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1 Abstract

High-fat diets (HFD) cause inflammation both in the periphery and the central nervous system.
In adipose tissue, inflammation is mainly mediated by macrophages that are recruited to the
tissue. Similarly, microglia, the innate immune cells of the brain, are activated in the
hypothalamus of mice fed an HFD. Several studies have shown that the nucleotide-binding
oligomerization domain (NOD)-like receptor pyrin domain containing 3 (NLRP3)
inflammasome, which is expressed by microglia and macrophages, plays a pivotal role in the
metainflammation caused by diet-induced obesity (DIO). We were able to use a potential
pharmacological NLRP3 inflammasome inhibitor called Ebselen to test the hypothesis that a
selective pharmacological inhibition of the NLRP3 inflammasome reduces HFD-induced
metabolic alterations. First, we showed that Ebselen was able to inhibit IL-1p secretion in
peritoneal macrophages and microglia. We also tested the effects of Ebselen in vivo using male
C57/BL 6 wild-type mice fed on a control diet or a high-fat diet, as well as a subgroup of HFD
mice and CHOW mice treated with the potential NLRP3 inflammasome inhibitor Ebselen
(intraperitoneal injections of 10 mg/kg 3 times a week) or a vehicle. HFD feeding increased
weight and impaired glucose homeostasis. Intraperitoneal Ebselen treatment averted weight
gain and insulin resistance in HFD-10 (HFD-induced obesity) mice with no change in caloric
intake. This effect may be due to the inhibition of IL-B secretion of the NLRP3 inflammasome;
however, we cannot exclude that these effects might have been a consequence of drug toxicity,
as the mice treated with Ebselen exhibited peritonitis and a high mortality rate. To avoid the
side effects of the intraperitoneal injections of Ebselen, we changed the method of
administration. The mice were given the same dose of Ebselen as before, but this time it was

administered through their drinking water. In this experiment, Ebselen did not affect the w

eight gain in HFD mice, but the drug prevented the development of insulin resistance in HFD-
IO mice after 1 month of treatment. After 2 months of treatment, this effect had vanished. After
10 weeks of treatment, HFD-IO mice did not exhibit elevated IL-1f levels, so the long-term
effects of Ebselen on the IL-f level could not be assessed. In addition to proving that Ebselen
can inhibit the NLRP3 inflammasome, further research into alternative application routes and

drug formulations must be carried out before Ebselen can become a viable therapeutic option.



2 Zusammenfassung

Stark fetthaltige Nahrung (HFD) verursacht eine Entziindung in der Peripherie sowie in dem
zentralen Nervensystem. Im Fettgewebe wird die Entziindung hauptséchlich durch
Makrophagen ausgelost. Analog wurde gezeigt, dass HFD und Ubergewicht eine Aktivierung
von Mikroglia, den angeborenen Immunzellen des Gehirns, im Hypothalamus von Mausen
auslost. Mehrere Studien zeigten, dass NLR family, pyrin domain containing 3 (NLRP3)
Inflammasomes eine entscheidende Rolle in dieser peripheren sowie zentralen Meta-
Inflammation in der Pathophysiologie von HFD und Ubergewicht hat. Unser Labor hat die bis
jetzt unverdffentlichte Information erhalten, dass das Pharmakologen Ebselen das NLRP3
Inflammasome pharmazeutisch hemmt. Daher testeten wir die Hypothese, ob Ebselen, durch
eine selektive Hemmung des NLRP3 Inflammasomes zu einer Reduktion der metabolischen
Verdnderungen bei durch fettreiche Erndhrung ausgeldstem Ubergewicht filhrt. Zuerst zeigten
wir, dass Ebselen die IL-1B-Sekretion in peritonealen Makrophagen und Mikroglia in vitro
hemmt. Fur die in vivo-Experimente wurden mannliche C57 /BL6- Wildtyp-Méause mit
entweder fettreicher Nahrung oder Kontrollfutter gefittert. Diese beiden Gruppen wurden dann
jeweils in zwei Gruppen, die entweder mit dem potentiellen NLRP3 Inflammasome Inhibitor
Ebselen (10mg/kg dreimal pro Woche intraperitoneal) oder als Kontrolle nur mit dem
Losungsmittel behandelt. In der Kontrollgruppe, die mit HFD gefiittert wird, entwickelten die
Mause Ubergewicht und eine beeintrachtige Glukosehomgostase. Die intraperitoneale Injektion
mit Ebselen fiihrte in der HFD und in der Kontrollfutter Gruppe zu einer Peritonitis bis hin zum
Tod. Daher ist die reduzierte Gewichtszunahme und verbesserte Glukosehomdostase in der mit
Ebselen behandelten HFD Gruppe, wahrscheinlich auf die Erkrankung der Mause zuriick zu
fuhren. Die Menge der aufgenommenen Kalorien in beiden HFD Gruppen war identisch. Ob
die Gewichtsreduktion und verbesserte Insulinsensitivitdt auch auf der pharmakologischen
Hemmung des NLRP3 Inflammasomes beruht, kénnen wir nicht ausschliefen. Um die
Nebenwirkungen der intraperitonealen Injektion zu vermeiden, wurde als alternativer
Applikationsweg Ebselen in Trinkwasser aufgeldst und den Mdausen darlber zugefihrt. In
diesem Experiment hatte Ebselen keinen Einfluss auf die Gewichtszunahme. Nach einem
Monat Behandlung verhinderte Ebselen die Entwicklung einer Insulinresistenz. Dieser Effekt
war jedoch zu einem spateren Zeitpunkt verschwunden. Nach 10-wdchiger Behandlung hatte
keine der HFD Gruppen erhohte IL-1p Spiegel in weilem Fettgewebe, so dass die Wirkung
von Ebselen auf den IL-B Spiegel nicht untersucht werden konnte. Neben der Verodffentlichung

der Hemmung der NLRP3 Inflammasomes durch Ebselen sind weitere Untersuchungen zu
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alternativen Anwendungswegen und Arzeimittelrezeptur notwendig, um Ebselen zu einer

Behandlungsmaglichkeit bei Ubergewicht zu etablieren.

11



3 Introduction

3.1 Obesity und metabolic diseases

Obesity, which is defined by a Body Mass Index (BMI=body weight in kg divided by height in
m2) of over 30 kg/m?, is one of today’s major health problems. According to the WHO, 39% of
adults aged 18 years and over were overweight in 2016 (BMI > 25 kg/m?), and 13% of these
were even considered obese (BMI > 30 kg/m?). To underline the severity of obesity, which
reduces life expectancy by an average of 6 years [2], obesity was defined as an illness by the
American Medical Association in 2013, at the same time recognizing that obesity is not only
the result of an unhealthy lifestyle. The prevalence of obesity has risen dramatically in recent
years. As a result, more people suffer from obesity-related chronic metabolic and inflammatory
multiorgan disorders (e.g., pancreatic, adipose, hepatic, cardiac and muscle tissue), known as
the “metabolic syndrome”. The syndrome includes impaired insulin sensitivity, pancreatic 3-

cell dysfunction, dyslipidemia, atherosclerosis, hypertension and fatty liver disease.

The causes of obesity are manifold and not yet fully understood. Monogenic or syndromic
obesity account for only about 5% of obesity in humans, although twin studies suggest that
genetic influence has a major impact [3, 4]. The reason for the rapid increase in obesity is
thought to be changes in the environment and lifestyle.

Obesity is caused by an imbalance between energy intake and energy expenditure. Excess
energy may result from a changed diet, especially in western countries. Larger portions, higher
caloric density and easier access to food contribute to this [5]. Along the same lines,
epidemiological studies reveal a positive correlation between increased fat content in the diet
and an increased incidence of obesity [6]. Furthermore, there is an inverse correlation between
adiposity and physical activity [7]. The WHO states that 30% of the world's population gets
insufficient exercise [8]. Finally, social factors play an important role, since people whose

friends become obese are 57% more likely to become obese themselves [9].

In addition to the problem of the increasing incidence of obesity, there is little or no evidence
that a change of lifestyle can successfully treat the illness, especially in the long term [10, 11].
In the long term, only 2-20% of people succeed in reducing their weight [12]. It is therefore
predicted that by 2035, obesity will account for 20% of the total healthcare costs in western

countries.
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Diseases associated with obesity can be roughly subdivided into two groups. The first group is
caused mainly by increased weight and fat mass, such as sleep apnea and degenerative diseases
of the musculoskeletal system, including arthrosis. The second group of diseases arises from
metabolic disorders and includes diabetes mellitus type 2 (T2DM).

Nearly 10% of adults worldwide suffer from T2D, which causes 5% of deaths secondary to
comorbidities including cardiovascular disease (CVD), neuropathy and nephropathy [13].
Lifestyle interventions in obesity have a minimal effect on CVVD mortality in obese patients
[14].

As a result of the great prevalence and morbidity of obesity and T2D, efforts must be made to
find new innovative pharmacological approaches for the treatment and prevention of obesity
and its complications, such as T2D. This treatment could be an alternative for people who are
unable to reduce their bodyweight and become metabolically healthy using classic therapeutic

principles.
3.2 Obesity-induced inflammation

Following the landmark discovery that adipose tissue of obese animals produces pro-
inflammatory cytokines [15, 16], the link between inflammation in metabolically active organs
and metabolic diseases, including diet-induced obesity (DIO) and insulin resistance, leading to
T2D, has been substantiated by intense research efforts [17]. Inflammation caused by obesity
has been observed in other metabolically active organs, such as the liver and pancreas [18-20].
This chronic low-grade inflammation is defined as metabolic inflammation (i.e., meta-

inflammation) [21].

Weight gain causes expansion and hypertrophy in adipose tissue (AT). When the storage
capacity of the adipocytes is exceeded, fatty acids are accumulated in non-AT, such as the liver,
skeletal muscle and pancreas, and are found in the blood stream as free fatty acids, causing the
activation of inflammatory pathways and lipotoxicity [22]. At this point, immune cells infiltrate
diverse tissues, including AT, and are activated. These pathways result in cellular dysfunction
[23], ultimately promoting metabolic disorders, such as insulin resistance. In the years
following these discoveries, macrophages have been identified as the major source of obesity-
associated tissue inflammation [24, 25].
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Analogously to inflammation in peripheral organs, increased inflammation in the central
nervous system (CNS) has also been reported and found to be associated with diet-induced
weight gain [26, 27]. As in the periphery, the inflammatory response in the CNS is primarily
characterized by activation of microglia, the intrinsic macrophages of the brain. The
hypothalamus controls appetite and energy expenditure by responding to metabolic endocrine
signals and affecting insulin release from the pancreas and leptin from adipose tissue [28].
Obesity has long been associated with insulin or leptin resistance in peripheral tissues, but
recently it has been shown that the hypothalamus also develops resistance to these hormones

[29-31], thus promoting the development of metabolic disorders.

In recent years, the exact mechanisms of the activation of the immune system in the context of
obesity have been investigated, and sterile inflammation, which is defined as an inflammation

caused without any pathogens, seems to be the key pathomechanism.

3.3 Sterile inflammation and the NLRP 3 inflammasome

Normally, inflammation is a protective immune response to harmful stimuli. As innate immune
cells, macrophages and microglia express a variety of pattern recognition receptors (PRRS).
Among the PRRs, pathogen-associated molecular pattern (PAMPS) receptors are used to detect
exogenous pathogens, while danger-associated molecular pattern (DAMP) receptors allow the
recognition of endogenous signals that may be present after tissue damage [29]. Examples of
identified DAMPs include reactive oxygen species (ROS), adenosine triphosphate (ATP),
hypotonic stress, uric acid crystals, ashestos, UV radiation, saturated fatty acids, ceramide,
palmitate, amyloid beta and cholesterol crystals [30, 31]. DAMP-triggered inflammation is
called sterile inflammation when it occurs in the absence of foreign pathogens, such as bacteria
[32]. The activation of PRRs leads to the activation of downstream signaling cascades and
triggers the production of interferon-a, interferon-p and other pro-inflammatory cytokines.
Among the PRRs that bind endogenous danger signals are the NOD-like receptors (NLRs). The
NLR family contains proteins that form large cytosolic protein complexes, called
inflammasomes. The best characterized inflammasome is that formed around NLRP3/NALP3
[31].

The NLRP3 inflammasome is a huge cytosolic protein complex which assembles after sensing
DAMPS or PAMPS and serves as a scaffold to recruit caspase-1 [33]. The NLRP3

inflammasome consists of an intracellular sensor, the precursor procaspase-1, and the
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Figure 1: Mechanism of the activation of the NLRP3 inflammasome: LPS induces TLR4 (Toll-like receptor 4)-dependent
activation of NF-«B, resulting in NLRP3, prolL-1/ and prolL-18 expression (Signal 1/Priming). NLRP3 inflammasome
assembly (NLRP3, ASC and Caspase-1) is activated by DAMPs/PAMPs (Signal 2/ Activation). Caspase-1 cleaves the pro-
inflammatory cytokines prolL-14 and -18. Pyroptosis, a lytic form of cell death, is also triggered by caspase-1, through pore
formation. This simplifies the release of the active cytokines IL-1f and IL-18. |L-18, as well as its pyrogenic characteristics,
promotes adaptive T Helper 1 (Th1), Th17. IL-18 then triggers the IL-18 secretion in Th17 cells [1].

apoptosis-associated speck-like adaptor protein containing a CARD (ASC) [33]. Activation via
[metabolic] danger signals leads to the autocatalytic activation of the cysteine-dependent
protease caspase-1 [34]. The resultant p10 and p20 caspase-1 subunits assemble to form active
caspase 1, which acts to convert precursor cytokines pro-IL-1p and pro-IL-18 into their
metabolically active forms [35]. Furthermore, caspase-1 leads to the formation of large pores
resulting in a lytic mode of cell death, pyroptosis, which acts as a key defense against microbial
infections [36].

Although the exact molecular pathways of the NLRP 3 inflammasome assembly are not
completely known, it is agreed that NLRP3 activation is a two-step process requiring two
different sequenced signals. The first signal is known as priming and activates the nuclear factor
kB (NF-xB) through TLR ligation, which is required for cells to express pro-1L-1p and NLRP3
protein. Microbial molecules (e.g. bacterial lipopolysaccharide [LPS]) can act as the priming
signal (signal 1) [37]. Therefore, most experimental in vitro protocols studying NLRP3
inflammasome activation include “priming” with a TLR agonist, such as LPS. After being
primed, the NLRP3 can respond to its stimuli and can assemble the NLRP3 inflammasome.
Following this, the priming of a second stimulus (signal 2), such as ATP, nigericin, or bacterial
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toxins, is required for maximum IL-1 release and full inflammasome activation [38]. The exact

mechanisms leading to NLRP3 inflammasome activation are the subject of debate (Figure 1).

3.4 NLRP3 in diabetes and obesity

In recent years, sterile inflammation through the activation of the NLRP3 inflammasome has
been linked to a variety of autoimmune and autoinflammatory diseases, including
neurodegenerative diseases (e.g. Alzheimer’s disease) and metabolic disorders (obesity, type 2

diabetes and atherosclerosis) [39].

Particularly in HFD-10O obesity and the development of insulin resistance, the activation of the
NLRP3 inflammasome seems to be the driving force. There is increased activation of the
NLRP3 inflammasome and caspase-1 in the metabolic organs of obese mice and humans,
whereby elevated levels of NLRP3 and ASC/PYCARD have been found in adipocytes of obese
patients [40, 41]. Human studies have shown that augmented activity of the NLRP3
inflammasome and IL-1p in white adipose tissue distinguishes the metabolically unhealthy
from the metabolically healthy [42]. Furthermore, there is a correlation between the

concentration of the inflammasome components and the severity of type 2 diabetes [41, 43].

Animal studies have underlined the importance of the NLRP3 inflammasome in the
development of obesity itself and of obesity-related diseases. Studies on animals lacking
inflammasome components through genetic knockout in the context of HFD-induced obesity
or genetically induced obesity have shown that NLRP3-, ASC- and caspase-1 deficiency protect
against HFD-induced obesity [44]. Mice lacking Casp-1 had reduced adipocyte size and fat

mass, and improved insulin sensitivity [41, 45].

[I-1p in particular, a product of the inflammasome, has been strongly linked to the development
of type 2 diabetes, causing -cell functional impairment and apoptosis. IL-1p weakens insulin
sensitivity by inducing JNK-dependent serine phosphorylation of insulin receptor substrate,
disrupting the PI3K-Akt-signaling in insulin-targeted cells [46]. There is a causality between
IL-1p and the development of type 2 diabetes, since increased plasma levels of IL-1p and IL-6
augment the risk of T2D [47].

The pathomechanisms of the activation of the NLRP3 inflammasome in obesity are the subject
of intense research. It has been shown that the NLRP3 inflammasome is triggered by saturated

fatty acids, such as palmitate and ceramide. These saturated fatty acids are elevated in obesity,

16



thus linking the development of insulin resistance to obesity and aggravating obesity itself.
Interestingly, omega-3 fatty acids inhibit NLRP3 inflammasome activity. Insulin resistance is
further promoted by glucose, which has been shown to be able to activate the NLRP3

inflammasome.

3.5 Human studies and health implications

Consequently, one promising therapy for obesity and T2D, in addition to lifestyle intervention,
would be the inhibition of the NLRP3 inflammasome. As described above, genetic elimination
of the NLRP3 inflammasome in mice protects against metabolic diseases, including the
development of insulin resistance. Given these ameliorative effects, a pharmaceutical NLRP3

antagonist would be of great importance.

Different therapeutic strategies to inhibit the NLRP3 inflammasome or its products have already
been investigated. The most widely used inflammasome-related therapeutics are interleukin-1
receptor antagonists, such as Anakinra. Apart from inhibiting IL-B, IL-a is also affected by this
drug, making it less specific. Furthermore, there are other aspects of Anakinra which make the
antibody (AB) unsuitable for the long-term treatment of type 2 diabetes, such as it being very
expensive as a monoclonal AB and the need for daily injections due to its short half-life.

Canakinumab is a human monoclonal antibody targeted at interleukin-1pB, without cross-
reactivity with IL-a. In a clinical study, Canakinumab did not reduce the incidence of new-
onset diabetes, and although it reduced HbA1c during the first 6-9 months of the study, no long-
term benefits were achieved [48]. Even though a reduction in deaths from cardiovascular
disease was seen, there was no overall survival benefit and the drug caused numerous side-
effects, making Canakinumab a less favorable drug in treating T2D and cardiovascular disease
in obese patients. Neither Canakinumab nor Anakinra inhibit the NLRP3 molecule or complex,
and they do not, therefore, inhibit 1L-18 or caspase 1. Since pharmacological studies of both
drugs did not show any great effect and considering the cost of the drugs, a specific NLRP3

inhibitor could be a better option.

At the start of our experiments, no other specific NLRP3 inflammasome inhibitor existed. We
were therefore very excited when Veit Hornung, from the University of Bonn, informed us of
a newly-discovered - and prior to this study unknown - property of Ebselen: the specific

inhibition of the NLRP3 inflammasome.
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3.6 Aims of this study

This recently identified safe and efficient inflammasome inhibitor, which was also assessed in
in vivo studies (personal communication with Veit Hornung, University of Bonn), will be tested
in vitro for efficacy (Aim 1) and in vivo to assess the effects of inflammasome inhibition on

high-fat diet-induced metabolic syndrome in wild-type mice (Aim 2).

1. Primary peritoneal macrophages and microglia will be exposed to LPS and ATP, inducers
of inflammasome activation, in the presence or absence of Ebselen, the supposed NLRP3
inflammasome inhibitor, to assess the efficacy of inflammasome inhibition in response to

metabolic inflammasome activators. The medium will be tested for IL-1p.

2. Wild-type mice will be fed either a high-fat diet or standard chow control diet for 10 weeks
while being treated with an NLRP3 inflammasome inhibitor or vehicle control treatment to
determine whether inflammasome inhibition in the context of a high-fat diet is efficacious in

ameliorating diet-induced metabolic syndrome.

The animals will be metabolically phenotyped throughout the experiment and at the end of the
experiment to evaluate metabolic status (weight gain, energy expenditure, body mass, food
intake, insulin sensitivity), and the IL-1p levels in the blood and white adipose tissue (WAT)

will be measured.
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4 Methods

4.1 In vitro experiments

4.1.1 Extraction and culturing of primary peritoneal macrophages

For the extraction of peritoneal macrophages, BI6 mice were euthanized with dry CO2. Then
the peritoneum was quickly and gently exposed and 10 ml ice cold PBS was slowly injected
intraperitoneally with a 23G needle. Each mouse was shaken for one minute to harvest as many
peritoneal macrophages as possible. The liquid was collected from the cavity using a 20G
needle. An average of 8 ml was collected. The collected cells were centrifuged for 10 min at
500 rpm. They were then counted and plated with 500 000 cells per 24-well plate in Roswell
Park Memorial Institute medium (RPMI; Invitrogen) supplemented with 10% FBS and 50 U/ml
penicillin/streptomycin (PenStrep; Invitrogen), and maintained at 37°C in a 5% CO2
humidified atmosphere for 24 h.

4.1.2 Extraction and culturing of primary microglia

Isolation of CD11b+ cells was performed on the brain tissue of 3- to 5-day-old mice. Mice were

euthanized through decollation.

The skull was opened, and the brain was carefully extracted. The cerebellum and olfactory bulb
were removed and the remaining tissue was manually minced in HBSS using scalpels and then
homogenized with pipets. Following this, the tissue was dissociated into a cell suspension using
the MACS®Neural Tissue Dissociation Kit (P) (Miltenyi Biotech) following the

manufacturer’s protocol.

To sum up, the tissue was digested progressively using enzymes supplemented with the kit at
37°C and alternately homogenized with the gentleMACS® Dissociator (Miltenyi Biotech).
Finally, the homogenate was filtered through a 70 um mesh filter, centrifuged (1300 rpm, 10
min) and suspended in ice cold MACS buffer (PBS, pH 7.2, 0.5% FBS). Subsequently, the cells
were incubated with 50 pl magnetic CD11b+ MicroBeads (Miltenyi Biotech) per gram and
incubated for 15 min at 4°C. After a washing step, the cell suspension was suspended in 1500
ul of MACS buffer and, separated over LS magnetic columns (Miltenyi Biotech), placed in the
MidiMACS® magnetic separation unit (Miltenyi Biotec). Cells were counted, 10° cells were

plated per well in a 24-well plate containing DMEM supplemented with 10% FBS and 50 U/ml
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PenStrep and maintained at 37 °C in a 5% CO2 humidified atmosphere for 24 hours prior to the

following experiments.

4.1.3 In vitro IL-1p protein expression after inflammasome activation

To quantify the effects of the Ebselen treatment in vitro on NLRP3 inflammasome-dependent
(IL-1pB) protein expression, peritoneal macrophages from wt (wild type) mice were extracted as

described and 10° cells were plated in a 24-well plate.

In order to activate the NLRP3 inflammasome in vitro, LPS, acting over TLRs, was used as a
first signal and adenosine-tri-phosphate (ATP) as a second sterile inducer [146]. Then, 24 h
after the extraction and plating of peritoneal macrophages, the culture medium was discarded
and LPS (1 ug/ml) with 50 uM Ebselen or vehicle (DMSO) diluted in culture medium was
added to stimulate the cells. An equivalent amount of PBS in medium was used as negative
control for stimulation. After 5 h of incubation (37°C, 5% CQO2), 5 mM ATP was added for 30
min with 50 uM Ebselen or vehicle (DMSO), then the supernatants were collected and
measured for protein content with the ELISA required by the manufacturer’s protocol

(eBioscience).

To quantify the effects of Ebselen in vitro on primary microglia, the cells were planted as
described above. The following day, the culture medium was discarded and LPS (0.1 pg/ml)
with 50 uM Ebselen or vehicle (DMSO) diluted in culture medium was added to stimulate the
cells. An equivalent amount of PBS in medium was used as negative control for stimulation.
After 3 h of incubation (37°C, 5% CO2) 1 mM ATP was added for 3 h with 50 uM Ebselen or
vehicle (DMSO), then cell supernatants were collected and measured for protein content with
the ELISA required by the manufacturer’s protocol (eBioscience) and as described for the
peritoneal macrophages.

4.2 In vivo experiments

4.2.1 Animal handling

As a model for obesity and the metabolic syndrome we used 90-day-old male C57BL/6J mice
(The Jackson Laboratories, Bar Harbor, ME), which were housed separately in a controlled

environment (12-h daylight cycle, lights off at 6 p.m.) with free access to food and water. We
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chose only males, because the metabolism of individual females differs considerably depending
on their menstrual cycle. The mice were fed a control chow (D12450J) or high-fat chow diet
(Rodent Diet with 60% kcal% fat, D12492, Research Diets) for different periods of time.

The experiments were carried out in accordance with national animal protection guidelines,

after approval by the Landesamt fur Gesundheit und Soziales in Berlin (LaGeSo Berlin).

4.2.2 Phenotypic characterization

For phenotyping, the mice were weighed every week. In addition, food consumption was
measured, and new food was added to stop the high-fat food becoming greasy. In the
experiment where Ebselen was applied through drinking water, the watering bottles had special
anti-drip lids (Tk100 Watering tube, ball closure 100 mm, 3125052, Bioscape) to prevent
spillage of the drug and to ensure correct dosage. The water consumption of the mice was,
therefore, also measured. The weekly energy intake was calculated using the following

equation:
Weekly energy intake = gram of weekly food intake * specific caloric density

The development of the bodyweight was compared to the initial bodyweight as a percentual
bodyweight change:

actual bodyweight

Percentage bodyweight change = nitial bodyweight

4.2.3 Intraperitoneal glucose tolerance test

The intraperitoneal glucose tolerance tests were performed monthly. Glucose resistance in the
mice had to be tested on an empty stomach. Considering the different night/day rhythm of
rodents, the food was withdrawn at about 7 a.m. In the experiment where Ebselen was
administered through the drinking water, the water was changed to prevent the metabolism of
the mice being influenced by the drug or its vehicle. After 6 hours of fasting, the basal glucose
level was measured using the blood sugar meter ContourXT with the Contour Next sensor
stripes from Bayer, with a maximum threshold of 600 mmol/ml of glucose. The mice were
injected intraperitoneally with either 0.002g glucose per g bodyweight or with 0.001g glucose
per g bodyweight. The blood sugar levels were taken from the tail veins at intervals of 0, 15,
30, 60, and 120 min after insulin injection. At each time point, the blood glucose was measured
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twice. If the difference was higher than 10%, a third measurement was taken. The average was
then calculated. In cases where the blood sugar value exceeded the maximum value measurable

by the blood sugar meter, 600 mmol/dl was taken as the amount.

To evaluate the insulin resistance, the area under the curve was calculated using the following

equation:
1 n—1
AUCy_, = 5 > (tiv1 — t:)(Ci + Ciyq)
i=1

4.2.4 Measuring of body composition

A Brown adipose tissue Subcutaneous AT

Perirenal adipose tissue

Epigonadal adipose tissue

B fat pad weight

: — % 100=
total animal weight

Normalized % fat pad weight

Fett

Figure 2: Different fat compartments of a mouse. A The white adipose tissue is divided into subcutaneous pads and visceral
pads. The main white adipose tissue (WAT) pads are comprised of the epigonadal adipose tissue. Further perirenal adipose
tissue was collected. Brown adipose tissue (BAT) is distributed throughout the adipose tissue with the main BAT depot in the
interscapular region, which was dissected. As a subcutaneous fat pad, the posterior subcutaneous fat depot was collected. B
equation for the calculation of normalized fat pad weight.

Body composition, including lean mass, fat and free fluid, was measured by :H-magnetic
resonance spectroscopy, using a body composition analyzer (minispec LF50, Buker), in the in
vivo experiments in which the mice were treated with Ebselen via drinking water. The absolute

and relative weight of the fat and lean mass were calculated.

After sacrifice, the different fat compartments from one side - gonadal fat, perirenal fat,
subcutaneous fat and brown fat tissue - were dissected and weighed. For the brown fat, the fat
compartments between the scapulas were taken. Since it is not possible to collect all

subcutaneous fat, the fat pad of the back was taken, as marked in the picture. The amount of
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adipose tissue from each depot was measured in absolute weight and was also normalized to

the bodyweight of each animal using the equation shown (Figure 2B).

4.2.5 Measuring energy expenditure and locomotor activity with metabolic cages

Energy expenditure was measured twice during the experiments where Ebselen was

administered through drinking water using a LabMaster-CaloSys-Calorimetry System (TSE
Systems, Bad Homburg, Germany). The mice were given 48 h prior to the beginning of the
experiment to get used to the drinking bottles. O, and CO2 measurements were taken every
33 min, while the mice were given ad lib. access to food and water. VO consumption and
VCO: production in individual mice were measured using metabolic chambers, and the
respiratory exchange ratio (RER) was calculated to reflect energy expenditure. Because of
possible initial stress related to transfer to the chambers, only the last 24 h (of approximately
48 h in total) of measurements were used to calculate the respiratory quotient, determined as
the ratio of VCO2 to VO2 (RER =VCO2/VO»). The energy expenditure was calculated from
the RER and gas exchange data [Energy expenditure = (3.815 + (1.232 * RER) * V02]
and normalized to lean mass [46] as measured by the body composition analyzer. The total

energy expenditure (TEE) is the sum of the means of hours of one day.

The physical activity was measured by an infrared beam system integrated into the LabMaster
system. Total activity (beam breaks) in the X, Y, and Z axes was stored every 33 min. The
system is designed to differentiate between fine motor movement (defined as a single X- or Y-
axis beam break), ambulatory movement (defined as the simultaneous breaking of two adjacent
X or Y beams), and rearing (defined as the breaking of the Z-axis infrared beam). For the total
locomotor activity, all measurements of the last 24 h were added together. There were always
44 summands. The total locomotor activity was further divided into nighttime and daytime

(nighttime: 6 p.m.- 6 a.m., 22 summands).

In the calculation of locomotion and energy expenditure, only animals that consumed more than

1 g of food and 1 ml of water were included.

4.2.6 Application of Ebselen in vivo

To test the effect of Ebselen in vivo in the model of high-fat diet-induced obesity, Ebselen was
first dissolved in 0.5 mM dimethylsulfoxide (DMSQ) and then slowly further diluted in 25%
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w/v hydroxypropyl B-cyclodextrin (termed B-cyclodextrin), which served as a vehicle. The

vehicle was permanently shaken at 50° Celsius.

120-day-old male mice were treated with 30 mg/kg of Ebselen or the vehicle by i.p. injection
three times a week (3x10 mg/kg), or the same amount of Ebselen or vehicle diluted in drinking
water. At the end of the experiments, the mice were killed using dry CO2. Initially, blood was

withdrawn directly from the heart and then the mice were perfused with 20 ml ice cold PBS.

4.3 Immunohistochemical evaluations

Immunohistochemical staining was used to detect peritoneal macrophage cells (CD68) in order

to evaluate the percentage of CD68 positive cells in the cell culture.

For staining, the cells were cultured on coverslips and incubated overnight. The coverslips were
transferred to a sterile 6-well plate and incubated for 30 min with 4% PFA for the fixation of
the cells. Following this, they were washed 3 times for 5 min with PBS and blocked with 10%
normal goat serum (NGS) in PBS containing 0.3% Triton-X-100 (PBS-TX) for 1 h at RT on a
shaker. Next, the blocking solution was discarded, the primary AB in 5% NGS in PBS-TX in a
1:500 dilution was added, and the cells were incubated overnight at 4 °C. The next day, the
sections were washed three times with PBS and incubated with the secondary AB Cy3 in 5%
NGS in PBS-TX for 60 min at RT on a shaker. After another washing round (3x PBS), sections
were mounted on a glass cover slide, which was bathed twice in xylene for 1 min before

covering, using Roti®-Histokitt 11 mounting medium.

Fluorescent sections were imaged using a confocal laser-scanning microscope (Leica). Three
different plates, with 3 replicates, were used to quantify the purity of the peritoneal macrophage

cell culture.

Primary AB | Host | Dilution | Company | Secondary AB | Host Dilution | Company

CD68 Rat | 1:500 Serotec Cy3 Donkey | 1:300 Jackson

Table 1:AB use for staining of peritoneal macrophages
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4.4 Quantification of protein expression

4.4.1 Protein extraction from WAT and blood plasma

To determine IL-1p protein levels in the WAT of the mice where Ebselen was administered via
drinking water, WAT from the gonadal fat compartment from mice transcardially perfused with
PBS was extracted, weighed and snap frozen in liquid nitrogen. After weighing, the piece was
homogenized in 1 pl/mg radioimmunoprecipitation assay buffer (RIPA; 50 mM Tris-HCI (pH
7.5), 150mM NaCl, 1% Nonidet, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS)) containing protease inhibitor (Roche, 1 tablet per 50 ml). Homogenization was
performed mechanically using syringes with cannulas of decreasing diameter (20, 23 and 27G)
followed by an incubation time of 30 min on ice. After centrifugation (30 min, 12000 g, 4°C),

supernatants, without the lipid phase, were snap frozen in liquid nitrogen.

The protein concentration of each sample was determined with the QuantiproTM BCA Protein
Assay Kit (Pierce) using 1:10, 1:20 and 1:50 dilutions with the Photometer Tecan Infinite®
200M (Tecan) according to the manufacturer’s protocol. This was followed by an analysis of
the concentration of IL-1B using ELISA as required by the manufacturer’s protocol
(eBioscience). Using the same protocol, the IL-1B concentration of the blood plasma was

analyzed using ELISA.

4.4.2 Quantification of IL-p

To determine IL-1p protein levels in the supernatant, serum or white adipose tissue, an
enzymatic immunosorbent assay (ELISA) was performed following the manufacturer’s
protocol (eBioscience). As technical replicates for the cell culture experiments, 100 pl of
supernatant was diluted to fit into the range of the standard curve. Absorption was measured at
450 nm and 570 nm (for wavelength correction) on a microplate reader (Infinite® 200M, Tecan)
and analyzed using the MagellanTM Software.

4.5 Statistical analysis

Differences between groups were analyzed using GraphPad® Prism. All data was expressed as
means + standard deviation (SD). For comparisons of the means between two groups, statistical

analysis was performed by applying the t-test in GraphPad Prism 9. Comparisons of the means
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among more than two groups were made using a one-way or two-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparisons post-test in GraphPad Prism 9, as indicated
in the figure legends. Results were displayed as mean values +/- standard deviation (SD).

P values of less than 0.05 were significant and were indicated as follows: * p < 0.05, ** p <0.01,
*** n < 0.001 and **** p<0.0001.

The log-rank test was used to compare survival according to the different groups. P values of
less than 0.0166 were significant and were indicated as follows: * p < 0.0166, ** p <0.0033,
***n < 0.00033. The significance level was set at 0.0166, according to the Bonferroni corrected

threshold, dividing the original p by 3, because of the 3 groups being compared with each other.
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5 Results

5.1 Aim 1: Ebselen inhibits the inflammasome in vitro

As described in the introduction, the NLRP3 inflammasome plays a pivotal role in the
aggravation of obesity itself and in the development of the metabolic syndrome. Ebselen, a
selenium organic compound, has been identified as a specific inhibitor of the NLRP3
inflammasome (unpublished data, Veit Hornung from the University of Bonn).

Before applying Ebselen in vivo in our HFD obesity model, we wanted to ensure that it inhibits
the main product of the NLRP3 inflammasome, IL-1p. Since the inflammasome is activated in
macrophages in the adipose tissue, liver, and other organs in obesity [43] and also in microglia

in the CNS, | tested the inhibitory potential of Ebselen on both cell types.

5.1.1 Ebselen inhibits IL-1p secretion in activated peritoneal macrophages

As described previously, before the products of the NLRP3 inflammasome - IL-1f and 1L-18 -

are secreted, the inflammasome must be activated. This requires 2 steps.

Cellular priming through nuclear factor NF-xB activation leads to the induction of proforms
of IL-1p and IL-18 and the upregulation of NLRP3 itself, a step that is required for NLRP3
activation in vitro [37]. Since LPS is the most commonly used and researched priming signal
in in vitro experiments in current literature, | used it as a reference in my in vitro experiments
[30, 43, 49]. The inflammasome itself then regulates the proteolytic processing of pro-1L-1p.
The activation step is in response to another pro-inflammatory stimuli. In the following
experiments, ATP was used as an NLRP3 inflammasome activator. In various publications, the
NLRP3 inflammasome was stimulated in peritoneal macrophages with LPS followed by ATP.
While various time points have been used in different publications, we chose a well-established

time course, as described previously [34].

We first tested whether Ebselen inhibits the NLRP3 inflammasome in general. In order to do
this, the peritoneal macrophages were incubated with LPS as the priming stimulus, followed by
ATP stimulation to activate the inflammasome (Figure 3A). The supernatants were analyzed
with an ELISA for IL-1p.
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Figure 3: Ebselen reduces IL-S secretion in cultured peritoneal macrophages. A Experimental setup of the “whole time”
inhibition. Untreated primary peritoneal macrophages were left untreated for 5.5 h (medium change after 5 h). In the second
group the cells were treated with LPS for 5 h and subsequently treated for 30 min with ATP to activate the inflammasome. In
the third group, Ebselen was added during the priming step (LPS) and during the activation step (ATP). The last group was
only treated with Ebselen. B Stimulated peritoneal macrophages secrete IL-1/ in the supernatant. The production of IL-1/ is
potently inhibited by 100 xM Ebselen applied during the priming and the activation step. (N = 3 with three technical
replicates). C Experimental setup of the “late time point” inhibition: Primary peritoneal macrophages were left untreated
for 5.5 h (medium change after 5 h). In the second group the cells were treated with LPS for 5 h and then treated for 30 min
with ATP. In the third group, Ebselen was added only during the activation step (ATP). The last group was only treated with
Ebselen after 5 h for 30 min, and neither LPS nor ATP were added. (N = 3 with three technical replicates). D Stimulated
peritoneal macrophages secrete IL-1/ in the supernatant. The production of IL-1/ is potently inhibited by 100 xM Ebselen,
applied during the activation step. (N = 3 with three technical replicates).
E Representative picture of plated cells from peritoneal macrophage cell culture stained with CD68-Cy3. F Stereological cell
count of CD68+ stained cells shows that 93.59% =+ 4.5 of cells are positive for CD68 (n=9). Each dot represents the mean of
three replicates, mean and SD shown. Statistics: one-way ANOVA with Bonferroni’s Multiple Comparison Test).

28



Little IL-1B was detected in untreated peritoneal macrophages (43.22 pg/mlx 74.86), which
indicates that they were in a resting state. Following LPS and ATP stimulation to activate the
NLRP3 inflammasome, a significant increase of IL-1p was measured in the supernatant (1239
pg/ml £255.2; P=****)_ This increase was reversed by the application of Ebselen during LPS
application and during the administration of ATP (41.19pg/ml £71.35, P=****) resulting in

the same basal level as the unstimulated cells (Figure 3B).

To prove that Ebselen does not have any effect on unstimulated cells, it was also added to
unstimulated peritoneal macrophage cells. In this case, Ebselen did not change the IL-1

secretion (mean 20.10pg/ml £34.81).

To determine whether Ebselen specifically inhibits the activation step of inflammasome
activation, in which the inflammasome complex is formed and caspase 1 is activated, leading
to the cleavage and release of IL-1p, we conducted an experiment in which the time course was
changed and Ebselen was exclusively added to the application of ATP, the activation step
(Figure 3C). In this experimental setup, called “late time point inhibition”, the same groups
were selected as in the prior experiment, the only difference being the administering of Ebselen
only after the priming with LPS.

The untreated cells produced an undetectable amount of IL-1p. With LPS and ATP stimulation,
IL-1p secretion was detected (2296 pg/ml £353.0). When adding Ebselen simultaneously with
ATP, this effect was reversed. The untreated cells incubated with Ebselen at the late time point
showed a slight but insignificant production and the release of IL-1p into the supernatant
(24.53pg/ml £42.49) (Figure 3D).

To ensure the purity of the peritoneal cell cultures, the cells were immunohistochemically
labeled with CD68, an intracellular macrophage marker frequently used to identify murine
macrophages [50] (Figure 3E, F). DAPI was used as a counterstain. The number of CD68
positive cells was divided by the total number of cells. On average 93.59% *4.5 of cells were
CD68 positive cells.

5.1.2 Ebselen inhibits IL-1f secretion in activated microglia

New results have proved that a meta-inflammation in the brain, especially in the hypothalamus,
occurs in association with obesity. Inflammasome activation plays a major role in the

development of many different diseases, for example Alzheimer’s.
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Figure 4: Ebselen reduces the secretion of IL-f in cultured primary microglia. A Experimental setup of the “whole time”
inhibition: Untreated cells: Microglia were left untreated for 6 h (medium change after 3 h), LPS+ATP: treated with LPS for
3 h and then treated for 3 h with ATP to activate the inflammasome. In the third group, Ebselen was added during the priming
step (LPS) and during the activation step (ATP). B Ebselen was added only during the activation step (ATP) after 3 h in the
LPS+ATP+late inhibition to the microglia. The fifth group was only treated with Ebselen for 6 h with medium change after 3
h in the late inhibition. The last group, untreated + late inhibition, was only treated with Ebselen after 6 h, and neither LPS
nor ATP were added. C The production of IL-1 is potently inhibited by the administration of 100 M Ebselen, applied during
the priming and the activation step, as well as just being applied during ATP administration (LPS+ATP+late inhibition).
Statistics: one-way ANOVA with Bonferroni’s Multiple Comparison Test.

Potential NLRP3 inflammasome inhibition, not only in peritoneal macrophages but also in
microglia cells could, therefore, be of therapeutic importance. Whereas in microglia, LPS
priming of IL-1P expression requires caspase-8 activation, this is not the case in macrophages

[51]. It was, therefore, important to prove the efficacy of Ebselen in microglia as well.

Since different publications use different time courses for LPS and ATP stimulation for NLRP3
inflammasome activation in primary microglia cell culture, a time course had to be established
[52, 53].

MACS-sorted microglia from BI6 pups were used in the cell culture experiments. Multiple time
courses were tested and IL-13 was measured in the supernatants using an ELISA. Every time
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course showed detectable IL-1f release. The greatest II-1p secretion was measured using the
following time course: 3 h incubation of the cells with 0.1mg LPS in 1 ml medium followed by
3-hour stimulation of the cells with ImM ATP. This was selected for subsequent experiments.

In the continual inhibition, Ebselen was administered at both time points (Figure 4A), while in
the late time point inhibition, the Ebselen was only administered simultaneously with ATP at
the late time point after 3 hours (Figure 4B). Little IL-1p was detected in untreated primary
microglia cells (mean 62.77 pg/ml+ 79.27), indicating that they were in a resting state (Figure
4C). Following LPS and ATP stimulation, a significant increase of IL-1B was measured in the
supernatant (388.0pg/ml £310.5; p=*). This increase was inhibited through the application of
Ebselen during the priming and activation step (37.53pg/ml £32.97, P=*). The inhibition of IL-
1B release was also achieved by adding Ebselen to the cells after 3 h (8.33pg/ml+14.43, P=%*).

Ebselen did not change the IL-1B secretion in untreated cells during the continual inhibition
(9.533pg/ml £12.21) or during the late time point inhibition (14.83pg/ml £25.69).

5.2 Aim 2: Ebselen in the context of HFD-induced obesity

After showing that Ebselen could inhibit IL-1p release in both peritoneal macrophages and
microglia in vitro, the effect of Ebselen in the high-fat diet-induced obesity (HFD-10) model

was examined.

5.2.1 HFD-fed mice show a metabolic phenotype after 2 months

To be able to ameliorate the metabolic phenotype in our obesity mouse model, we first
identified the time point of the establishment of a metabolic phenotype in our mouse model. The
6 black mice were fed either an HFD or a standard diet (CHOW), as described. After 30 days,
an ipGTT was performed. After only 10 days, the HFD mice had gained more weight than the
CHOW-fed mice (HFD: 115.4% +9.748, CHOW: 99.6%+5.93, P=**), After 59 days, the HFD
mice had an obese phenotype and weighed 38% more than the control group (114.5%=+7.962 of
initial body weight, HFD vs CHOW: P=***)_ (Figure 5A)

As described in other studies [56], the intraperitoneal glucose tolerance test was carried out by

injecting 0.002g glucose per g of bodyweight. After 30 days of an HFD, the basal fasting
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Figure 5: HFD induced weight gain and impaired glucose tolerance only after 30 days. A: Comparison of bodyweight gain of
mice fed with CHOW and HFD N=9-10, two-way ANOVA. B, C: Blood sugar levels and area under the curve in the ipGTT.
High-fat feeding was associated with impaired glucose tolerance compared to normally fed mice after 30 days; p=***, n=4-
5, Each dot represents one measured animal with the mean of 2-3 measured blood glucose levels at each time point. Statistics:
two-way ANOVA with Bonferroni post-test, or t-test.

glucose level was identical (HFD: 185.9 mg/dl+18.9, CHOW: 131.75 mg/di+13.1). At 30, 60,
and 120 min time points of the intraperitoneal glucose tolerance test, the HFD group had higher
glucose levels (N=5, two-way ANOVA), Figure 5, B). The area under the curve was calculated.
The mice developed glucose resistance only after 30 days on the high-fat diet. The HFD control
group (60755 min*(mg/dl) £1641. N=5) showed a significant increase of 39.5 % (t-Test;
p=***) in the area below the curve compared with the standard diet control group (43553
min*(mg/dl) +2815, N=4) (Figure 5C).

Since the Contour Next can only measure a maximum glucose value of 600 mmol/ml and this
level was reached for 6 of the 9 mice in the ipGTT, a dosage of 0.01mg/gr was used with a 10%
glucose solution for the ensuing experiments. Another study [49] showed that inflammasome
activation in white adipose tissue requires 8 weeks of HFD feeding, so we therefore decided to

run the experiments over at least 8 weeks. Since the HFD mice showed an obese phenotype and
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glucose resistance after 1 month, we started with the main experiments, applying Ebselen to

our HFD-10 mouse model.

5.2.2 Intraperitoneal injection of Ebselen ameliorates glucose tolerance, but leads to a higher

mortality in mice

~Diet  Treatment Abbreviation

Inflammasome Inhibitor CHOW-I
Inflammasome Inhibitor HFD-I
Vehicle Control CHOW-C
Vehicle Control HFD-C

Table 2: Experimental groups to test the effect of Ebselen in the HFD-1O model. Experimental setup: 90-day-old BL6 mice
were fed an HFD or CHOW as control. Both the HFD and the CHOW groups were injected intraperitoneally 3 times a week,
either with the inflammasome inhibitor Ebselen or with the vehicle

For the in vivo inhibition of the NLRP3 inflammasome, Ebselen was dissolved at 0.5 mM in
DMSO and further in 25% B-cyclodextrin, which served as a vehicle for the Ebselen, which has
a very low water solubility [57]. Ebselen was intraperitoneally injected 3 times per week at 10
mg/kg. This amount of Ebselen has also been used in metabolic rat models, where it had positive
effects in the periphery [58, 59]. In addition, this concentration of Ebselen has been shown to
influence the CNS when administered peripherally [60]. For the control, the same amount of
DMSO was dissolved in the vehicle and injected intraperitoneally. The DMSO concentration
was below 0.5%, a concentration which is non-toxic [61]. Likewise, the vehicle concentration
had been proved to be tolerable in mice over long treatment periods and non-toxic in mice and
rabbits [62, 63].

As lean control groups, groups were fed a standard diet and treated either with the vehicle or
the inflammasome inhibitor (Table 2). During the experiment, an ipGTT was performed after

4 weeks and bodyweight gain and food intake were measured weekly (Figure 6A).

Surprisingly, 55.5% of the HFD-fed mice treated with Ebselen and 30% of the CHOW-fed mice
treated with Ebselen had died by day 86, whereas all animals injected with the vehicle stayed
healthy (Figure 6B). The survival rate of the mice injected with Ebselen differed significantly
from that of the mice injected with the vehicle (HFD-1 vs. HFD/CHOW-C: p=***; CHOW-I
vs. HFD/CHOW-C: p=*, log-rank test, Bonferroni post-test K=3). There was no significant

difference in the survival rate of the two groups injected with Ebselen, suggesting that the cause
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Figure 6: Administration of Ebselen through intraperitoneal injections leads to a higher mortality in mice, but also to an
improved glucose tolerance and less weight gain in HFD mice. A Experimental setup: Different groups were treated three
times per week with Ebselen or vehicle and fed HFD or CHOW. After one month, ipGTT was performed. Weight and food
intake were measured weekly. Serum was collected at the endpoint of the analyses and WAT was collected. B Kaplan-Meier
curve showing mortality of mice administered Ebselen by intraperitoneal injections. Injection of Ebselen leads to higher
mortality in the HFD and CHOW groups compared with the Control groups (N=9-10; log-rank test). C,D Blood sugar levels
during the ipGTT after 4 weeks. High-fat feeding was associated with impaired glucose tolerance compared to chow-fed mice,
Ebselen-treated HFD fed mice did not develop glucose resistance; N=8-10. E,F,G Comparison of weight gain. F Comparison
of weight gain after one week. HFD Control mice gain more weight than the other groups; N=9-10. G Comparison of weight
gain after 10 weeks. HFD Control mice weigh more than the other groups. Ebselen prevents weight gain when fed HFD; N=4-
10. H Initially the bodyweight of the mice did not differ; (N=9-10). I Cumulative caloric intake of the different groups. J
Cumulative caloric intake of week 2 to week 8. The Ebselen-treated mice do not eat significantly less than the HFD Control
group. Each dot represents one measured animal or the mean of 2-3 measured blood glucose levels of an animal at each time
point. Statistics: log-rank test, two-way ANOVA or one-way ANOVA with Bonferroni post-test.

of death was due to the i.p. Ebselen injections rather than the diet. Postmortem autopsies
revealed a swollen and hardened peritoneum, as well as signs of peritonitis. The different organs
were attached to each other, so that their normal movement was not possible. There was also a
solid white powder, which we assumed to be the precipitated Ebselen. Vehicle-injected mice
were healthy and showed no adverse side effects. The postmortem biopsy did not show any
pathological signs in the peritoneum.

Despite the higher mortality rate in the groups injected with Ebselen, the ipGTT was performed
after 4 weeks of treatment (Figure 6C). After 4 weeks, the HFD led to an insulin resistance.
The HFD-C group (42450 min*(mg/dl) £6401) showed a significant 31.9% increase (p=**) in
the AUC compared with the CHOW-C group (32181 min*(mg/dl) +6688) (Figure 6D). In
contrast, the HFD group injected with Ebselen (AUC=34352 min*(mg/dl) £6866) did not show
a significant increase compared to the CHOW-C group. The injections of Ebselen improved the
glucose tolerance in the HFD mice, reducing the AUC significantly (p=*) by nearly 20%
compared with the HFD-C group. In lean mice, the injections of Ebselen did not alter the
glucose uptake (CHOW-1: AUC=25467 min*(mg/dl) £4118, CHOW-I vs. CHOW-C: p=ns). In
mice injected with Ebselen, four weeks of HFD led to an impaired glucose tolerance (CHOW-
| vs HFD-I: p="*) Only after four weeks of treatment with Ebselen via intraperitoneal injections
was the metabolic phenotype reversed, which impeded the development of glucose resistance.
Since many animals had died, we decided not to perform a second ipGTT after 2 months of

treatment.

In addition to the ipGTT, bodyweight was measured weekly, since the mice with the genetic
NLRP3 knockout lost bodyweight in DIO and a pharmacological inhibition could lead to the
same changes. Furthermore, a reduction of bodyweight could explain the improved glucose
sensitivity of the HFD-I group. As anticipated, the HFD-C group developed an obese phenotype
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(Figure 6E). Since mice died during the experiments, a two-way ANOVA could not be applied
to the data. After just 1 week of treatment (Figure 6F), the HFD-C were obese (HFD-C:
112.2%= 3.186. CHOW-C: 100.1%z 2.104, p=***). The intraperitoneal injections of Ebselen
obviated weight gain in mice fed with an HFD (HFD-I vs. CHOW-C: ns; HFD-I: 101%+3.747,
vs HFD-C p=***). Ebselen injection reduced the bodyweight by 10% when fed an HFD. The
injection of Ebselen did not change the bodyweight in the CHOW groups (CHOW-I:
98.16%+2.993; CHOW-1 vs. CHOW-C: p=ns). After 10 weeks (Figure 6G), the differences in
bodyweight increased. The HFD-C group (150.3%+13.96) weighed 37.3% more than the
CHOW-C group (109.5%z+ 4.316) (HFD-C vs. CHOW-C: P=***), The injected mice fed an
HFD (HFD-I: 104.5%+14.96) weighed 30.5% less than the HFD-C group (P=***). The
injection of Ebselen did not change the bodyweight in CHOW-fed, lean subjects (CHOW-
1=99.11+4.79). Since the percentual bodyweight change was calculated, the initial BW

(bodyweight) of all mice, which was identical (Figure 6H), was compared.

Since the injection of Ebselen prevented the mice from becoming obese, the reason for this had
to be examined. In order to distinguish whether the change in bodyweight was due to less caloric
intake or to enhanced energy expenditure, the food intake of the mice was measured weekly.
The caloric intake of all groups was calculated by the amount of food they ate multiplied by
5.24 kcal/gr for the HFD or 3.85 kcal/gr for the CHOW. Unfortunately, no data for the food
intake could be acquired during the first week, therefore the cumulative food intake starts at
week 2 and ends after 8 weeks (Figure 61). After 8 weeks (Figure 6J), the HFD groups had
ingested more calories than the groups fed a CHOW diet (HFD-1 591.493kcal+59.529; HFD-C
672.653kcal+67.076, CHOW-1 483.127kcal+58.827; CHOW-C 462 kcal+35.351). HFD-mice
treated with Ebselen did not eat less than the control HFD group (p=0.0623). The food intake

in mice fed with a standard diet was not changed by injecting ebselen (p=0.99)

When we examined the mice, we decided not to analyze the tissue further, since under these
circumstances we could not ensure that the weight loss and improved glucose tolerance was not
due to the local inflammation of the bowel. To test therapeutic usage of Ebselen in the context
of DIO further, the treatment paradigm would have to be changed, since i.p. injections of

Ebselen caused local peritonitis and lowered the survival rate.
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5.2.3 Ebselen in the context of HFD-10, administered through drinking water

5.2.3.1 Ebselen can be administered orally in mice

Following alternative published protocols, we decided to apply Ebselen orally through drinking
water to test the therapeutic possibility of NLRP3 inhibition in the context of obesity. Previous
work had shown that the intake of Ebselen through the gut by oral gavage over a long period
did not cause any side effects [64-66]. In a human study, Ebselen was consumed dissolved in

drinking water. [67]

Since oral gavage could injure the mice and be more stressful for them, which could lead to a
decrease in bodyweight, we dissolved Ebselen in drinking water. In order to use this method,
prior to starting the experiment, it had to be shown that Ebselen was stable and effective after

being dissolved in the vehicle and kept at room temperature for 1 week.

Therefore, an in vitro experiment with peritoneal macrophages was performed, in which the
efficacy of freshly dissolved “new” Ebselen was compared to “old” Ebselen, which had been
dissolved in a medium and stored for one week. The cells were cultured as previously described
(see 4.1.1). First, Ebselen was dissolved in 0.5 mM DMSO and further in 25% B-cyclodextrin,
which served as the vehicle. The vehicle was further diluted in RPMI medium to the final
concentration of 100 uM, as in prior experiments. The “old” Ebselen was stored at room

temperature with exposure to light for 1 week before being used in the cell culture.

In the in vitro experiment, the peritoneal macrophages were stimulated with 1 pg/ml LPS for 6
h followed by a 30 min ATP administration. Either the “old” Ebselen or the “new” Ebselen was
applied. Ebselen did not lose its potency after being dissolved and stored at room temperature
for one week (Figure 7A). Both the “new” (80.4pg/ml) and the “old” (105.9pg/ml) Ebselen
decreased the amount of I1L-1f secretion compared with the stimulated (623.2pg/ml). Since one-
week-old Ebselen had the same effect as freshly dissolved Ebselen, we decided to administer

Ebselen dissolved in drinking water to the mice.

As in the case of the previous in vivo experiment, the oral Ebselen treatment was started using
90-day-old male mice (Figure 7C). As described, Ebselen was dissolved at 0.5 mM in DMSO
and then carefully further dissolved in 25% B-cyclodextrin, which served as the vehicle. The
same weekly dose of Ebselen or vehicle was dissolved in drinking water as for the i.p.

injections. The water was changed every week and special drip-proof water dispensers were
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Figure 7: Ebselen can be administered orally through drinking water. A Ebselen inhibits IL-// after 1 week diluted at room
temperature (old Ebselen) comparably to freshly diluted Ebselen (new Ebselen). B Initially, measured in the metabolic cages,
the mice had the same fluid consumption (3.86 ml/day). C Experimental setup: Different groups were treated with Ebselen or
vehicle dissolved in drinking water and fed HFD or CHOW. After 1 and 2 months, an ipGTT was performed. Weight, water
and food intake were measured weekly. Serum was collected at the endpoint of the analyses, WAT was collected initially, and
at the end point, water intake, locomotor activity and energy expenditure were measured in the metabolic cages. D Drinking
amount was measured over the time, except for week 5. E The mean fluid consumption per week of the HFD-C group decreased
significantly compared to the CHOW-I group, Ebselen treatment did not change the fluid consumption (P<0.001). Each dot
represents one measured animal at each time point (N=15), with mean and SD. Because of water dripping, some data points
are missing in some weeks. Statistics: one-way ANOVA with Bonferroni post-test.

used, to minimize loss of water and to measure the exact drinking volume of each animal. Since
the animals in this study were able to regulate their consumption of Ebselen via their water
intake, fluid consumption was monitored over the time of the experiment. The necessary

concentration of Ebselen in the drinking water was calculated by the daily water intake
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measured in the metabolic cages before the start of the experiment and then adjusted according

to the weekly water intake of the mice (Figure 7B, D).

No difference between the water consumption of the groups was recorded in the measurements
in the metabolic cages (Figure 7B). In the metabolic cages, the drinking bottles had special
anti-drip mouthpieces so that the loss of water measured was identical to the amount of water
drunk. The average water intake was 3.875ml/d +0.8769. The different groups drank similar
amounts of water (HFD-I 4.049ml/d +0.7050; CHOW-I 3.631ml/d +1.085 HFD-C
3.954ml/d+0.6645, CHOW-C 3.881ml/d +1.003). All mice were CHOW-fed at the time of the

initial measurements in the metabolic cages.

In week 5 of the experiment, the water consumption could not be measured due to the ipGTT,
where the water with Ebselen or vehicle was substituted with normal water. For the same
reason, the water measurements stopped after 7 weeks, since in the final metabolic cage
measurement, the drinking bottles had to be exchanged 2 days prior to the experiment (Figure
7D). The HFD-C group drank less than the CHOW-I group during the experiment (Figure 7E).
(HFD-I: 24.03ml/week = 3.03; HFD-C: 21.65 ml/week + 2.2; CHOW-I: 26.4 ml/week * 4.48;
CHOW-C: 24.92ml/week % 5.7; HFD-C vs CHOW-I: P=*) The administration of Ebselen did
not change the water consumption (HFD-I vs HFD-C: P=ns; CHOW-I vs. CHOW-C: P=ns).

All mice remained healthy throughout the experiment, with no signs of side effects. In contrast
to the intraperitoneal injections, the oral application of Ebselen did not cause any deaths and a

dosage of 30mg/kg/week was well tolerated by the mice over the period of 8 weeks.

In conclusion, a good alternative to the intraperitoneal injections was found, with in vitro tested

stability and no signs of side effects.

5.2.3.2 Ebselen does not avert obesity when administered orally

After showing the stability of dissolved Ebselen exposed to light at room temperature for at
least 1 week and adjusting the concentration of Ebselen to the drinking volume, the
physiological responses of the mice after exposure to an HFD and Ebselen were examined
through initial and final measurements in the metabolic cages, monthly ipGTT, and weekly

bodyweight and food consumption measurements.
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Figure 8: Oral Ebselen treatment does not influence bodyweight change and caloric intake of mice. A Bodyweight change over
the time course: Bodyweight change increases in all groups, HFD feeding leads to an obese phenotype after only 2 weeks, with
no effects from the Ebselen treatment. B Initially, all groups had the same bodyweight. C Development of the cumulative caloric
intake of the different groups over the time course, HFD feeding leads to higher caloric intake. D Average caloric intake per
week during the experiment. HFD-fed mice consume more calories, Ebselen treatment does not change caloric intake. Each
dot represents one measured animal at each time point (N=15), with mean and SD. Statistics: two-way ANOVA or one-way
ANOVA with Bonferroni post-test.

In our previous experiment, where Ebselen was administered intraperitoneally, the HFD-fed
group treated with Ebselen gained significantly less weight than the HFD-C group. Stienstra
[44] has shown that NLRP3 knockout mice and ASC knockout mice gain less weight when fed
a high-fat diet. Hence, the weight difference between the HFD-C and HFD-I group could be
due to the assumed pharmacological effect, the inhibition of the NLRP3 inflammasome, or due
to an inflammation, such as peritonitis. Using the new method of Ebselen application, with
which there were no visible signs of side effects, the weight homeostasis in the context of HFD

was assessed.

During the experiments, the weight of the mice was measured weekly and the percentual body
weight change was calculated as explained previously. A static weight gain could be seen in all

groups (Figure 8A). In the chow-fed groups, this increase is common and due to age-related
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bodyweight gain. After only two weeks, the change in the bodyweight of mice fed on an HFD
was higher than the change in bodyweight of mice fed with CHOW. The decrease in weight
gain between weeks 4 and 5 can be explained by the short period of food deprivation and the
stress caused by the intraperitoneal glucose tolerance test. At the end of the experiment, the
HFD-I group had gained an additional 58.53%:z0.23 and the HFD-C group 61.32%x8.3 of their
original bodyweight. In contrast, the groups fed a standard diet had gained significantly less
weight (CHOW-I: 118.57%+2.03%, CHOW-C: 111.77%z%7.1%). Our DIO mouse model
developed obesity, so this phenotype could not be restrained by the oral administration of
Ebselen. Prior to the experiments, the mice weighed the same. (HFD-C: 26.57+£1.953gr; HFD-
I: 27.29+1.286gr; CHOW-C: 26.33gr+1.393; CHOW-I: 27.61+1.242) (Figure 8B).

Since bodyweight is influenced not only by food intake but also by the metabolism of the
individual and locomotion, it was necessary to observe the energy consumption of the mice. In
the case of intraperitoneally injected Ebselen, the drug was able to reduce weight gain in HFD-
fed mice without changing the caloric intake, which could be explained by a higher level of

physical activity or by a changed metabolism.

In my research, I could not find the exact caloric density of the vehicle. Assuming that all the
mice drank the same amount of water, that the amount of vehicle they received in the 9 weeks
was 2.025 g for a 30 g mouse or up to 2.9 g for a 43 g mouse, and that the vehicle had 9 kcal/g,
the difference in energy intake of the HFD and CHOW mice would be a maximum of 8 kcal,
which would account for 1% of the total energy intake. Since there was no weight difference
between either the HFD groups or the CHOW groups, and therefore no difference in the applied

drug, the intake of calories through the vehicle can be ignored.

Analogously to the previous experiments, the caloric intake of the mice was calculated. The
mice which were fed an HFD over the period of 9 weeks (HFD-C: 868.65 kcal +49.24 HFD-I:
890.03 kcal £85.42) consumed more calories than the CHOW groups (CHOW-C: 710.24
cal+71.84; CHOW-I 718.253kcal+45.85) (Figure 8C, D). This finding is in accordance with
the weight gain of the mice.

5.2.3.3 One month of Ebselen treatment prevents glucose resistance in HFD-fed mice, after 2

months of treatment a glucose resistance developed

Even though Ebselen did not prevent the mice from becoming obese, the application of Ebselen

did influence glucose homeostasis. In order to monitor the development of glucose tolerance,
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Figure 9: Ebselen application through drinking water prevents glucose resistance after 1 month, this effect is reversed after
2 months of treatment. A, B ipGTT after 1 month of treatment. HFD vehicle-treated animals have impaired glucose
resistance. HFD Ebselen-treated animals are protected from glucose tolerance (N=15). C, D ipGTT after 2 months of
treatment. HFD groups developed a glucose resistance. E After 1 month of treatment, HFD led to an obese phenotype
(p=***), Ebselen treatment did not influence weight gain (p=ns). F After 2 months of treatment, HFD led to an obese
phenotype (p=***), Ebselen treatment did not influence weight gain (p=ns). Each dot represents one measured animal at
each time point (N=15), with mean and SD. Statistics: two-way ANOVA or one-way ANOVA with Bonferroni post-test.

an IpGTT was performed as described after 1 and 2 months. The drinking water with the
dissolved Ebselen or vehicle was replaced by pure drinking water during the food deprivation

period prior to the ipGTT, since the vehicle is energetic and would lead to false blood glucose



The basal fasting glucose level was similar between the groups (Figure 9A). After 15 min, the
plasma glucose of the HFD-C was 23.4% higher than the CHOW-C (P=%*) and after 30 min, the
plasma glucose level was 24.1% (P=**) higher, whereas there was no difference between the
HFD-I group and the CHOW-C group. After 60 min, HFD-fed animals had significantly higher
plasma glucose levels; Ebselen could not prevent this glucose resistance (HFD-C: 44.8%
higher; P=*** HFD-I group: 29%; P=*) At the last time point, after 90 min, the HFD-C group
had a 50.1% higher glucose level than the lean control group (P=***), in contrast to the HFD-
| group which did not have elevated glucose levels. After 120 min, the glucose level of the
HFD-I group (269.6 mg/dl) was significantly reduced compared to the HFD-C group (368.9
ma/dl).

Not surprisingly, the HFD control group showed a significant change in glucose resistance after
4 weeks of treatment (Figure 9B). The HFD led to a deterioration in glucose sensitivity, with
an increase of 36.4% of the AUC (HFD-C group: 52493 min*(mg/dl) £10342); CHOW-C:
38475 min*(mg/dl) £9102, p=***). In contrast, the HFD group treated with Ebselen
(AUC=45495 min*(mg/dl) £5556) did not show a significant increase compared to the CHOW-
C group. Between the standard chow-fed mice treated with Ebselen (CHOW-I: 35027
min*(mg/dl) £10342) and the CHOW-C group there was no difference (p=ns). Four weeks of
an HFD led to glucose resistance, which could be averted by the oral administration of Ebselen.
This effect is specific for HFD-induced obesity, since no effect could be seen in mice fed the
CHOW.

After 8 weeks, the second ipGTT was performed to see the development of glucose tolerance.
The effect which had been seen after 4 weeks of treatment had vanished. As in the prior ipGTT,
the basal fasting glucose level of all four groups was equal (Figure 9C). Fifteen minutes after
the glucose injection, the plasma glucose of the HFD-C was 31% higher than the CHOW-C
(P=**), while there was no difference between the HFD-I group and the CHOW-C group. After
this time point, both HFD groups had a glucose resistance compared to the CHOW-C group. In
the lean mice, Ebselen treatment did not influence the glucose levels. As anticipated, the
glucose resistance of the obese control group was reinforced after 8 weeks of HFD with an
increase of 33.7% in the AUC (HFD-C: 56491 min*(mg/dl) £10742) compared with the
CHOW-C group (37750 min*(mg/dl) £11465, p=***). Unfortunately, the HFD group treated
with Ebselen (AUC=50489 min*(mg/dl), £5617) had also developed a glucose resistance, thus
cancelling out the effect of the Ebselen seen after 1 month (Figure 9D). In the HFD control and

inhibition group, a decrease in the AUC can be seen. Ebselen does not influence glucose
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metabolism in lean mice fed on a CHOW diet (CHOW-I: AUC=35027 min*(mg/dl), £10342)
and the CHOW-C group (p=ns).

Fifteen minutes after the glucose injection, the treatment with Ebselen protects against a higher
glucose tolerance, but after 30 min, this effect is reversed. Looking at the whole time course,
the overall glucose tolerance is impaired in the HFD-C and HFD-I groups.

There could be several reasons behind the contradictory results that the oral treatment with
Ebselen prevented the obese mice from developing a glucose resistance after 1 month, but only
slightly affected glucose metabolism after 2 months. Since obesity is associated with glucose
resistance, a change in bodyweight could also have been limited temporarily, resulting in a
better glucose homeostasis in the HFD-1 group compared with the HFD-C group after 1 month
of treatment. In order to exclude the possibility that changed bodyweight leads to a change in
glucose metabolism, the bodyweight at the time points of the ipGTT was observed more closely
(Figure 9E, F).

On the day of the first ipGTT, the HFD groups had developed an obese phenotype (HFD-C:
35.22+2.795gr; HFD-1: 34.88+2.650gr; CHOW-C 28.98gr+3.281; CHOW-I 28.48 gr+ 2.069;
p=***). Ebselen treatment did not influence weight gain in the mice fed an HFD (Figure 9E).
From this we can conclude that the improved glucose metabolism in mice treated with Ebselen
was not due to reduced weight. The second ipGTT showed the same results as after 1 month of
treatment (Figure 9F): Ebselen treatment did not influence weight change either in HFD-fed
mice or in the CHOW-fed mice (HFD-C: 41.66+2.964gr; HFD-I: 43.66+3.75gr; CHOW-C:
30.75gr+3.28; CHOW-I: 31.49+2.96; p=***).

In short, no temporary effects of weight differences in the HFD-fed groups can explain the

change in glucose sensitivity after 1 month of treatment with Ebselen.

Time | CHOW-C HFD-C HFD-I CHOW-I|

Mean SD Mean SD P’ | Mean SD P’| Mean SD P’
0 228.31 53.53 |262.10 103.34 ns | 216.38 35.88 ns | 188.44 29.02 ns
15 381.77 59.41 |471.29 93.08 * | 41542 66.66 ns | 367.43 7991 ns
30 402.94 66.91 |500.04 67.78 * | 476.8 5874 ns | 348.04 92.2 ns
60 324.38 102.14 | 469.79 80.41 *+ | 418.31 64.98 * |306.66 118.66 ns
120 | 245.76 83.68 | 368.87 127.52 **|269.61 56.35 ns |215.72 9573 ns

’Compared with CHOW Control (Bonferroni post-test)
*Significant at the 0.05 level **Significant at the 0.01 level ***Significant at the 0.001 level

Table 3: 1-month glucose tolerance test. Plasma glucose level in mg/dl after glucose injection

| Time | CHOW Control | HFD Control | HFD Inhibition | CHOW Inhibition
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Mean SD Mean SD P’ | Mean SD P |Mean SD P’
0 196.76 45.67 | 274.54 109.56 Ns |220.89 19.23 ns | 199.9 42.06 ns
15 351.96 85.61 |461.22 102.68 ** | 42551 57.79 ns | 344.63 56.45 ns
30 383.65 103.86 | 541.7 50.87 *** | 486.26 53.517 ** |349.91 73.72 ns
60 335.01 117.03 | 522.39 86.958 *** | 477.04 72.82 *** | 289.57 74.63 ns
120 | 242,91 93.05 |393.93 146.93 ** |334.72 5791 * |202.67 72.38 ns

’Compared with CHOW Control (Bonferroni post-test)
*Significant at the 0.05 level **Significant at the 0.01 level ***Significant at the 0.001level

Table 4: 2-month glucose tolerance test. Plasma glucose level in mg/dl after glucose injection

5.2.3.4 The body composition of HFD mice is not changed through the application of Ebselen

Having found no changes in weight gain, but contradictory results in the development of insulin
resistance, the body composition of the mice was observed in detail. Lean mass can have a
positive effect on glucose metabolism. The treatment with Ebselen did not change the
bodyweight of the mice, either when fed a high-fat diet, or when fed the standard diet. Even if
the mice weighed the same, there could be a difference in body composition. Since weight gain
is mainly due to both an increase in fat and an increase in lean mass, we checked to see whether
there were any differences between the groups with H-NMR prior to the final metabolic cage
measurements. Both the absolute weight of fat and lean mass and the ratio of lean and fat mass

to the total bodyweight were analyzed.

As expected, the groups with a high-fat diet showed an increase in absolute (Figure 10A) fat
mass in contrast to the CHOW groups (p=***). Through the energy-enriched diet, the mice
tripled their fat mass. The application of Ebselen did not change the fat mass between the HFD
groups (HFD-I: 18.34gr £3.569gr; HFD-C: 17. 84 gr +2.56gr, p=ns) and CHOW-fed mice
(CHOWE-I: 7.145¢gr+3.18gr; CHOW-C=6.579gr+3gr). To observe the body composition, the
percentage of fat mass to total bodyweight was calculated (Figure 10B). Consistently with the
absolute fat mass, the percentage of fat mass in the total bodyweight was doubled (HFD-I:
43.23% +10.17%; HFD-C: 40.82% +2.58%; CHOW-I: 21.35% +9.28%; CHOW-C: 19.84% +
6.65%, P=***). There was no difference between either the HFD-1 and HFD-C groups or the
CHOW-I and CHOW-C groups.

To sum up, an HFD led to an increase in total fat mass and in the percentage of fat mass of the
total bodyweight; Ebselen did not have any effect on the fat mass.
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Figure 10: General body composition of mice is unchanged after 2 months of oral administration of Ebselen in the HFD-IO.
A Absolute fat mass measured by H-NMR, HFD caused growth of total fat mass, Ebselen does not influence weight of AT. B
Percentual fat mass of total bodyweight, increase in bodyweight is due to increase of fat mass, Ebselen does not change the fat
composition. C Lean mass measured by H-NMR, HFD does not have an effect on absolute fat mass, treatment of Ebselen leads
to an increase of total lean mass. D Percentual lean mass of total bodyweight; Ebselen does not influence the percentual lean
mass. Each dot represents one measured animal at each time point (N=15), with mean and SD. Statistics: one-way ANOVA
with Bonferroni post-test.

Figure 11: (next page) Absolute and relative mass of different fat compartments is unchanged after 2 months of oral
administration of Ebselen. A,B Absolute(A) and relative (B) mass of gonadal adipose tissue is increased by HFD (p=***).
Ebselen administration does not influence gonadal adipose tissue. C,D Absolute (C) and relative (D) mass of perirenal
adipose tissue is increased by HFD (p=***). Ebselen administration does not influence perirenal adipose tissue. E,F
Absolute (E) and relative (F) mass of subcutaneous adipose tissue is increased by HFD (p=***). Ebselen does not have an
effect. G,H Absolute(G) mass of brown adipose tissue is increased by HFD (p=**), Ebselen administration does not have an
effect on the weight of BAT. Normalized weight of BAT to BW of mice (H) is neither changed by HFD nor by Ebselen. Each
dot represents one measured animal at each time point (N=15), with mean and SD. Statistics: one-way ANOVA with
Bonferroni post-test.
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In contrast to these findings, the absolute weight of the lean mass of the HFD mice who drank
Ebselen increased by 5.85% in comparison to the lean control group (HFD-I: 23.16 + 1.08g;
CHOW-C: 21.88g £1.08, p=* (Figure 10C), while the lean mass was not increased by the HFD
alone (HFD-C vs. CHOW-C: p=ns). In the lean control group, Ebselen did not influence the

lean mass.

Administering Ebselen to the mice was not the only factor leading to the change in the lean
mass, since the lean mass of the HFD-1 vs. HFD-C group and the CHOW-I vs. CHOW-C group
was identical. When comparing the HFD-I group to the CHOW-I group, no increase of lean
mass was seen. Since there is no significant difference between these groups, the impact could
be a combination of the HFD and the Ebselen treatment (CHOW-I: 22.06 g +1.36).

The relative lean mass did not show any surprising results. It was lower in the groups fed a
high-fat diet, since they have an increased amount of fat mass (HFD-I: 54.50%+6.59%; HFD-
C: 51.69%+2.9%; CHOW-I 66.63%+7.98%; CHOW-C: 68.92%15.76%, P=***). There was
no difference between either the HFD-I and HFD-C groups or the CHOW-1 and CHOW-C

groups.

As well as the general distribution of lean mass and AT in the mice, we closely examined the
different fat compartments of the mice. In addition to lean mass, the distribution of fat pads
over the body also interferes with glucose resistance and the metabolic syndrome. A difference
in glucose metabolism between the HFD-C and HFD-I groups with similar fat mass could be
due to a difference in body fat distribution. A mouse has different fat compartments. The most
important metabolic differentiation is between visceral (gonadal and perirenal) fat and
subcutaneous fat, since visceral fat correlates with an abnormal metabolic profile [68] and is a
better predictor of the metabolic syndrome than total fat mass [69, 70]. Epidemiological studies
have shown a link between central obesity and insulin resistance and mortality in humans. It is
also recognized that an increased amount of lower-body fat is related to a decrease in the risk
of metabolic complications. The expression and release of adipokines from adipose tissue are
different in specific depot sites (omental, mesenteric, subcutaneous), with visceral fat having
greater macrophage infiltration and therefore greater expression of pro-inflammatory- and
lower expression of anti-inflammatory adipokines than subcutaneous fat [71]. The NLRP3
inflammasome also seems to have a distinctive effect on VAT and SAT, since the genetic
ablation of NLRP3 is associated with a reduction in fat cell size in VAT but not in SAT [43].
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Different fat compartments, including gonadal fat, perirenal fat, subcutaneous and BAT were,
therefore, manually collected from one body half and weighed. Since it is not possible to collect
all the subcutaneous fat, an accurately defined part of one side of the carcass was taken. As
brown adipose tissue can exist in various parts of the body, I chose half of the brown adipose

tissue (BAT) between the scapulas as an exemplary mass for the BAT.

In the obese groups each compartment, excluding BAT, weighed approximately 1.8 times more
than in the CHOW-fed groups (HFD-C, HFD-1 vs CHOW-C: p=***, Figure 11A, C, E). The
BAT of the HFD groups was approximately 1.4 times greater than that of the CHOW-fed groups
(HFD-C, HFD-I vs CHOW-C: p=**) (Figure 11G). The administration of Ebselen did not
change the size of the different fat compartments, but the HFD led to an absolute increase of all

fat compartments.

Analogous to the H-NMR, the relative fat mass, normalized to body weight, was calculated. In
both HFD groups, the weight gain led to an increase in gonadal, perirenal and subcutaneous
adipose tissue (HFD-C vs CHOW-C: p=***; HFD-I vs CHOW-C: p=***) (Figure 11B, D, F).
As expected, the relative fat mass of BAT is not changed by an HFD, since brown adipose
tissue does not act as the main storage depot for excess energy (Figure 11H). The distribution
of fat compartments was not changed by the administration of Ebselen (HFD-C vs HFD-I: p=ns,
CHOW-C vs CHOW:-I: p=ns).

In sum, the application of Ebselen did not influence fat mass, whether total fat mass or in the

fat compartments.

5.2.3.5 Ebselen treatment does not change the movement and energy expenditure of mice in
DIO

After one month of treatment at the latest, the mice showed an improved glucose metabolism.
Two important metabolic parameters, locomotion and energy expenditure, were therefore
measured in the metabolic cages. In addition, as a behavioral change through higher physical
activity could explain the slight increase of lean mass in the mice, we wanted to exclude any

change in locomotion as the reason for this increase.

The mice were measured in the metabolic cages both prior to and after the experiments. The
metabolic cages count the movements in the x- and y-axis in one measurement period (33 min).

Since only 10 metabolic cages were available, it was not possible to measure all the animals on
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Figure 12: Locomotion of mice is unchanged after 2 months of oral Ebselen treatment. A Mice show a normal day/night
movement pattern. B HFD does not change TMC, daytime or nighttime movement. Ebselen does not influence movement of
the mice. Prior to the experiment (initial TMC) movement of the mice was equal. Each dot represents the value of the movement
of one measured animal (N=15), with mean and SD. Statistics: one-way ANOVA with Bonferroni post-test.

the same day. Because of this, different time points were taken on the different days. For
comparability purposes, | calculated the mean movement of each hour and graphed the
development of the course over the day. This provided indications of similar movement
patterns. To quantify changes, | calculated the total movement counts per day (TMC). For each
animal, this meant 44 summands per day. This sum was further subdivided into daytime
movement (6 a.m. to 6 p.m.) and nighttime locomotion (6 p.m. to 6 a.m.). For these calculations,
all daytime measurements and all nighttime measurements were added together. Both groups

were the sum of 22 time points.

The movement of the mice was relatively low during the light phase and increased as the dark
phase began at 6 p.m., indicating that all groups of mice displayed a normal circadian rhythm

(Figure 12A). The total movement was the same in all the groups. Ebselen treatment did not
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Figure 13: Energy expenditure in HFD-10 mice is not changed by Ebselen. Ebselen reduces energy expenditure in lean mice
when applied orally. A Energy Expenditure profiles after 8 weeks of HFD and oral Ebselen treatment, mice show a normal
day and night pattern. B Total energy expenditure of mice, HFD does not change energy expenditure in mice. Oral Ebselen
treatment does not change TEE in obese mice; in lean subjects, Ebselen decreases TEE in mice. C Total energy expenditure
before the experiment. Prior to the experiment, all groups had equal energy expenditure. Each dot represents one measured
animal or the mean of EE per hour of each group with mean and SD. Statistics: one-way ANOVA with Bonferroni post-test.

influence the locomotion in HFD or CHOW-fed mice (HFD-C vs HFD-I ns; CHOW-C vs
CHOW-I: ns). When subdividing the movement into sleeping time (daytime) and waking time
(nighttime) there was still no difference between lean and obese mice. Prior to the experiment
and at the end of the experiment, the mice were measured in the metabolic cages. The initial

measurements did not show a difference between the groups (Figure 12B).

The Labmaster measured the oxygen and carbon dioxide concentration in every cage. Using

these two measurements, the respiratory expiratory rate was calculated and then the energy
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expenditure (kcal/kg/h) could be calculated adjusted to lean mass. As explained before, not all
animals could be measured on the same day. Therefore, the mean for each hour was calculated
and then graphed. In addition, the TEE, the sum of the actual EE per hour of the day was

calculated.

In addition to the locomotion, the energy expenditure of the mice was calculated. The improved
insulin sensitivity observed in HFD mice orally treated with Ebselen after 1 month of treatment
could be linked to differences in their basic metabolic parameters. To assess this, all groups

were subjected to indirect calorimetric analysis using metabolic cages.

The graph of energy expenditure over the day shows the expected day and night patterns of the
mice: reduced energy expenditure during the day and an increase during the night, when the
mice are active (Figure 13A). The total energy expenditure was not changed by HFD feeding
over 2 months (Figure 13B). In the obese mice, the Ebselen treatment did not change the energy
expenditure. Surprisingly, the energy expenditure was reduced by Ebselen treatment in the
control chow-fed mice (CHOW-C vs CHOW-I: p=*). The administration of Ebselen led to a
decrease of 10.12% over the untreated group. In the initial measurements prior to the start of
the experiment, the TEE of all groups was equal (Figure 13C). The decrease of TEE in lean

mice surprised us and we do not have an explanation for this change.

5.2.3.6 Ebselen does not change IL-14 protein levels in blood serum and VAT

Even though the treatment with Ebselen did not influence the metabolic phenotype of the mice,
there should be a decrease of IL-1pB in accordance with the previously described in vitro

experiments (see Figures 3, 4).

Directly after sacrificing the mice, blood was drawn directly from the heart and then
centrifuged. Later, the blood serum was analyzed for IL-1p levels using ELISA. Little IL-1B
could be detected in the serum (Figure 13A), since it was only possible to attain the minimal
detectable amount of 8 pg/ml from 6 out of 36 mice (HFD-I: N=8, HFD-C: n=10, CHOW-I:
n=7, CHOW-C: n=11). The HFD did not induce an increase in IL-1p level independently of
Ebselen treatment. As no obese phenotype could be detected between the HFD-C and CHOW-
C groups in IL-1p levels, the Ebselen treatment was not able to block the obese phenotype. In
the lean groups, the Ebselen application did not influence the IL-1B levels (HFD-I: 2.89
pg/ml+5.483; HFD-C: 3.671pg/ml+7.826; CHOW-I: 7.649pg/mi+14.66; CHOW-C:
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Figure 14: IL-1p levels are not increased in the VAT and serum of DIO mice after 2 months of HFD. A IL-18 protein levels
in serum are not increased in the HFDIO-mice, nor reduced upon Ebselen treatment. B IL-18 protein levels are not
increased in obese mice compared to lean animals. Therefore, Ebselen treatment was not able to reverse any effect of the
HFD. Each dot represents one measured animal, with mean and SD. Statistics: one-way ANOVA with Bonferroni post-test.

1.994pg/ml+6.613). To conclude, our DIO obesity model did not show increased IL-1p levels
in the blood after 10 weeks of an HFD.

Since the Ebselen treatment did not change IL-1p levels in the blood serum, the VAT was
analyzed for IL-1B content using ELISA. The VAT were processed via homogenization in a
RIPA lysis buffer. The protein was extracted and then the protein concentration was measured

using a BCA assay. Next, the amount of IL-1f in Img protein was calculated.

Surprisingly, the HFD did not induce an increased IL-1B level at this time point (HFD-
C=6.846pg/mg protein+6.902; CHOW-C: 8.179pg/mg protein£3.263, p=ns). The Ebselen
treatment also did not change the amount of IL-1pB, either in the HFD groups (HFD-I:
9.210pg/mg protein+8.780. p=ns) or in the CHOW groups (CHOW-I: 10.28pg/mg protein

+8.813. p=ns).

To recapitulate, the application of Ebselen through drinking water did not have any influence
on IL-1p levels in the blood serum and gonadal fat pads after 2 months. More importantly, the

HFD did not induce elevated IL-1p levels.
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6 Discussion

Unpublished information revealed that Ebselen is a specific NLRP3 inflammasome inhibitor.
In this thesis, the effect of Ebselen in vitro and in the context of HFD-induced obesity has been
characterized. The aim of my project was to test the efficacy of Ebselen in vitro (Aim 1) and in
vivo to assess the effects of inflammasome inhibition on high-fat diet-induced obesity and
metabolic syndrome in wild-type mice, focusing on the development of obesity and insulin
resistance (Aim 1). To evaluate the first aim, the potency of Ebselen was tested in vitro on two
important cell types of the innate immune system, peritoneal macrophages and microglia. These
cells were manipulated to reverse their impaired phenotype into that of a more functional one
by inhibition of the NLRP3 inflammasome by Ebselen. After finding positive results in this
type of cell, the second aim of the study was pursued, to test the efficacy of Ebselen as an
NLRP3 inflammasome inhibitor in vitro.

6.1 Aim 1: Ebselen inhibits the release of IL-f in activated peritoneal macrophages and

microglia

To study the effect of Ebselen on peritoneal macrophages, a peritoneal macrophage cell culture
was established in our laboratory. Following this, the inhibitory potential of Ebselen on
peritoneal macrophages and microglia was studied. As described, two steps are required to
activate the NLRP3 inflammasome, in my experiment a priming signal from LPS-stimulated
Toll-like receptor 4 and an activation signal from another stimulus, such as ATP. The first step
induces the expression of NLRP3 and pro-IL-1p, and the latter controls caspase-1 activation,
which leads to splicing of pro-IL-1P and the release of this cytokine [72]. For the peritoneal
macrophages, we used a widely-used and confirmed protocol to induce NLRP3 activation with
LPS and ATP [73, 74].

Following this protocol, we induced IL-1B secretion. Incubation of peritoneal macrophages
with Ebselen significantly inhibited IL-1p secretion induced by LPS+ATP. It made no
difference whether Ebselen was added simultaneously with LPS and ATP or was just added
with ATP. In our laboratory, Natalie Drost used a comparable setup and confirmed my results
in peritoneal macrophages [75]. Additionally, she showed the tolerability of Ebselen up to a

concentration of 100 uM with a viability assay.
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For microglia, we chose another time course. Stimulation of the microglia cells with LPS and
ATP together with 100 uM Ebselen during the LPS and ATP application showed a suppression
of inflammasome activation in microglia, measured by IL-1p secretion, that was similar to the
peritoneal macrophages. Furthermore, adding Ebselen only with ATP was able to inhibit IL-1

secretion.

We interpreted the reduction of IL-1 B secretion when only applying Ebselen simultaneously
with ATP as the ability of Ebselen to inhibit the second activation step of the NLRP3
inflammasome. We are aware that this is not yet proven, and further analysis is required to

provide conclusive evidence.

IL-1p is one of the cytokines produced and released by activated NLRP3 inflammasomes. IL-
1B is a major pro-inflammatory cytokine, mainly produced by macrophages and found in an
increased concentration in adipose tissue in obese subjects [76]. Therefore, as proof of principle,
| measured IL-1B in the supernatant as indirect proof of inflammasome activation. Our
experiment showed that Ebselen was able to inhibit IL-1 secretion in peritoneal macrophages
and microglia. This result is in line with the assumed pharmaceutical mechanism of action, but
does not prove that Ebselen is a NLRP3 inhibitor, since we did not measure any NLRP3

inflammasome components (such as ASC) or the proform of the released cytokines.

Our result, that adding Ebselen only to ATP is sufficient to suppress IL-p release, is contradicted
in a study by Jabaut et al., in which it is suggested that in macrophages, Ebselen inhibits NLRP3
inflammasome priming (“signal 1”) but not NLRP3 inflammasome activation (“signal 2”’)[76].
In their setup, the peritoneal macrophages were only stimulated by serum amyloid A for an
extended time (24 h). Adding Ebselen prior to serum amyloid alpha inhibited IL-1f secretion,
but when added after 8h, it had no effect. The discrepancy between their results and ours could
be due to the different concentration of Ebselen, using only one stimulant and a different time
course in the experiment. An analysis of different components of the NLRP3 inflammasome,

pro-IL1P and pro-1L18 would help to confirm our hypothesis.

As explained, chronic inflammation in obesity is not limited to peripheral organs but also affects
the CNS. This inflammation can originate from peripheral immune cells, such as macrophages,
or from microglia [77]. Therefore, it was very important to test the ability of Ebselen to inhibit
the NLRP3 inflammasome or IL-1p secretion in microglia in order to indicate that Ebselen

could also inhibit central meta-inflammation in the context of an HFD and obesity. This
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hypothesis is supported by various studies which have shown that microglia are primed by
exposure to a high-fat diet. Erion et al. demonstrated that forebrain microglia of leptin-receptor
deficient db/db mice produce increased amounts of IL-1p [78] and that central administration

of IL-1RA averted memory impairment caused by an HFD [79].

Some pharmaceuticals which have recently been shown to inhibit NLRP3 activation are also
NF-kB inhibitors, therefore inhibiting the priming steps [80-82]. It would have been interesting
to examine whether Ebselen also inhibits NF-kB. This could be done by applying Ebselen to
the LPS administration to inhibit the priming and then leaving it out during the activation step.
Even if Ebselen does not inhibit the NLRP3 inflammasome, just reducing IL-1p, one of the
main pro-inflammatory cytokines leading to meta-inflammation in obesity, would be a major
success. To name but a few of the effects of IL-1PB in the context of obesity and insulin
resistance, IL-1P causes decreased expression of glucose transporter GLUT4, IRS1, p85 and as
a result, suppresses insulin signal transduction. Furthermore, this cytokine has been shown to
induce apoptosis in pancreatic 3-cells [83]. Ebselen would be a useful pharmaceutical for
inhibiting IL-1pB secretion peripherally and centrally, since in contrast to other IL-B blockers,
such as Anakinra, it crosses the blood brain barrier and reached the CNS when it was used in

mice [60]. This is another advantage of Ebselen over other drugs.

To sum up: Ebselen inhibits IL- release into the cytosol in peritoneal macrophages and
microglia after the stimulation of cells with LPS and ATP. We suggest that this effect could be
due to inflammasome inhibition, since IL-1f secretion was also reduced when Ebselen was only
added simultaneously with ATP. We therefore concluded that Ebselen is effective in reducing
IL-1P secretion in vivo in the context of HFD-induced obesity and continued with the in vivo

experiments.

6.2 Aim 2: Ebselen in the context of HFD-10 in vivo

6.2.1 Administration of Ebselen through intraperitoneal injections shows promising results, but

the clinical use of this drug cannot be approved due to its side effects

For the application of Ebselen in vivo, the HFD-10-mouse model was used to observe whether
the development of obesity itself could be influenced and reduced, and whether impaired
glucose metabolism could be improved. Fully-grown, 90-day-old male BL6 mice were fed a
high-fat diet. To interfere with the start of meta-inflammation caused by the high-fat diet, the

treatment with Ebselen was started simultaneously with the change of food. The mice were
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intraperitoneally injected with 10 mg/kg Ebselen 3 times a week. At this dosage level, it was
shown that 10 mg/kg Ebselen injected intraperitoneally could cross the brain blood barrier and
reach the brain [60].

Surprisingly, 55.5% of the Ebselen-treated HFD-fed mice and 30% of the Ebselen-treated
CHOW-fed mice had died by day 86, whereas none of the vehicle-injected animals had died.
Natalia Drost, who also worked in our laboratory on the inhibition of the NLRP3
inflammasome, albeit in the context of Alzheimer’s disease, observed similar toxicity for the
Ebselen treatment [76]. The APP+ mice, which were also treated with 10 mg/kg Ebselen 3 times
a week, showed a 50% reduction in survival rate after 70 days of treatment. She analyzed blood
from these mice after interrupting the Ebselen treatment for 15 days. At that time point, levels
of C-reactive protein (CRP), an indicator of systemic inflammation, were not elevated. There
was no increase in lymphocyte numbers, and there were no differences in liver and kidney

parameters between Ebselen and vehicle-treated animals.

We both detected a swollen belly and signs of Ebselen precipitation in the peritoneum of the
deceased mice. An examination of the peritoneum indicated a local peritonitis as the cause of
death in these animals. In the control group, treated with the vehicle only, no mice died during
the experiment. The doses of 25% [3-cyclodextrin are tolerable, with only minor side effects.
Even though intraperitoneal injection can also lead to peritonitis and damage to organs of the
abdomen [88], we exclude this as the reason for the death of the mice, since all groups, including
vehicle groups, were injected intraperitoneally. Since CHOW-I and HFD-I groups were
affected and there was no significant difference in mortality between these groups, the mortality
rate was not connected to the diet. A postmortem autopsy of one of the deceased mice showed
signs of local peritonitis. We concluded that Ebselen is an irritant which may lead to ileus and
peritonitis in rodents, with subsequent adhesions when injected intraperitoneally. Ebselen is
listed as a safe compound. The time courses of other published experiments showed a shorter
duration of treatment with intraperitoneally injected Ebselen. In most experiments with several
injections over a number of weeks, other methods of administration were used. Other groups

have probably made similar observations which have not yet been published.

Despite the mortality caused by the intraperitoneal injections of Ebselen, we decided to continue

with our analysis of the data collected concerning physiological changes in the mice.

57



After only 4 weeks, the feeding of high-fat food led to impaired glucose sensitivity in the HFD-
C group. This effect was impeded by the intraperitoneal injection of Ebselen, and glucose
sensitivity was improved by the application of Ebselen in the DIO model. The improved glucose
sensitivity was specific for the DIO model, since in mice fed a standard diet, the Ebselen
treatment did not alter glucose sensitivity. Since diet influenced the glucose metabolism in mice
injected with Ebselen, the application of Ebselen also had an effect on the mice fed with a
standard diet.

Striking differences in bodyweight gain between treatment groups were observed over the
course of this study. The treatment with Ebselen prevented the mice from becoming obese after
only 1 week. This effect increased during the experiment. The reduction of 27% of bodyweight
is comparable to the genetic NLRP3 knockout [85]. As expected, Ebselen did not reduce the
weight of those mice fed a standard diet. The weekly caloric food intake and the cumulative
caloric food intake were not changed by the Ebselen treatment, which excludes the change in
weight gain being the result of less caloric intake. Thus, while the treatment with Ebselen did
not alter caloric intake in HFD-fed mice but prevented them from becoming obese,
intraperitoneal injections of Ebselen altered metabolism so that less weight was gained per
calorie consumed. Even though this could lead to the assumption that the inhibition of the
NLRP3 inflammasome was effective, the peritonitis and the associated inflammation and
illness of the mice could also have led to a decrease in bodyweight. Furthermore, the scar tissue
resulting from local peritonitis in the mice could have led to restricted intraperitoneal absorption
of glucose. We cannot say whether the altered metabolism of the mice was due to illness or
inhibition of the NRP3 inflammasome. My colleague Natalia Drost, who applied Ebselen
intraperitoneally in an Alzheimer’s mouse model, measured a reduced plaque number [75],
which was probably due to the inhibition of the inflammasome. In her Alzheimer’s disease
mouse model, the local peritonitis probably did not have a great influence on the CNS, so her
results suggest that the changes were due to the pharmacological potency of Ebselen.

Even though the toxic effect of Ebselen seems to be a local effect, | did not analyze the i.p.
treated mice further, since the peritoneum is a metabolically active organ and the adhesion of
the small and big intestine could affect food intake and absorption.

Therefore, we are not able to say whether the prevention of obesity was due to an inflammation
leading to a higher calorie usage or the desired effect of Ebselen, namely inhibiting the NLRP3

inflammasome.
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6.2.2 Oral administration of Ebselen in drinking water does not have side effects on mice, but

no strong effect on the metabolism of the mice was observed

Since the cause of death had to be due to either the method of application of Ebselen or the drug
Ebselen itself, we looked more closely at published studies where Ebselen had been used. In
other studies, treatment of mice with 10 mg/kg Ebselen over 154 days was well tolerated. This
is supported by the fact that Ebselen is used in clinical trials and considered non-toxic. In these
studies, Ebselen was applied orally through oral gavage [59, 66, 86] and also administered
dissolved in water [63]. All the studies where Ebselen was applied through intraperitoneal
injections had shorter time courses (approximately 5 days) [87, 88]. This research did not
mention any side effects of Ebselen. Regrettably, there is no published data available
identifying Ebselen as having a local toxic effect in the peritoneum when used for an extended

period of time.

To check whether the improved weight and glucose tolerance was due to the peritonitis or the
result of the pharmaceutical inhibition of the NLRP3 inflammasome in our first in vivo
experiment, the experiment was repeated, but instead of administering Ebselen through
intraperitoneal injections, the Ebselen was dissolved in drinking water. We decided against oral

gavage to reduce animal stress and suffering.

Even though Ebselen dissolved in drinking water had been administered to humans, we had to
show that Ebselen is stable in solution for a week when exposed to light and kept at room
temperature. After showing that this did not impair the efficacy of Ebselen, we began the

experiment.

The water with Ebselen was measured and changed every week. The water intake was measured
in the metabolic cages before giving the mice Ebselen or the HFD. At that time point, the mice
were drinking approximately 3.8 ml water each day, which was comparable to the weekly
average water intake. Furthermore, during the experiment, the HFD-C consumed less water
than the animals on CHOW-I. This difference is probably due to HFD pellets having a higher
water content than CHOW pellets. Similar effects have been reported in other publications [89].
As expected, there were no fatal casualties using oral Ebselen application and no side effects
were seen. Natalia Drost, who used the same application method in an Alzheimer’s mouse
model to avert the toxicity of intraperitoneal injections of Ebselen, also saw no elevation of

CRP or liver enzymes in mice treated orally with Ebselen [75].
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Unexpectedly, Ebselen did not reduce weight gain and the caloric intake was not changed. After
1 month of treatment, Ebselen prevented HFD-induced impaired glucose homeostasis,
underlining the pharmaceutical potency of Ebselen. One month later, after 8 weeks, this effect
had diminished and oral application of Ebselen did not protect the mice from glucose resistance.
It led to a decrease in glucose levels in the serum at only one time point in the ipGTT Ebselen
application. In addition, Ebselen did not affect glucose homeostasis in chow-fed controls, which
suggests specific inhibition of NLRP3 inflammasome activation in diet-induced obesity.

There could be different reasons behind these conflicting results. Similar tendencies have been
observed in genetic knockout mice, where in early stages of obesity, the genetic elimination of
the NLRP3 inflammasome provides a higher protection against HFD-induced insulin resistance
[43]. The reason for this has not yet been explained. However, other studies have shown further
contradictory results. One study showed mice lacking caspase-1 to be more obese than the
controls [90]. It was speculated that the cause of this change was a variation in gut microbiota
in mice raised in different animal facilities. The intestinal microbiome has been shown to play
an important role in metabolic diseases [91]. Additionally, IL-18, one of the products of
inflammasome activation, has been shown to protect against obesity and insulin resistance,
since mice lacking IL-18 are more obese and have hyperphagia and insulin resistance [92]. This

could be another reason why the results of our experiments were inconclusive.

Since the oral application of Ebselen did not change bodyweight in mice fed an HFD, we
examined the weight of the mice on the days of the ipGTT, since temporary changes in
bodyweight could affect the glucose homeostasis. Ebselen could not prevent obesity in HFD-
fed mice either after 4 weeks or after 8 weeks. Consequently, the detected ameliorated glucose
homeostasis in HFD-1 must be related to something other than weight. The improvement of
glucose tolerance could be due to a gain in lean mass or due to improved insulin sensitivity,

which is reported in NLRP3 knockout mice.

Therefore, in addition to weighing the mice, their body composition was examined to see if the
HFD led mainly to an increase in adipose tissue. Ebselen did not change the absolute and
relative fat mass in the DIO mice. Regarding the relative amount of lean mass to body weight,
both HFD groups had a lower percentage of lean mass compared to the lean groups, which is
not surprising considering the increase in fat mass. There was no difference between the HFD

groups. This is in accordance with the genetic knockout of the NLRP3 inflammasome, where
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similar proportions of fat and lean body mass occur in HFD-fed WT and NLRP3 knockout mice
[44].

Interestingly, Ebselen-treated HFD-fed mice showed an increase in lean mass compared with
lean mice. The HFD alone did not increase lean mass. This change could explain the slightly

improved glucose sensitivity of DIO mice treated with Ebselen [93].

Many studies state that blood plasma glucose levels and lean mass correlate negatively [94, 95].
However, in my opinion, it is highly questionable whether an increase of 5.85% of lean mass
is sufficient to reverse glucose resistance at 1 month, and the increase of lean mass at the end
of the experiment also does not explain the impeded glucose sensitivity after 2 months of HFD

feeding. Unfortunately, we have no H-NMR data for 1 month of treatment.

We did not find any information about changes in lean mass in NLRP3 knockout mice in
scientific literature. Furthermore, no mechanism of inflammasome activation leading to
changes in lean mass was found. Hyperglycemia seems to lead to a higher vulnerability to
skeletal muscle mass loss [96]. It could be interesting to analyze muscle tissue of mice further,
in order to determine its NLRP3 levels. A possible explanation for the increase of lean mass is
that on average, obese subjects have a higher amount of total lean mass, since the lean mass
increases as a result of the higher demands on the muscles [97]. We do not have an explanation
as to why the increase of absolute lean mass was limited to the HFD-I group and did not affect
the HFD-C group.

Ebselen treatment did not change the absolute weight of the different fat compartments and did
not change the normalized fat mass. HFD led to an obese phenotype, as expected. Even though
we did not find any studies of absolute or relative mass of adipose tissue compartments in
genetic NLRP3 knockout mice, we would have expected to find a reduction in visceral adipose
tissue in mice treated with a pharmaceutical NLRP3 inhibitor, since genetic knockout leads to

a smaller number of adipocytes in VAT but not in SAT.

The measurements with the metabolic cages revealed equal locomotion between the groups. As
expected, the increased lean mass in HFD-I mice is not, therefore, due to increased locomotor
activity in mice treated with Ebselen. A high-fat diet and subsequent obesity have been shown
to decrease energy expenditure [98]. Therefore, it would be desirable to increase energy
expenditure as a means of decreasing body weight. The metabolic cage measurements suggest

a normal day/night rhythm in mice treated with Ebselen. The energy expenditure of lean mice
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decreased compared to that of the lean control group. We could not find any literature stating
that Ebselen decreases energy expenditure. Another study states the contrary effect - there the
genetic ablation of components of the NLRP3 inflammasome led to a higher nighttime energy
expenditure [44].

Unfortunately, 10 weeks on a high-fat diet was not sufficient to increase IL-1p levels in WAT
and blood serum. We were, therefore, unable to look for any reduction in IL-B levels in the
HFD-I groups. Elevated IL-1p levels in obesity are usually measured after 6 months on an HFD
[43]. In most cases gene expression is measured [99]. The next step could be to look at the gene

expression of different NLRP3 components.

In summary, Ebselen caused peritonitis in mice when injected intraperitoneally. Oral
administration of Ebselen through drinking water had a slight effect on glucose metabolism
after 1 month of treatment. We were not able to show any reduction of IL-1f levels in our mice.
Ebselen is described as having multifunctional pharmaceutical effects, which means that these
other non-NLRP3 inflammasome inhibiting effects could have an additional impact. The drug
is known to act as a mimic of glutathione peroxidase [100]. The role of reactive oxygen species
in the development of insulin resistance is not fully understood and there are conflicting theories
stating that ROS improve [101] or worsen [102] insulin sensitivity. Therefore, we cannot
exclude the possibility that Ebselen influenced the results through these mechanisms of action.
On the other hand, reactive oxygen species (ROS) production seems to be crucial for NLRP3
inflammasome activation [103]. Thus, the anti-oxidative behavior of Ebselen could improve
insulin sensitivity and avert complications in diabetes by reducing different ROS species.
Additionally, Ebselen inhibits the DNA-binding capacity of different transcription factors, such
as NF-xB [104]. This has been known for a long time, since it has not only been shown that
obesity activates the IKKB/NF-kB pathway, but also that obesity-induced insulin resistance is
improved by pharmaceutical inhibitors of this pathway [105]. In T2D patients, a high dose of
aspirin improves glucose metabolism [106]. Similarly, this pathway could be the leading
mechanism of action. As described previously, NF-«xb is also pivotal in the priming step of
NLRP3 activation. As explained at the beginning of the discussion, an in vitro experiment
where Ebselen is only added during the administration of LPS would be interesting in order to

analyze the effect of Ebselen on the priming step and therefore on the NF-«b activation.
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6.3 Conclusion and Outlook

Ebselen inhibited the release of IL-f in activated peritoneal macrophages and microglia. Yet
we did not prove that Ebselen is an NLRP3 inflammasome inhibitor. To prove this, the
concentration of other components of the NLRP3 inflammasome needed to be measured along
with pyroptosis, an inflammatory form of programmed cell death which is dependent on
caspase-1 activation. Based on these results, together with unpublished data from Veit Hornung
suggesting that Ebselen is a potent inflammasome inhibitor, we continued with further in vivo

experiments.

In the in vivo experiments, we showed that intraperitoneal injection of Ebselen leads to
improved glucose resistance and a decrease in bodyweight. Importantly, this change could be
attributed to the decrease of IL1f secretion or to the toxic effect of Ebselen, leading to death in
the mice. Unfortunately, application of Ebselen through drinking water only yielded modest
and temporary effects on glucose metabolism but did not affect weight gain in our HFD-IO
mouse model. We cannot be sure whether this unsatisfactory effect is due to a lack of absorption
and biological availability of the drug or the result of a minimal pharmacological effect of the
inhibition of the NLRP3 inflammasome. It would have been interesting to measure the
concentration of Ebselen in the periphery as well as in the CNS. This could be done by
measuring selenium in the plasma of treated mice with liquid chromatography-mass
spectrometry [107]. Different doses of Ebselen could also be used, since other in vivo data

shows the absence of a clear dose response to Ebselen treatment [108].

Nevertheless, the formulation of this drug must be improved, as i.p. application induces toxic
side effects and oral dosage in drinking water is insufficient to produce a pharmacological
effect. If this could be achieved, it would be interesting to apply an NLRP3 inhibitor after the
onset of obesity, since this would be a more realistic setup for the treatment of patients.
Additionally, it would be necessary to analyze other organs which are affected by NLRP3

inflammasome activation in the context of diet-induced obesity.

Efficacious NLRP3 inhibitors are at an early stage of development. At the beginning of this
thesis, no specific NLRP3 inhibitor was known, therefore the results of our experiments were
awaited with great interest. Recently, two groups presented alternative NLRP3 inhibitors which
proved to be bioavailable in the periphery and the CNS and show no sign of causing side effects.
Studies using these drugs in the context of HFD-IO will evaluate the therapeutic potential for
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impeding the development of obesity and insulin resistance as well as associated diseases [45,
109]. It has been shown that treatment with MCC950 could ameliorate insulin sensitivity in
leptin receptor-deficient db/db mice and reduce the expression levels of inflammasome
components, including NLRP3, ASC and caspase-1, and IL-1p in the hippocampus [110]. It
would be interesting to use this detergent in the HFD-1O mouse model to explore whether a
weight reduction could also be achieved. Additionally, it needs to be evaluated if a blockade of
the NLRP3 inflammasome results in an increase of infection or sepsis.

Small molecules, such as Ebselen, MCC950 or BAY 11-7082, would be preferable to the use
of biological drugs for targeting IL-1p or its receptor. These agents would probably cause less
immunosuppression, be easier to apply and cost less. Therefore, more preclinical and clinical

studies with specific NLRP3 inhibitors are needed to ensure the safety of this new approach.
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