT weight of male (n=7) and female (n=6) Atf3"" and Atf3"%Ucp1°*" mice after 13 weeks of HFD feeding. (B)

ATF3 mRNA expression in BAT from of male (n=7) and female (n=6) Atf3"" and Atf3"™Ucp1°®* mice after 13 weeks of
HFD feeding. (C) mRNA expression of ATF3 target genes in BAT of male (n=7) and female (n=6) Atf3™" and
A3V ﬂ;Ucplcm mice after 13 weeks of HFD feeding. (D) mRNA expression of brown and white adipocyte surface markers
in BAT from of male (n=7) and female (n=6) Atf3"" and Atf3"7";Ucp1™*" after 13 weeks of HFD feeding. Statistical
significance was determined via One-way or Two-way ANOVA followed by Tukey’s multiple comparisons test.

In line with this, no changes in the expression of ATF3-downstream targets, such as Ppary, Glut4 and
Adiponectin, nor BAT-specific genes Ucpl and P2rx5 and Pat2 were observed in BAT from either
male or female Atf3" " Ucp1°®" mice (Figure 43C and D).
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Figure 44 UCP1-specifc ablation of ATF3 does not change adiponectin levels after HFD feeding.

Plasma adiponectin (pg/ml) of male and female Atf3 ¥ and Atf3";Ucp1°®" mice (n=6-7).

Adiponectin is one of the known downstream target genes of ATF3, however the BAT specific
deletion of ATF3 did not significantly impact circulating levels of this adipokine (Figure 44). Yet, a
trend to an increased expression of white-adipocyte specific surface marker Asc/ was found (Figure
43D) , especially in male Atf3"";Ucp1° mice, indicating the appearance of white adipocytes in BAT
(Figure 45). Moreover, histological assessment of BAT revealed a trend to an increased whitening of

the tissue in Atf3"";Ucp1°®* which was more pronounced in male than in female mice (Figure 45).
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Figure 45 UCP1-specific ablation of ATF3 coincides with a whitening of BAT morphology.
Representative H&E stained sections of BAT from of male and female Atf3"" and Atf3"%Ucp1°®* mice after 13 weeks of

HFD feeding (100x magnification).

85




Results

Therefore we can conclude that the specific deletion of ATF3 in brown adipocytes, is hardly
detectable in BAT from HFD-fed mice. Yet, histologically, a trend to a “whitening” of the tissue has

been observed in Atf3"™";Ucp1™*" mice.

3.3.4 Female Atf3"":Ucp1°®* mice show decreased expression of beige cells in

scWAT after 13 weeks of HFD

As UCPIl-expressing cells can also be present in scWAT, as so-called brown-like or beige
adipocytes, SSWAT of male and female Atf3"" and Atf3"™;Ucp1““'mice were analyzed. Consistent
with the BAT tissue weights, no significant differences in sScWAT tissue weights of male and female
Atf3""Ucp1“ mice were observed, when compared to their Atf3"" littermates (Figure 46A) despite a
trend to higher scWAT weight in female Atf3"";Ucpl1“* mice. Moreover, ATF3 mRNA expression
was not different between male and female Atf3""and Atf3"";Ucp1* mice (Figure 46B). A gender-
specific down-regulation of Ucpl, Adiponectin and Glut4 was found in male Atf3"" mice (p<0.05 and
p<0.01) (Figure 46C). However, UCP1 and GLUT4 mRNA expression was significantly down-
regulated in female Atf3"";Ucp1°®" mice, compared to female Atf3"" mice (p<0.05) (Figure 46C).
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Figure 46 UCP1-specific ablation of ATF3 is associated with a gender-specific down-regulation of Ucpl and Glut4
in female mice.
(A) scWAT weight of male (n=7) and female (n=6) Atf3"" and Atf3"%Ucp1°° mice after 13 weeks of HFD feeding. (B)
ATF3 mRNA expression in scWAT from of male (n=7) and female (n=6) Atf3"" and Atf3"";Ucp1°®* mice after 13 weeks
of HFD feeding. (C) mRNA expression of ATF3 target genes in scWAT of male (n=7) and female (n=6) Atf3"" and
A3 Ucp1°®" mice after 13 weeks of HFD feeding. (D) mRNA expression of brown and white cell surface markers in
scWAT from of male (n=7) and female (n=6) Atf3"" and Atf3"":Ucp1™ mice after 13 weeks of HFD feeding. Statistical
significance was determiend via One-way- or two-way ANOVA followed by Tukey’s multiple comparisons test.
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Moreover, mRNA levels of P2RXS5, PAT2 and ASC1 were not differentially expressed in sSSWAT
from male and female Atf3"" and Atf3"";Ucp1“* mice (Figure 46D), despite a trend to decreased

P2rx5 levels in Atf3"";Ucp1°* mice.
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Figure 47 Female Atf3"";Ucp1°" mice show increased hypertrophy in scWAT than Atf3"" mice.
(A) Representative H&E stained sections of scWAT from of male and female Atf3"™ and Atf3"Ucp1°®* mice after 13
weeks of HFD feeding (100x magnification).

However, histological assessment of sSsWAT revealed increased adipocyte sizes in female, as well
as male Atf3"";Ucp1*" mice, when compared to their floxed littermates (Figure 47). Concluding that
despite no significant alteration of A#3 expression in SSWAT, a lower expression of Ucpl and Glut4

1 cre+

was found specifically in female Atf3"";Ucp mice, which was accompanied by increased

adipocyte cell sizes.
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4. Discussion

4.1 Standardization problems in DIO Studies

Obesity is a multifactorial disease, whose prevalence is dramatically growing and strongly
associated with the development of other diseases, such as type 2 diabetes, NAFLD and
cardiovascular diseases, contributing to the metabolic syndrome [183]. Therefore, finding ways to
overcome obesity is one aim of current research worldwide. Especially pharmacological approaches to
activate energy expenditure or to decrease energy intake are of interest [184, 185]. As previously
mentioned (1.1), in humans, the development of obesity is impacted by various factors such as the
(epi-) genetic predisposition, the composition of microbiota, a sedentary lifestyle and constant nutrient
excess, individually contributing to the grade of overweight and obesity [1]. Therefore, precision
medicine, an attempt to a more personalized medicinal approach to cure obesity, is the aim of the
future [186, 187]. When studying novel therapeutics to cure obesity, diet-induced obese (DIO) animals
are often the experimental model of choice, as they are considered more representative for the human
situation, compared to genetic obesity models. Yet, the outcome of DIO experiments in mice is quite
variable, depending on certain factors, such as the background of the animals used, the maintenance
conditions of the animals, the detailed study design and most importantly the experimental diets used

(Figure 48).
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Figure 48 Factors impacting the development of DIO in mice.
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Therefore, one aim of this thesis was to extend the knowledge on how the development of DIO
can be influenced, by testing various experimental conditions. As previously mentioned before,
C57BL/6 mice bred at the Jackson Laboratory (C57BL/6J) and the NIH (C57BL/6N) deviated already
between 1940 and 1950 from the ancestral C57BL/6 line [188]. Known mutations affecting the
susceptibility to DIO, such as the deletion of Nnt and 10 other SNPs occurred at the Jackson
Laboratory after C57BL/6N mice were isolated [188]. According to the small literature research
performed, most of the DIO publications from 2013 were performed in C57BL/6 mice, with little
attribution to the used substrain. Thus, it was aimed to see what impact the substrain had on the
development of DIO, in our housing conditions. At basal conditions, C57BL/6N mice displayed lower
body mass, which was mainly due to lower lean, but not fat mass. Yet, a study by Nicholson et al.
showed no difference in body mass between C57BL/6N and C57BL/6J mice, at 6 weeks of age and
prior to any HFD feeding [109]. In the present study, male C57BL/6N mice showed an earlier onset of
body weight gain and a higher final body weight after 16 weeks of feeding a lard-based 60% kcal
HFD from Ssniff than C57BL/6J mice. This was in contrast to what was expected, as the opposite
phenotype was previously described [108, 109, 189]. However, it was already reported in a study by
Kahle et al that C57BL/6N mice displayed a higher fat- mass and body mass gain within 3 weeks
feeding a plant-based 60% kcal from fat HFD [190], indicating that the contribution of the Nnt
mutation to the susceptibility to DIO was possibly over-estimated. What should be also taken into
consideration is the fact that C57BL/6J mice displayed a high variability in HFD-induced weight and
fat mass gain, as the standard error of the mean was substantially higher than in C57BL/6N mice. This
is suggesting that some C57BL/6J mice were not responding to the HFD feeding, a phenomenon,
which was previously described [191], and could explain why C57BL/6N mice showed significantly
increased weight gain in this experiment. Despite this, C57BL/6J mice displayed a higher fasting
glycemia upon 60% HFD feeding, whereas C57BL/6N mice only presented slight, insignificant
elevations of fasting glucose levels, confirming what has been previously shown and expected [104].
Still, glucose clearance during the i.p.GTT was comparable between HFD-fed C57BL/6N and
C57BL/6J mice. Rather surprising was however the fact that C57BL/6J mice on the control diet

developed a decreased glucose tolerance when compared to C57BL/6N mice, at 23 weeks of age.

Next, it was assessed, whether the type of HFD made an impact on the outcome of DIO
experiments. The previously performed literature research identified Research Diets as the most
popular company for experimental HFDs. However, many European research facilities obtain their
experimental HFDs from different companies, which produce HFDs corresponding to the recipes from
research diets. Therefore, the onset of obesity in male C57BL/6N mice was compared using two lard-
based 60% kcal from fat HFDs, derived from Research Diets and Ssniff. Thereby, no difference in

body weight development was found between the mice on either HFD. Only minor alterations were
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found in glucose tolerance, as mice on the ‘original’ 60% HFD from Research Diets showed slightly
worsened glucose tolerance than mice on the control diet did. Yet, this impact was respectively

negligible.

Most publications use regular chow diets, instead of purified, compositionally defined, HFD-
matched control or low-fat diets. This has some drawbacks, as it has been for instance shown that
chow diets not only vary between vendors, but also show batch-to-batch differences in composition
and source of nutrients (plant vs. animal based) [192]. On the other hand, energy-matched control
diets may be enriched in sucrose, which can also impact the onset of glucose intolerance in ‘control’
mice and thus falsify the outcome of obesity studies. Chassaing et al nicely unraveled how feeding a
10% kcal from fat and 33% kcal from sucrose control diet increased body mass, fat mass and induced
colon shortening in comparison to chow diet fed mice [192]. In general, sucrose is frequently
discussed to be the true villain causing the obesity epidemic [193], as the amount of sugar
consumption had been paralleling the obesity prevalence approximately until the early 2000s [194].
Moreover, consumption of high-fat, but very low-carbohydrate diets was associated with health
benefits such as a reduction in body weight, triglycerides levels and diastolic blood pressure in
humans [195]. Yet, in rodents, short-term ketogenic diet feeding showed weight loss with no
alterations in glucose tolerance and insulin secretion in mice, while 20 weeks of feeding the ketogenic
diets was associated with a reduction of glucose tolerance and loss of a- and B cell mass [196]. In the
present study, 10% kcal from fat and 33%kcal from sucrose control diet was used (Figure 5) and only
long-term feeding of the control diet (84 and 140 days) increased body mass and fat mass gain, as well
as glucose intolerance in male, but not female C57BL/6N mice. However, as these changes became
only significant after long-term feeding, one could also argue that these alterations were age-induced,

as it is also known that ageing can impair glucose tolerance in C57BL/6 mice [197].

In general, it has been multiply shown and is common sense that the duration of HFD feeding
positively correlates with the level of weight gain, fat mass gain and glucose intolerance [198-200].
Consistent with this, in this present experiment the time-dependent increase in body weight was
paralleled with an increase in fat and lean mass as well as an increase in adipose tissue weights (data
not shown). Basal glucose levels increased in a time-dependent manner, except for the 56 days
cohorts, where basal glucose levels were lower than in the 14 days cohorts. Yet, hyperinsulinemia
only occurred in the 84 days and 140 days cohorts in male and female mice, indicating that the
hyperglycemia in the 14 days cohort could be due to nutrient overflow, whereby the hyperglycemia in
the long-term feedings was caused by the development of obesity-associated insulin resistance, as it
has been proposed in an similar approach by Kless et al. in AKR/J and SWR/J mice [201]. Still, this
effect could be also due to inter-cohort-variability combined with effects of seasonal changes. As

previously described, the 56 days cohort was started in March and not in autumn, like the other
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cohorts were started. Although all mice were housed in the same room of the same conventional
animal facility, with controlled ambient temperature, humidity and light/dark cycle, it is imaginable
that differences in the housing conditions, for instance difference of mice cohorts housed there at the
respective time and respective researchers entering and leaving the room, could also impact the low
response to DIO in this cohort. Especially female mice gained comparably low amounts of weight
during the 56 days feeding experiment. This might have been caused by higher stress levels. It was for
instance shown that the experimenters’ odor influenced the stress response in rodents [202] and
conventional housing impacted the outcome of DIO studies more than for instance specific-pathogen-
free housing [203] and the use of individually ventilated cages. Even the position of the cages in the

rack was discussed to explain variations in the outcome of DIO studies [191].

Unlike in the human situation, especially male C57BL/6J mice were proven to be more
susceptible to DIO than female mice [112]. In line, in this present work, the development of obesity
was more pronounced in male but not female mice during the shorter-term cohorts. Only in the longer-
term cohorts, meaning 84 and 140 days of feeding, female mice given the 60% kcal from fat HFD
displayed similar body weights and fat mass as male mice on the same diet. Yet, one has to point out,
that the 84 days cohort of female mice on the 60% HFD, showed significantly increased body mass at
84 days than the female mice of the 140 days cohort at the same time point. This is again indicating a
high inter-study variability, which can be attributed to rather “intrinsic factors” than “extrinsic
factors”, since the cohorts were running in parallel. Also only in the long-term feeding cohorts,
significant hyperinsulinemia was detected in female mice, indicating that they were more protected
against insulin resistance in the beginning. The later onset of obesity and hyperinsulinemia is likely
due to a variety of factors, but the involvement of sex hormones secretion should be taken into
account. It was for instance shown that the absence or decrease in estrogen is paralleled by the
induction of obesity and insulin resistance in men and in women [1, 204]. Dakin et al. for instance
showed that supplementation with estradiol ameliorated obesity induced glucose intolerance and
insulin resistance in male C57BL/6 mice after 5 weeks of HFD feeding [205]. Furthermore, the
lipolytic effect of estrogen, mediated through estrogen-related receptor o (ERa) was shown to be
associated with decreased accumulation of fat in the visceral tissues and decreased development of

insulin resistance [112].

Lastly, the literature research performed, identified 60% kcal from fat HFDs as the most
abundantly used diets in DIO research, followed by 45% kcal from fat diets. In the experiments
performed here, the development of DIO was compared upon feeding lard-based 45% and 60% HFDs,
derived from Ssniff. Thereby, the differences in the outcome between these two experimental feedings
were not markedly present, as changes, due to the higher fat content of the diet, in body and fat mass,

as well as changes in glucose and insulin levels became only apparent in the long-term feeding
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cohorts. Indicating that the increased dietary lipid content HFDs do not necessarily fuel fastened
obesity and its related symptoms. A similar finding was also previously presented by Benoit and
colleagues, who displayed that feeding a 45% HFD for 12 weeks increased body weights and relevant
metabolic parameters in mice, but was not associated with inflammation, whereas feeding a 22% HFD
induced the opposite phenotype [206]. Moreover, it was shown that the texture and palatability of the
diets influences hyperphagia and the onset of DIO more than the actual lipid content [207].

4.2 Diet-induced weight loss is associated with an inflammatory fingerprint in

liver and adipose tissue of formerly obese mice

Using a model of diet-switched mice, we aimed to investigate the molecular alterations inherited
from a history of DIO. Changes in diet and exercise are the preferred method of weight loss for the
vast majority of the population [208-211]. Yet, weight loss following dietary interventions are not
sustainable, as most obese patients re-bounce to a higher body weight than their pre-dieting weight
within one year [120, 123]. In 1998, the group of Richard S. Surwit already showed the reversal of a
DIO-phenotype by a reduction of dietary fat intake in the C57BL/6 strain [212]. There, mice were fed
a 58%kcal HFD for 16 weeks, after which half of the HFD-fed mice were switched to a LFD for
further 16 weeks. In line with this study, the diet-switch reversed fat mass, hyperglycemia and
hyperinsulinemia within 16 weeks after the diet change [212]. In this present study, body and fat
masses were normalized 7 weeks after the diet-switch. At this time point, glucose tolerances of
formerly obese mice were congruent to those of the age-matched lean mice [18]. Moreover, here,
formerly obese mice showed the same levels of circulating insulin and leptin to lean mice, 7 weeks
after the diet-switch [18]. Consistently, Shi et al. reported a normalization of plasma leptin and insulin
levels in DIO mice, already two weeks after the diet-switch to the low-fat diet ad libitum [213].
Despite the fact that the diet-switched mice retained a greater amount of body and fat mass, HFD-
induced glucose intolerance was reversed two weeks after the switch [213], indicating that the
restoration of glucose tolerance, insulin and leptin resistance is preceding the restoration of body mass.
This was further in accordance with a previous study, where Enriori et al. showed that leptin
sensitivity and glycemic control was restored, by decreasing the dietary fat content of the diet, the
mice got ad libitum [136]. The reduction of leptin in the plasma has been discussed to be the cause for
the observed hyperphagia upon weight loss. Previously, it has been shown, that caloric restriction and
weight loss, induced by Roux-en-Y gastric bypass can induce browning and energy expenditure in
white adipose tissue [175, 214]. However, in the present study, the ad libitum switch to a LFD did not
induce expression of thermogenic genes in sScWAT nor BAT and did not affect BAT respiratory

capacity [18], which is also consistent with a newer study showing no browning of subcutaneous
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tissue upon caloric restriction [215]. This is indicating that the achieved weight loss was solely due to

decreased caloric intake and not increased energy expenditure.

It was previously demonstrated that restricting the caloric intake by at least 50% of the average
energy intake of control mice, induces acute and persistent hyperphagia and body weight rebound of
formerly obese mice upon ad libitum re-feeding of both, low- and high-fat diets [127, 176].
Interestingly, in the current model, in which moderate caloric restriction was caused by an ad libitum
switch to a LFD, neither accelerated food intake nor body weight gain of formerly obese mice could
be observed when they were re-introduced to HFD ad libitum [18]. Moreover, no shifts towards an
increased orexigenic hypothalamic mRNA expression of Pomc and Leptinr were assessed, as it was
described before upon weight loss and re-feeding [127, 176]. Additionally, hypothalamic
inflammation, which has been shown to occur already after one day of HFD feeding [178], was
reversed in formerly obese mice, which is in line with what has been reported [127, 216]. Moreover,
hypothalamic inflammation was not influenced by a history of DIO when compared to age-matched

lean mice, upon 48h of re-feeding [18].

As previously mentioned (1.3.2), NAFLD is considered an important complication of obesity. In
the present study, DIO mice showed increased liver weights and triglyceride contents when compared
to lean mice. Moreover, 7 weeks after the diet-switch, formerly obese mice exhibited a normalized
liver mass and triglyceride content [18]. Kowalski et al. recently showed that reducing dietary intake
ad libitum normalizes liver mass and triglyceride contents within 9 days after the switch, to such an
extent that the diet-switched mice did not differ from the chow-fed control mice [217]. In this
experiment, obese mice showed a severe accumulation of macrovesicular fat droplets and portal-to
portal as well as pericellular, so-called “chicken-wire fibrosis”, which was in the same range as
described before in DIO mice, fed HFD for 24 weeks [200]. Despite the fact that liver weight and
triglyceride content were not statistically different from those of lean mice, it was intriguing to find
that the livers of formerly obese mice histologically showed elevated signs of fibrosis and fat
accumulation than lean mice. Many studies in mice and men have demonstrated that weight loss
interventions have beneficial effects on the outcome of NAFLD [218, 219], yet, no significant
reduction in liver fibrosis were detected in formerly obese mice. Consistent with this, Myrononovych
et al. previously reported that caloric restriction was not as potent in reducing obesity associated
hepatic steatosis as vertical sleeve gastrectomy in DIO mice [220]. In line, increased mRNA levels of
inflammatory cytokine ///f discovered in the livers of formerly obese mice, when compared to those
of lean mice, further indicating that the obesity-related hepatic inflammation was not fully recovered
upon weight loss [18]. Moreover, mRNA levels of Srebp2 and Ldlr were persistently down-regulated
upon obesity and in formerly obese mice [18]. Suggesting, that the livers of formerly obese mice were

still saturated with cholesterol, despite a (tissue) weight normalization. In line with this, transcriptional
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profiling of the livers from formerly obese and lean mice revealed 199 genes to be up- and 123 to be
significantly down-regulated in the direct comparison between formerly obese and lean mice (FC
>1.2, p< 0.01, Av>8). One of the top down-regulated gene was elongation of very long chain fatty
acids —like Elovi3 (FC -1.527), an enzyme that controls the rate-limiting step in the long chain fatty-
acid elongation cycles and its hepatic expression has been described to be regulated by steroid

hormones following a diurnal rhythm exclusively in male mature mice [221].

Moreover, the top-associated pathways with the differentially regulated genes was “inflammatory
response” in the livers of formerly obese vs. lean mice. Moreover, the hepatic cholestasis pathway was
also enriched (data not shown). However, it remains elusive whether prolonged maintenance on a LFD

would ameliorate or fully recover observed hepatic alterations in formerly obese mice.

The most striking finding was that scWAT and gWAT showed a remarkable heterogeneity
concerning their response to weight loss. In detail, an opposing mRNA expression of Leptin and
Adiponectin in scWAT and gWAT was identified during obese and formerly obese conditions.
Consistently, as previously mentioned in the introduction, it was already known that leptin is higher
expressed in subcutaneous than visceral adipose tissue in lean and obese subjects [46, 47], whereas
adiponectin expression has been shown to be oppositely regulated [222, 223]. Moreover, in this
present experiment, adipocyte cell expansion was only reversed in the subcutaneous but not
perigonadal depot of the formerly obese mice upon weight loss [18]. Previous studies indicate that the
fat cell volume positively correlates with fat mass in lean and obese conditions, regarding the visceral
and subcutaneous depot [128]. Here, tissue weights of both, scWAT and gWAT from formerly obese
mice were not different to lean mice. Yet, a depot-specific hypertrophy was found in pergionadal
adipocytes from formerly obese mice [18]. It was shown that scsWAT cell sizes correlate inversely
with insulin sensitivity and the rate of weight loss in formerly obese patients [63, 64]. Moreover we
know that visceral adipocytes have a limited capacity to expand. Upon reaching this limitation, M1
type macrophage infiltration and subsequent CLS formation takes place, inducing a higher rate of fat
cell turnover [58, 62, 224]. Transferring this to the present study, one could argue that here, the
reduction of gWAT weight upon weight loss in formerly obese mice was mainly caused by a higher
fat cell turnover, rather than a reduction of hypertrophy. The notion that subcutaneous fat is less
metabolically harmful is supported by transplantation studies in mice where transplantation of
subcutaneous adipose tissue from lean mice into the visceral cavity have beneficial effects on body
weight, glucose metabolism and improve insulin sensitivity [39] in lean [225] and obese [226, 227]
subjects. In contrast, transplantation of visceral adipose tissue to subcutaneous sites was associated
with transient reduction of adipose tissue mass [39] or no beneficial metabolic effects [225, 228] while
few studies show metabolic advantages [39, 229]. Therefore, epidemiological studies on ‘obese but

metabolically healthy’ and ‘lean but metabolically obese’ individuals, as well as transplantation
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studies suggest that visceral adiposity is more harmful than peripheral, subcutaneous obesity, and is

therefore for considered a risk factor for the development of NAFLD and type 2 diabetes [230] [18].

As mentioned before, it has been reported that weight loss, induced by caloric restriction or bariatric
surgery, improves the metabolic phenotype but not white adipose tissue inflammation in mice and
obese patients respectively, one year post-intervention [176]. Consistently, deep transcriptional
profiling confirmed that also in the current experiment, a history of obesity induced differential gene
expression of in total 309 genes in gWAT of formerly obese mice vs. lean mice, which were related to
networks regarding innate immunity, inflammation and cell death and survival. Together with the
increased CLS formation found, this is further strengthening the hypothesis that weight-loss induced
visceral adipose tissue reduction is rather caused by a higher fat call turnover and remodeling of the
tissue than a reduction of hypertrophy [18]. However, the exact mechanisms of tissue remodeling
remains to be addressed in future studies, especially assessing the putative influence of identified

differentially regulated genes.

4.3. BAT-derived ATF3 does not impact the development of DIO in mice

In the previous chapter, Activating Transcription Factor 3 (ATF3) was identified to be up-
regulated in WAT and BAT of obese and formerly obese mice when compared to lean mice. This was
considered particularly interesting, since the role of ATF3 was not described in murine BAT so far,
except for a recent finding from our group, proposing ATF3 as a noradrenergic response gene in BAT
[165]. Multiple functions of the transcriptional regulator ATF3 have been attributed to various cell
types. To elucidate the importance of ATF3 in BAT metabolism, a UCP1- specific ATF3 loss-of
function model was applied. In the experimental set-up, no phenotypic or molecular changes of male
and female mice carrying the UCP1-specifc ATF3 depletion were identified, when compared to their
floxed littermates at basal conditions. Only gender-specific differences within the genotypes were
found, as male mice had increased body mass when compared to female mice. Consistent with what
was presented before (3.1.4), this sex-difference in body weight has been numerously reported in
wildtype animals [111, 191]. Yet, somewhat surprising was the fact that A#f3 expression was not
different between the two genotypes, first proposing a problem within the experimental procedure and
the generation of a knockout line. However, previous reports show that ATF3 is barely detectable in
basal, un-stressed or un-stimulated cells [231]. In line, the depletion of ATF3 became only detectable
in isoproterenol-stimulated adipocytes. Previously, it was shown that A#3 is highly expressed in
perigonadal adipose tissue of (diet-induced) obese animals [157, 232], which we could also confirm
[18]. Since A#3 was also expressed in BAT of male obese and formerly obese mice, it was aimed to
elucidate the specific role of ATF3 in BAT from DIO mice, by applying a HFD-challenge to the

created UCP1-specific conditional knockout mice. Thereby, no differences were found in the DIO
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phenotype of UCP1-specific ATF3 depleted mice, as no differences in weight gain, glucose tolerance
or hyperinsulinemia were detected, when compared to the gender-matched floxed littermates. In line,
whole body ATF3ko mice, which experienced a metabolic stress in form of a HFD feeding, were
shown to display the same onset of obesity as their floxed littermates regarding the increase of body
mass, hyperphagia and hyperglycemia [153]. Yet, whole body ATF3ko mice on HFD exhibited
impaired glucose tolerance, when compared to wildtype mice, despite no difference in basal glucose
levels or insulin clearance [153]. Indicating that BAT-derived ATF3 does not contribute to the
previously described impaired glucose tolerance of ATF3 whole body knockout. NAFLD is
considered a hallmark for obesity [20]. Here, no differences in liver weights nor triglyceride contents
could be identified in the livers of female and male Atf3"™";Ucp1™" versus Atf3"" mice, indicating
that the onset of NAFLD was not impaired by the presence of ATF3 in brown adipocytes. Before, it
was shown that ATF3 overexpression in [-cells was associated with a decrease of hepatic
gluconeogenic genes [148]. Here, neither the expression of hepatic gluconeogenesis markers, nor

lipolysis or lipogenesis markers were altered between the genotypes, regarding both genders.

Surprisingly, despite a trend to a down-regulation of ATF3 mRNA expression in BAT of
Atf3""Ucp1°®" mice, no significant reduction of A#f3 could be detected, neither in male nor female
obese mice. This can most likely be explained by the fact, that ATF3 is also induced under HFD in
other cell types from the stromal vascular fraction (SVF), such as macrophages or pre-adipocytes
[233]. Therefore, the down-regulation of ATF3 in this conditional knockout model might have been
overwritten by the increased expression of ATF3 in adipose tissue macrophages. To confirm this
theory, isolation of brown adipocytes and SVF/ or macrophages from lean and obese Atf3"" and
Atf3""Ucp1°® mice will be mandatory. Unfortunately, these determinations have not been completed
during my PhD-project. Moreover, in our hands, it was unfortunately not possible to detect ATF3
protein levels via Western Blot, neither in un-stressed nor stressed tissues of wildtype and
Atf3 " Ucp1" animals, though various attempts were made, using different kinds of mono- or
polyclonal ATF3-antibodies in whole cell lysates as well as nuclear fractions (data not shown).
Therefore, to gain knowledge to this experiment, detection of protein contents will be necessary. In
humans, BAT activity and mass negatively correlate with body-, fat mass and circulating glucose
levels [86]. Here, no significant differences in BAT weight were identified between Atf3"" and
Atf3""Ucp1°®" mice. In the present study, expression levels of BAT specific markers, such as Ucp]!
were not impacted by the ablation of ATF3 in brown adipocytes. Previously, it has been shown by
Jang et al. that overexpression of ATF3, e.g, due to hypoxia, was associated with decreased expression
of adipogenesis markers PPARy and decreased differentiation of 3T3L1 adipocytes [159, 160]. By
implication, ablation of ATF3 could induce enhanced differentiation and increased expression of

adipogenesis markers PPARY, GLUT4 and Adiponectin in brown adipocytes. Here, Ppary, Glut4 and
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Adiponectin were however not altered in obese BAT of this transgenic model (Figure 43). Of note, in
isolated primary subcutaneous pre-adipocytes from lean Atf3"";Ucp1™®" mice, a trend to an up-
regulation of UCP1 mRNA expression was identified upon rosiglitazone stimulated differentiation
(Figure 38B). Indicating that the absence of ATF3 could enhance Ucpl expression in subcutaneous
adipocytes, consistent with the just mentioned finding of Jang et al. [159], showing that ATF3

expression diminishes differentiation and adipogenesis in 3T3L1 cells.

Studies performed in rodents have shown that UCP1 expression was diminished in BAT from
ob/ob mice [234]. Consistently, the transition from the typical brown fat morphology to a white fat -
like morphology, including the loss of multilocular lipid droplets, vascularization, UCP1 and B-
adrenergic receptors expressions, cumulating in mitochondrial dysfunction and BAT inactivity, was
already described in brown adipocytes from HFD-fed rodents [182]. Here, a whitening of BAT tissue
was detected in DIO- Atf3"™";Ucp1®" male and female mice, compared to Atf3"" mice. Indicating
that the loss of ATF3 could be involved in increased triglyceride accumulation and lipogenesis upon
HFD-feeding. Interestingly, it has been reported that ATF3 expression was augmented upon lipolysis
in adipose tissue macrophages and endothelial cells [233, 235]. To validate whether the loss of ATF3
was indeed involved in lipogenesis, quantification of adipocyte sizes and assessment of lipogenesis

and lipolysis markers remain to be determined.

Similarly to the whitening of BAT, a hypertrophy in WAT of male and especially female
Atf3""Ucp1°® mice was observed, despite only a trend to a significant difference in tissue weight.
Adipogenesis and activation of beige adipocytes in the sScsWAT can be induced by various signals, e.g
rosiglitazone treatment, and has been shown to contribute to an overall increase of energy expenditure,
fueling the protection against DIO in rodents [236, 237]. Strikingly, we identified a significant down-
regulation of Ucpl in scWAT of HFD-fed female Atf3"";Ucpl®" mice compared to floxed
littermates. This was in contrast to the above-mentioned in vitro trend of increased Ucpl expression in
rosiglitazone-differentiated subcutaneous adipocytes from lean Atf3"";Ucp1®". However, the result
from the in vitro experiment was not statistically significant and performed in isolated and
differentiated pre-adipocytes from lean male and female mice. Due to low n-sizes, these data could not
be separated by gender. Thus it is hard to draw conclusions from there. The fact that females have a
higher amount of beige adipocytes in the subcutaneous fat than male mice [238] in basal states is
known. Moreover, it has been reported that females are more susceptible to noradrenergic- induced
browning of white fat [239]. This might explain why the overall levels of UCP1 expression were
higher in HFD-female than in HFD-male mice of both genotypes in this experiment. The transition
from beige adipocytes back to “normal” white adipocytes takes place already after a short adaptation
in thermoneutral conditions [240], by inhibition of the beta-adrenergic pathway [241] and by HFD-

feeding. Here, HFD-fed female Atf3"™Ucp1”®" mice gained slightly more weight and expressed less
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brown like cells in scWAT than floxed females. We know that UCP1-expressing subcutaneous
adipocytes can adopt distinct anabolic or catabolic functions, depending on the duration of adrenergic
stimulation [92] and metabolic demands [85]. Thus, it is not clear whether the HFD-induced down-
regulation of Ucpl was responsible for the increase in body mass in ATF3-lacking females, or
whether the ablation of ATF3 was actually responsible for the loss of beige adipocytes in HFD-
conditions. Therefore, the exact hierarchy of events remains to be elucidated. In sum, these data
provide first indications that BAT-ATF3 does not affect HFD-induced weight gain and glucose

intolerance, but could be involved in the regulation of lipogenesis and adipogenesis.
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5. Conclusion and perspectives

Summing up, the work of this thesis has extended the knowledge on experimental conditions,
which impact the outcome of DIO in C57BL/6 mice and further revealed some of the molecular
alterations following a history of DIO. In detail, in this current work, the common knowledge that
C57BL/6J mice are more susceptible to DIO was contradicted, as C57BL/6N mice were identified to
be more susceptible to HFD-induced weight gain. As expected, the duration of feeding was positively
correlated with the level of weight gain. However, glucose intolerance was already detected after 14
days of HFD feeding in male and female C57BL/6N mice, whereas hyperinsulinemia only manifested
in the 84 days and 140 days cohorts. Suggesting that when aiming to study effects on obesity-
associated insulin resistance, HFD-experiments should be performed in longer feeding experiments. In
addition, the level of body and fat mass gain was not instantly affected by increased amount of dietary
fat content in the HFDs, but only emerged after longer feeding durations. Importantly, in these
experiments, male control diet-fed male mice also gained a substantial amount of body weight and
showed an impairment in glucose tolerance after long term feeding. Indicating that the decrease in
glucose tolerance was not only fueled by an excess intake of dietary fat, but also an excess of sucrose.
Therefore, special care has to be taken when using HFD-matched control diets, rich in sucrose. In
addition, it must be noticed that a high inter-study variability was detected, which was particularly
present in female mice and might have been caused by intrinsic factors, e.g. mice “non-responding” to
a HFD or extrinsic factors, e.g. due to changes in the onset time of feeding. Previously, female
C57BL/6N mice were discussed to be resistant to DIO. Here, also female C57BL/6N mice gained a
substantial amount of body weight in the 84 and 140 days cohort, indicating that the onset of DIO in
female C57BL/6N mice might only be shifted in time, rather than being actually absent. Of course,
one has to keep in mind that these present findings result from experiments performed with relatively
low statistical power, as used n-sizes were ranging between 6 and 18 animals per group. Therefore, to
confirm these findings, a repetition of these experimental feeding studies will be necessary. However,
one can conclude that, in order to guarantee comparability between DIO studies, experimental set-ups
should be well thought-through and adapted to the respective outcome of interest (e.g. hyperglycemia

or hyperinsulinemia).

In the context of this dissertation, it was moreover shown that DIO in male C57BL/6J mice can be
reversed with a simple switch from a HFD to a LFD ad libitum. Thereby, the achieved weight loss was
paralleled by a reduction of fat mass, glucose intolerance and circulating metabolic parameters, within
7 weeks after the switch [18]. Furthermore, it was demonstrated that a switch to a low-fat diet ad
libitum, in contrast to severe caloric restriction as previously shown, did not induce orexigenic
hypothalamic alterations, which facilitated body mass rebound within 48h of hypercaloric (re-)
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feeding. Therefore, one can speculate that hyperphagia in formerly obese mice can be influenced by
the level of caloric restriction, the mice have undergone [126]. Of note, it remains elusive whether
prolonged HFD re-feeding would impact body weight rebound in this model of formerly obese mice.
To answer this, further studies will be necessary. Importantly, it was identified that a history of obesity
was associated with specific inflammatory fingerprints in the liver and adipose tissue of formerly
obese mice. This was shown by signs of liver inflammation and fibrosis as well as adipocyte
hypertrophy in gWAT, which were not completely recovered in formerly obese mice [18]. Suggesting
that these pro-inflammatory molecular alterations could set the stage for the recurring weight gain
observed in formerly obese patients. Thus, it will be necessary to study the impact of in liver and
gWAT of obese and formerly obese mice identified up-regulated genes on the development of DIO, in
more detail. Therefore, also other researchers might profit from the detailed description of the

differentially regulated genes in gWAT and livers of formerly obese and lean mice.

Within the scope of this dissertation, ATF3 was identified as an interesting candidate gene, as its
mRNA expression was up-regulated in BAT and gWAT of obese and formerly obese mice. Therefore,
the impact of BAT-derived ATF3 was assessed on the development of DIO, by applying an UCP1-
specific conditional knockout mouse line. While hardly detectable at basal states, the UCP1-specific
ablation of ATF3 became apparent in isoproterenol-activated brown adipocytes. Confirming the
previously in our group identified finding that ATF3 was an adrenergic response gene in BAT. Yet,
the UCP1-specific ablation of ATF3 did not impact the susceptibility to DIO in male or female
C57BL/6N mice, regarding the onset of body weight and fat mass gain, glucose intolerance and
hyperinsulinemia. Only a slight trend to a hypertrophy of adipocytes was observed in BAT and
scWAT from Atf3"™":;Ucp1“®" mice, when compared to floxed littermates. This “whitening” phenotype
was further paralleled by a reduction of Ucpl and Glut4 expression in subcutaneous white adipocytes
from female Atf3"";Ucp1®®" mice. Of note, an overall significant reduction of A#f3 in BAT could not
be detected, which might be caused by a compensatory expression of ATF3 in the SVF of the BAT.
Therefore, further studies will be necessary, dissecting the expression of ATF3 in brown adipocytes
from the expression of ATF3 in the SVF in lean and obese Atf3"";Ucp1“**animals. Thereby, also ER-
stress and mitochondrial-stress pathways will be interesting to assess, in the context of obesity-
induced hypoxia. Additionally, the whitening of BAT and scWAT in HFD-fed Atf3"";Ucp1“*" mice
needs to be further addressed by quantification of adipocyte cell sizes and lipogenesis markers.
Moreover, in order to fully understand the function of ATF3 in BAT thermogenesis, Atf3"";Ucp1®’
mice will have to be exposed to a noradrenergic stimulus and energy expenditure will have to be
monitored subsequently. Yet, this present work is the first to describe the up-regulation of ATF3 in
BAT of obese and formerly obese mice. Taken together, the present work exhibits novel insights on

the interplay between dietary interventions and selected metabolic and genetic parameters.
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