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Summary

I Summary

Type 1 diabetes (T1D) is the most diagnosed chronic disease in children and young adults
worldwide and is characterized by an autoimmune destruction of pancreatic beta cells resulting
in absolute insulin deficiency. In recent years, the incidence of T1D is continuously increasing,
particularly in children at younger age. However, the mechanisms underlying the development
of T1D, especially the accelerated disease development in younger children, remain unclear.
Meanwhile, increasing evidence indicates that metabolic disorders in the prediabetic phase
promote disease development. Recent findings identified the toll-like receptor 4 (TLR4),
originally described as receptor for bacterial lipopolysaccharide, as potent regulator of
metabolic processes, including obesity-associated inflammation and insulin sensitivity, thereby
pointing to a role of TLR4 in the pathogenesis of T1D. Based on these considerations, the aims
of the present study were to characterize disorders of the glucose-, lipid- and energy
metabolism potentially contributing to accelerated diabetes development and to test whether
a hypercaloric diet aggravates diabetes promoting metabolic alterations. The study was
performed in a model on the background of the non-obese diabetic (NOD) mouse. Animals of
a newly generated NOD mouse subline which exhibit accelerated development of insulin-
deficient diabetes after deletion of the TLR4 (NOD TLR47) and TLR4-expressing (NOD
TLR4**) mice were comprehensively phenotyped in the prediabetic phase to identify potential
metabolic and/or immunologic disorders associated with accelerated disease progression. To
characterize the potential effects of hypercaloric nutrition on diabetes pathogenesis, animals
fed a high fat diet (HFD) during the prediabetic phase were analyzed. NOD TLR4’ mice
developed diabetes earlier and with a higher incidence compared to NOD TLR4** mice.
Compared to NOD TLR4** mice, NOD TLR4” mice showed impaired glucose tolerance and
lower insulin levels during an intraperitoneal glucose tolerance test, higher body weight,
elevated pancreatic islet sizes, lower hepatocellular lipid (HCL) content and decreased plasma
short-chain fatty acid levels. Under HFD condition, the animals developed increased body
weight, higher fat depot weights and volumes, elevated body fat mass, lipid levels and HCL
independent of their TLR4 expression status. Interestingly, NOD TLR4” mice on HFD showed
lower random blood glucose levels and higher HCL content than NOD TLR4** mice on HFD.
In conclusion, a marked reduction of HCL content precedes the manifestation of insulin
deficient diabetes in NOD TLR4” mice, as a model of accelerated T1D. Lower HCL in NOD
TLR4” mice could result from lower rates of insulin-stimulated triglyceride synthesis and/or
decreased insulin-suppression of lipolysis. This data improves the knowledge of metabolic
disorders preceding T1D manifestation and implicates that disturbed hepatic lipid metabolism
in the prediabetic phase contributes to the accelerated development of T1D, as observed in

younger children.



Zusammenfassung

| Zusammenfassung

Typ 1 Diabetes (T1D) ist die weltweit am haufigsten diagnostizierte chronische Erkrankung bei
Kindern und jungen Erwachsenen und ist durch eine immunvermittelte Zerstérung autologer
Betazellen des Pankreas gekennzeichnet, die zu einem absoluten Insulinmangel fihrt. In den
letzten Jahren nahm die Inzidenz des T1D kontinuierlich zu, insbesondere bei Kindern im
jungeren Alter. Die Mechanismen, die der Entwicklung von T1D zugrunde liegen,
insbesondere der beschleunigten Krankheitsentwicklung bei jiingeren Kindern, bleiben jedoch
unklar. Neuere Ergebnisse deuten darauf hin, dass Stoffwechselstérungen in der
pradiabetischen Phase die Krankheitsentwicklung férdern. Jingste Erkenntnisse
identifizierten den Toll-like Rezeptor 4 (TLR4), der urspringlich als Rezeptor fiir bakterielles
Lipopolysaccharid beschrieben wurde, als potenten Regulator von Stoffwechselprozessen,
einschlief3lich Adipositas-assoziierter Entzindungen und Insulinsensitivitat, was auf eine Rolle
des TLR4 in der Pathogenese des T1D hinweist. Basierend auf diesen Betrachtungen bestand
das Ziel der vorliegenden Studie darin, Stérungen des Glukose-, Lipid- und
Energiestoffwechsels zu charakterisieren, die mdglicherweise zur beschleunigten
Diabetesentwicklung beitragen, sowie zu prifen, ob eine hyperkalorische Erndhrung Diabetes-
beschleunigende Stoffwechselveranderungen fordert. Die Studie wurde in einem Modell auf
dem Hintergrund der non-obese diabetic (NOD) Maus durchgefiihrt. Tiere einer neu
generierten NOD-Maus-Sublinie, die nach Deletion des TLR4 eine beschleunigte Entwicklung
des Insulinmangel-Diabetes aufweisen (NOD TLR4”) sowie vergleichend TLR4-
exprimierende (NOD TLR4 **) NOD Mause, wurden in der pradiabetischen Phase umfassend
phanotypisiert, um mogliche Stoffwechsel- und / oder immunologische Stérungen zu
identifizieren, die mit einem beschleunigten Fortschreiten der Krankheit assoziiert sind. Um die
mdglichen Auswirkungen einer hyperkalorischen Ernahrung auf die Diabetes-Pathogenese zu
charakterisieren, wurden Tiere analysiert, die wahrend der pradiabetischen Phase eine
fettreiche Erndhrung (HFD) erhielten. NOD TLR4” Mause entwickelten friiher und mit einer
hoheren Inzidenz Diabetes als NOD TLR4** Mause. Im Vergleich zu NOD TLR4** Mausen
zeigten NOD TLR4”" Mause wahrend eines intraperitonealen Glukosetoleranztests eine
gestorte Glukosetoleranz und niedrigere Insulinspiegel, ein héheres Kérpergewicht, grofiere
pankreatische Inseln, einen niedrigeren Gehalt an hepatozellularen Lipiden (HCL) und
verringerte kurzkettige Fettsaurespiegel im Plasma. Unter HFD-Bedingungen entwickelten die
Tiere unabhangig von ihrem TLR4-Expressionsstatus ein erhdhtes Kdrpergewicht, hohere
Fettdepotgewichte und -volumina, eine erhoéhte Koérperfettmasse, erhdhte Lipidspiegel und
HCL. Interessanterweise zeigten NOD TLR47 Mause unter HFD niedrigere zuféllige
Blutglukosespiegel und einen hoheren HCL-Gehalt als NOD TLR4** Mause.
Zusammenfassend lasst sich festhalten, dass eine deutliche Verringerung des HCL-Gehalts

der Manifestation des Insulinmangel-Diabetes bei NOD TLR4” Mausen als einem Modell fiir
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Zusammenfassung

den beschleunigten T1D vorausgeht. Ein niedrigerer HCL-Gehalt in NOD TLR4”" Mausen
konnte auf niedrigere Raten der Insulin-stimulierten Triglyceridsynthese und / oder einer
verringerten Insulin-vermittelten Suppression der Lipolyse zurlickzufihren sein. Die
Ergebnisse der vorliegenden Studie erweitern das Wissen Uber Stoffwechselstdrungen vor der
T1D-Manifestation und implizieren, dass ein gestorter Leberlipidstoffwechsel in der
pradiabetischen Phase zur beschleunigten Entwicklung von T1D beitragt, wie sie bei jingeren
Kindern beobachtet wird.
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Annotation to this thesis

]| Annotation to this thesis

The result and discussion parts of this thesis consist of two sections. Section one is the main
part and refers partly to published original research articles and follow-up experiments, while

section two describes follow-up experiments.

The first section comprises results from the NOD TLR4” mouse model from the publication
Simon et al. [1] and Rothe et al. [2] as well as data presented at the annual conferences of the
German Diabetes Association (Deutsche Diabetes Gesellschaft (DDG)) and the European
Association for the Study of Diabetes (EASD).

Simon MC*, Reinbeck AL*, Wessel C*, Heindirk J, Jelenik T, Kaul K, Arreguin-Cano J,
Strom A, Blaut M, Backhed F, Burkart V, Roden M. Distinct alterations of gut
morphology and microbiota characterize accelerated diabetes onset in non-obese
diabetic mice. Journal of Biological Chemistry 2020; 295(4):969-980.

Original research article, *equal contribution

Rothe M, Wessel C, Cames S, Szendroedi J, Burkart V, Hwang JH, Roden M. In vivo
absolute quantification of hepatic y-ATP concentration in mice using 31P magnetic
resonance spectroscopy at 11.7 T. NMR in Biomedicine 2020; e4422.

Original research article

Wessel C, Blaut M, Roden M, Burkart V. Reduktion von kurzkettigen Fettsauren und
gestorter Glukosestoffwechsel im Tiermodell des beschleunigten Typ 1 Diabetes.
Diabetologie und Stoffwechsel 2019; 14:542.

Wessel C, Blaut M, Roden M, Burkart V. Reduced short-chain fatty acids and impaired
glucose homeostasis in an animal model of accelerated type 1 diabetes. Diabetologia
2019; 62:S202.

Wessel C, Rothe M, Hwang JH, Roden M, Burkart V. Reduced hepatocellular lipid

content precedes diabetes onset in a mouse model of accelerated type 1 diabetes.
Diabetologia 2020; 365:5182.

The second section shows results from the feeding of NOD TLR4” mice with a high fat diet.

This section describes follow-up experiments that are based on Simon et al. [1].
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Introduction

1 Introduction

11 Pancreatic islets and insulin

The pancreas is a glandular organ in the digestive system that consists of two morphologically
and functionally different regions, the endocrine and exocrine pancreas [3]. The exocrine
pancreas is fundamental for the synthesis of digestive enzymes like lipases and proteases,
while the endocrine pancreas is important for secreting various hormones like insulin and
glucagon mainly involved in the control of glucose homeostasis [3]. The endocrine functions
of the pancreas are mediated by the highly specialized cell populations of the pancreatic islets
also named islets of Langerhans after the anatomist Paul Langerhans who first described these
structures in 1869. Islets consist of various cell types that secrete specific hormones [3]. The
human pancreas contains 1-2 million islets, which are composed of different cell types similar
to islets of other mammals such as mice. In contrast to human islets, which show a complex
and more random distribution of the different endocrine cell types, the distribution of endocrine
cells within a murine islet is characterized by a localization of beta cells in the center and a
more peripheral arrangement of other cell types [3, 4]. The murine pancreas contains 2000-
4000 islets. Each islet is approximately 50 ym to 1 mm in size and contains alpha cells (approx.
15 — 20 % of total islet cells) secreting glucagon, beta cells (65-80 %) secreting insulin, delta
cells (3—10 %) secreting somatostatin, gamma cells (3-5 %) secreting pancreatic polypeptides
and epsilon cells (<1 %) secreting ghrelin [3, 4].

Taken together, beta cells are the most frequent cell type in pancreatic islets with the primary

function of producing and secreting insulin in a tightly regulated manner [3].

1.1.1 Glucose stimulated insulin secretion

The hormone insulin is controlling energy homeostasis, including lipid and glucose
metabolism, primarily via maintaining normoglycemia by responding to the rising and
decreasing levels of blood glucose. Insulin secretion is regulated by a variety of factors
including glucose, free fatty acids (FFA), lipids and glucagon [5-7]. Glucose represents the
most important regulator, which enters the beta cell via the glucose transporter 2 (GLUT2), a
transmembrane carrier protein that acts as a glucose sensor. Inside the beta cell, glucose is
converted to pyruvate by the metabolic pathway of glycolysis. Pyruvate enters the tricarboxylic
acid (TCA) cycle in the mitochondrion, which subsequently generates adenosine triphosphate
(ATP). The rise of the intracellular ATP concentration is followed by the closure of the ATP
sensitive potassium channels (Kate-channels) in the plasma membrane of the beta cell. The
membrane depolarizes because the potential difference across the membrane becomes more
positive due to the rising intracellular concentrations of potassium ions. Consequently, the

voltage-dependent calcium ion channels (VDCC) open, causing calcium ions to pass the

12



Introduction

membrane into the beta cell. The intracellular calcium levels rise and subsequently insulin
containing vesicles move towards the beta cell membrane, fuse with the membrane and

release insulin by exocytosis [5-7] (Figure 1).

Glucose K| K
2
\ e vDce
. Ca |
Glycolysis ATP? CaZ g

Pyruvate

Figure 1: Glucose stimulated insulin secretion from pancreatic beta cells. Glucose enters the beta cell via the
glucose transporter 2 (GLUT2). During the following catabolization of glucose in the tricarboxylic acid (TCA) cycle,
adenosine triphosphate (ATP) is generated, which closes the ATP sensitive potassium channels (Katp-channels),
in turn hyperpolarizing the beta cell membrane. Consequently, the voltage-dependent calcium ion channels (VDCC)
open, which results in an influx of calcium ions leading to the fusion of insulin vesicles with the membrane.

1.1.2 Insulin effects

Once insulin is secreted, it can bind to its receptor, the insulin receptor, which is located on
almost every cell type of the mammalian body. After activation, the insulin receptor can
phosphorylate several substrates, particularly the insulin-receptor substrates (IRS) IRS1 and
IRS2 [8]. The IRS phosphorylation displays binding sites for various signaling partners and
thereby initiates an intracellular signaling cascade, resulting in the activation of protein kinase
B (Akt) through phosphorylation [9]. pAkt induces the translocation of the kinase receptor
glucose transporter 4 (GLUT4) storage vesicle (GSV) to the plasma membrane, where GLUT4
is inserted to mediate glucose transport into the cell thereby decreasing extracellular, systemic

glucose concentrations (Figure 2) [10].
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Introduction

Figure 2: Insulin signaling pathway in mammalian cells. Insulin binds to its receptor, the insulin receptor,
resulting in the phosphorylation of insulin-receptor substrates (IRS) followed by protein kinase B (Akt)
phosphorylation and activation. After that, Akt induces translocation of kinase receptor glucose transporter 4
(GLUT4) storage vesicle (GSV) leading to GLUT4 insertion into the plasma membrane.

Akt activation promotes multiple cellular processes, which are regulated via insulin such as
glycogenolysis but also gluconeogenesis and lipogenesis [8, 9, 11, 12]. Low blood glucose
levels lead to an activation of the pathway of glycogenolysis that degrades glycogen to glucose
in hepatocytes and skeletal muscle cells. Glucose molecules are released from the tissue into
the blood increasing peripheral glucose levels [13]. Glycogenolysis is activated by glucagon,
the antagonist of insulin, and is inhibited by insulin [14]. Gluconeogenesis is a pathway which
generates glucose from noncarbohydrate precursors such as pyruvate, lactate, amino acids
and glycerol. This process mainly takes place in the liver and is inhibited by insulin [15]. By
these pathways, insulin inhibits glucose production, but also affects further complex signaling
pathways. Another metabolic pathway, which is affected by insulin, is glycogenesis [16]. The
IRS activates multiple protein kinases, which can deactivate glycogen synthase kinase leading
to an active form of glycogen synthase promoting glycogenesis. During glycogenesis, glucose
is added to a core of glycogen and stored as glycogen in hepatocytes and skeletal muscle cells
resulting in the lowering of blood glucose levels [13]. Taken together, the above mentioned
pathways represent important regulatory processes for the maintenance of blood glucose
homeostasis.

In addition to the above mentioned processes, insulin inhibits the secretion of lipoproteins from
the liver, stimulates lipid and glucose uptake into the adipose tissue and inhibits lipolysis as
described in detail in chapter 1.5 [16, 17].

In summary, insulin is essential for the maintenance of mammalian energy homeostasis.
Defects in insulin synthesis or signaling can lead to metabolic diseases such as diabetes
mellitus [18, 19].
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1.2 Diabetes mellitus

Diabetes mellitus is one of the most diagnosed diseases in the world, with the numbers
continuously rising. Currently, around 463 million adults are diagnosed with diabetes worldwide
and approximately 4.2 million deaths were directly caused by diabetes in 2019, making
diabetes one of the leading causes of death in the world [20, 21]. Diabetes mellitus describes
a group of metabolic diseases leading to impairments of glucose metabolism [22]. The main
symptom is hyperglycemia (increased blood glucose levels), resulting from an absolute insulin
deficiency or a progressive loss of beta cell insulin secretion associated with insulin resistance
(IR) [22]. According to the disease patterns, diabetes can be categorized into four major forms:
type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes and a group of rarely

appearing diabetes forms [22].

1.2.1 Type 2 diabetes

The most common form of diabetes is T2D, which accounts for up to about 90-95 % of cases
worldwide and is typically associated with obesity, but also with advanced age, physical
inactivity and genetic factors [22-24]. T2D is defined as a disease state mainly characterized
by hyperglycemia as a consequence of relative insulin deficiency, which is due to IR, the
reduced reactivity of peripheral tissues, like liver, muscle and adipose tissue, to the blood
glucose lowering effect of insulin [24, 25]. Pancreatic beta cells increasingly produce insulin in
the earlier stages of the disease but can compensate the rising demand for insulin during
advancing IR only for a limited time. In early stages after the diagnosis of T2D, drugs like
Metformin are prescribed [26]. Those drugs decrease the glucose production primarily by the
liver and increase the insulin sensitivity [26]. In advanced stages of the disease, through

exhaustion of beta cells, patients depend on the administration of insulin [24].

1.2.2 Type 1 diabetes

T1D, previously called juvenile or insulin-dependent diabetes, is the most diagnosed chronical
disease in children and young adults, which accounts for approximately 5-10 % of all diabetes
cases [22, 27, 28]. T1D is defined as an autoimmune disease leading to an absolute lack of
insulin due to an almost complete loss of beta cells [29, 30]. During the pathogenesis of T1D,
immune cell reactivity against autologous beta cells results in the destruction of insulin-
producing beta cells in the pancreatic islets [27, 29, 31]. The progressive destruction of beta
cells leads to increasing blood glucose levels in patients [29]. During the clinical manifestation
of the disease, severe hyperglycemia and hypoinsulinemia are often accompanied by multiple
symptoms like increased urinary excretion (polyuria), an increased fluid intake (polydipsia) and

increased food intake (polyphagia) [32]. Approximately one third of patients are diagnosed with
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a life-threatening diabetic ketoacidosis [29]. To maintain glucose homeostasis, patients
depend on regular exogenous administration of insulin throughout their life via injections or
implanted pumps [27]. T1D patients show higher risks of developing severe diabetes-specific
micro- and macrovascular complications including retinopathy and nephropathy as well as
neurologic disorders (poly-(neuropathy)) [33]. In recent years, the incidence of T1D is
increasing in younger children, especially in children under the age of seven years [27, 34].
The increasing incidence is concerning, because these patients will have T1D for a longer
period of their life leading to increased risks for the development of diabetes-associated
complications [35, 36]. Despite intensive clinical and experimental research efforts, the
cause(s) for developing T1D and especially the accelerated development of the disease in

children remain largely unknown.

1.2.2.1 Autoimmune pathogenesis of T1D

The pathogenesis of T1D is described as a multi-facetted process, in which not only genetic
but also environmental factors play a role in the induction of the disease [37]. The
predisposition to develop T1D is determined by variations in certain gene regions. T1D-
associated risk alleles are found mainly in the human leukocyte antigen (HLA) system of the
major histocompatibility complex (MHC) [38, 39]. Genes of the HLA system have the largest
impact on T1D risk (determining about 60 % of the risk) and can mediate either predisposing
or protective effects [29, 32]. But also variations in other genes like INS, which encodes insulin,
CTLA4, which encodes the cytotoxic T-lymphocyte-associated protein 4 and IL2RA, which
encodes the interleukin-2 receptor alpha chain, can lead to an increased risk of T1D [38, 39].
However, studies in twins showed that the concordance rate for T1D is between 13 and 68 %
in identical twins and only about 10 % in unidentical twins [40, 41]. This observation
demonstrates that also other influences like environmental factors play an important role in the
induction of T1D.
Long before the manifestation of T1D, a prediabetic phase is described. A first sign for the
development of beta cell-directed immune reactivity is the appearance of autoantibodies
against islet cell antigens (ICA), insulin (IAA), zinc transporter T8 (ZnT8), glutamate
decarboxylase (GADes) and tyrosin phosphatases (IA-2, IA-2B) [42]. Several studies showed
that increased numbers in above-mentioned autoantibodies associate with an increased risk
of developing T1D [42]. Whereas autoantibodies have no beta-cell damaging effect,
components of the cellular immune system, mainly macrophages and T-lymphocytes play an
important role in the initiation of beta cell destruction in the prediabetic period [40]. During this
phase, immune cells infiltrate the islets (insulitis) and the beta cell mass decreases
continuously as a result of the cytotoxic activities of macrophages and T-lymphocytes [40, 42].
When only approximately 40 % of functionally active beta cells are left, hyperglycemia can
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occur [28, 32]. Recent studies indicate that not only beta cell-directed autoimmune processes

but also the patient’s lifestyle has an impact on the progression of the pathogenesis of T1D.

1.2.2.2 Metabolic disorders contributing to T1D

Investigations on the pathogenesis of T1D revealed that the progression of the disease is
affected by factors that are associated with the development of obesity as a consequence of
hypercaloric diet and a lack of physical activity. Consequently, an association between higher
body weight and accelerated diabetes manifestation was described [43-45]. The association
of high body weight with accelerated diabetes manifestation suggests that obesity and IR along
with increased levels of obesity-related systemic inflammatory mediators are involved in the
progression of T1D [46, 47]. Chronically elevated levels of inflammatory mediators lead to
persisting subclinical inflammation in patients with adiposity [48, 49]. Recent findings further
indicate that IR is associated with the progression of T1D. This association leads to the
assumption, that the development of IR in predisposed patients is a risk factor for the earlier
manifestation of T1D [50]. This view is supported by recent findings which demonstrate that
T1D patients show an aggravation of IR with increasing adipose tissue mass and with

increasing levels of the proinflammatory cytokine interleukin-6 [51].

1.2.2.3 Environmental factors modulating T1D

In humans, T1D susceptibility has been associated with several environmental factors,
particularly dietary components. In genetically susceptible children, a diet enriched with
omega-3 fatty acids (FA) reduced the incidence of T1D [52]. It is suggested that omega-3 FA
directly bind to G-protein coupled receptor 120 on macrophages, which thereby exert anti-
inflammatory effects [53]. Further studies suggest that increased intake of gluten and cow milk
proteins in early life increases the risk of developing T1D [54-56]. Interestingly, a cross
reactivity was shown between antibodies against cow milk proteins and p69, a beta cell surface
protein [57]. Other important environmental factors that have been associated with T1D
susceptibility are seasonal and geographic effects [37]. The peak of manifestations of T1D is
observed in fall and winter seasons, which points to an association with the increased
appearance of viral infections that are discussed as disease-precipitating events [58]. There is
an inverse correlation between disease incidence and proximity to the equator [37].
Explanations for this correlation may be the reduced exposure to sunlight and ultraviolet (UV)
radiation (reduced epidermal vitamin D synthesis) and lower temperature in regions in higher
latitudes [37]. In non-obese diabetic (NOD) mice, a mouse model of human T1D, animals
maintained at lower temperature (21 °C) exhibited a higher incidence of insulin-deficient

diabetes compared to mice maintained at 23.7 °C [37]. Interestingly, vitamin D deficiency early
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in life resulted in accelerated development of insulin-deficient diabetes in NOD mice [37]. NOD
mice fed supplementary vitamin D were protected against the development of insulin-deficient
diabetes, which correlated with a higher frequency of regulatory T-lymphocytes (Treg) in the
pancreatic lymph nodes [59, 60]. It is suggested that vitamin D also regulates the immune
response via inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kKB) pathways in macrophages and dendritic cells leading to lower production of the
proinflammatory cytokines interferon gamma (IFNy) and interleukin-12, thereby inhibiting the
development of beta cell-directed immunity [61]. In humans, vitamin D supplementation after
birth also protects against the development of T1D, but could not delay the loss of beta cell
function in patients with recent-onset T1D [62, 63]. Virus infections in early childhood are also
discussed as diabetes-inducing environmental factors. Viruses like rotavirus or coxsackie B
virus are assumed to have an impact on T1D development. Rotavirus increases intestinal
permeability, which may stimulate immune responses that signal through toll-like receptors
(TLR) and drive inflammation [64]. Other viruses like coxsackie B virus can directly infect islet

tissue leading to inflammation in islets [37].

1.3 Potential role of insulin sensitive tissues in the pathogenesis of T1D

Adipose tissue, skeletal muscle and the liver are defined as insulin sensitive tissues. In healthy
individuals, glucose passes the membranes of cells of insulin-responsive adipose tissue and
skeletal muscle tissue via the GLUT4 transporter. GLUT4 is activated by insulin-binding
leading to various reactions like production of GLUT4 protein or translocation of existing
GLUT4 from the endoplasmic reticulum (ER) to the surface of either adipose tissue or skeletal
muscle cells [47]. In lean T1D patients, IR is a common feature in the liver, adipose tissue and
skeletal muscle [47]. Under this condition, insulin sensitive tissues fail to properly respond to
insulin and to take up glucose resulting in hyperglycemia [65]. In hepatocytes, IR results in an
increased plasma glucose concentration due to the reduction of hepatic glycogen synthesis
[66]. This impairment is coupled with the inability of adipocytes and skeletal muscle cells to

take up glucose [66]. However, the precise pathophysiology of IR remains unclear.

1.3.1 Liver in the pathogenesis of T1D

The main functions of the liver are neutralization of toxins, regulation of lipid-, protein- and
carbohydrate metabolism and production and secretion of proteins like serum albumin and
fetuin A [67, 68]. The liver is supplied by both venous blood, which enters the organ from the
intestinal region via the portal vein and oxygen-rich arterial blood, which enters via the hepatic

artery [67]. Most of the blood enters the organ through the portal vein, which is rich in nutritional
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components such as FA, glucose and amino acids but also gut microbe-derived molecules like
lipopolysaccharide (LPS) [67].

Hepatic glucose- and lipid homeostases are maintained by regulation of glycogen storage,
gluconeogenesis and glycogenolysis [47]. In the non-fasted state, glucose enters the
hepatocytes, a cell population comprising about 80 % of the liver cells, via GLUT2 and is
phosphorylated by glucokinase to generate glucose 6-phosphate (G6P). This reaction leads
to a decrease in intracellular glucose levels which further elevates glucose uptake [15]. G6P
can be metabolized by entering the glycolytic pathway, the TCA-cycle and oxidative
phosphorylation or can be used for glycogen synthesis [15]. In the short-term fasted state,
glycogen can be hydrolyzed in the liver by glycogen phosphorylase to produce glucose
(glycogenolysis) [15]. In the long-term fasted state after glycogen is depleted, glucose is
synthesized by hepatocytes from pyruvate, lactate, amino acids and glycerol
(gluconeogenesis) [15]. Lipids can also be stored in the liver, in a process called ectopic lipid
storage, which can contribute to IR [69]. Studies in rodent models showed, that short-term
feeding of a HFD can lead to ectopic lipid accumulation and IR in the liver [70, 71]. Interestingly,
a human study confirmed these findings. Acute administration of a diet high in saturated fat to

metabolically healthy persons led to increased hepatic IR and hepatic lipid storage [72].

1.3.2 Adipose tissue in the pathogenesis of T1D

Adipose tissue can be divided by its localization into subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT), but also by its functionality into white adipose tissue (WAT) and
brown adipose tissue (BAT). SAT comprises up to about 80 % of whole-body fat, which makes
SAT the largest adipose tissue depot in the body [73]. WAT, which represents the largest
proportion of the adipose tissue compartment, performs three main functions: lipid storage,
lipid release and release of hormones and cytokines that modulate IR, whole-body metabolism
and immunological functions [69, 74]. Triglycerides (TG) are stored in WAT and released as
free fatty acids (FFA) into the circulating blood when energy is required [75]. Additionally, WAT
secretes adipokines that are involved in the control of inflammation and metabolism. It also
serves as a thermal insulator and has a tissue protective function against mechanical damage
[75]. Compared to WAT, BAT has a higher mitochondrial content [75]. The main functions of
BAT are oxidative phosphorylation and thermogenesis. BAT plays a major role in maintaining
the body temperature in a physiological range via heat production [74]. Adipocytes, the
dominant cell population of the adipose tissue, store FFA as TG and release FA and glycerol
if required [69]. Adipocytes within the BAT are able to oxidize circulating substrates but also
their own stored fat to produce heat and accelerate metabolic processes [74]. Interestingly, it
could be shown that the activity and amount of BAT were much higher in lean than obese

individuals [76], suggesting a role of BAT in the development of obesity. SAT has a limited
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FA/lipid storage capacity to expand, which depends on the ability of the cells to recruit new or
to enlarge adipocytes [69]. When the storage capacity of the SAT has reached its maximum,
fat is stored in other tissues, the ectopic fat depots, particularly the liver and skeletal muscle,
leading to excessive lipid accumulation in these organs, increased IR and progressive
inflammation [69]. Increased lipid storage in non-SAT adipose tissue like in VAT increases the
risk of metabolic and vascular disorders and the development of diseases like T2D [69].
Besides their involvement in lipid metabolism, adipocytes play an important role in the
regulation of glucose-metabolism since they express GLUT4 transporters on their surface
mediating the control of glucose uptake from the periphery into the tissue [69]. Interestingly, in
insulin-resistant obese and in prediabetic individuals, levels of GLUT4 in adipocytes are
decreased [69]. Previous findings suggest that BAT also regulates the glucose metabolism, by
showing that glucose uptake was increased and whole-body insulin-sensitivity and glucose
disposal was improved when BAT was activated [74]. The insulin-stimulated glucose uptake
by adipose tissue contributes to only about 10 % of the prandial glucose uptake, representing
a small proportion compared to the amount of glucose that can be taken up by the skeletal
muscle (about 80 %) [47, 69].

1.3.3 Skeletal muscle in the pathogenesis of T1D

On the cellular level, the skeletal muscle is composed of myocytes, which use fat and
carbohydrates as their main energy sources [77, 78]. Based on their distribution in the skeletal
muscle, lipids can be divided into intramyocellular lipids (IMCL) and extramyocellular lipids
(EMCL). In myocytes, IMCL are located close to the mitochondria and serve as an important
substrate pool for FA oxidation, whereas EMCL are located between the muscle fibers [78,
79]. IR in skeletal muscle develops as a consequence of impaired insulin-stimulated
upregulation of GLUT4, leading to lower glucose transport into myocytes [47]. Interestingly, in
obese patients with T1D or T2D, GLUT4 protein levels are decreased in skeletal muscle [47].
It is suggested that increased concentrations of IMCL and of FFA in the circulating blood
activate serine kinases leading to reduced glucose transport via GLUT4 from the circulating
blood into the myocytes, thereby contributing to hyperglycemia [80, 81]. Previous studies have
shown, that patients with T1D have higher IMCL levels compared to healthy individuals, a
finding that could be explained by increased FFA transport to the skeletal muscle resulting

from the failure of low or absent insulin to repress FFA release from adipocytes [82, 83].

1.4 Energy metabolism

The main source of energy in the mammalian body is glucose, which is used to generate ATP

during degradation by glycolysis, TCA-cycle and finally oxidative phosphorylation in the
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respiratory chain [84]. All processes, except glycolysis, are located in the mitochondria.
Mitochondria are double membrane organelles consisting of the outer mitochondrial
membrane, the intermembrane space and the inner mitochondrial membrane (Figure 3) [85].
During glycolysis, glucose is converted to pyruvate by multiple steps [84]. When pyruvate is
converted to acetyl coenzyme A (Acetyl-CoA) it enters the TCA-cycle, a closed-loop reaction
series in the mitochondria [86].

The TCA-cycle consists of multiple steps generating 3 nicotinamide adenine dinucleotide
(NADH), 2 CO3 and flavin adenine dinucleotide (FADH2) per 1 molecule of acetyl-CoA. NADH
and FADH; provide electrons for the components of the respiratory chain located in the inner
mitochondrial membrane [84, 86]. The respiratory chain includes a series of protein complexes
(I = IV) and ATP synthase, which are located in the inner mitochondrial membrane and are
involved in electron transfer across the membrane and oxidative phosphorylation (Figure 3,
insert) [84]. The binding of NADH to the first entry point of the respiratory chain, the complex
NADH dehydrogenase, and the consequential oxidation of NADH to NAD leads to a transfer
of electrons from NADH to ubiquinone [84]. The second entry point of the respiratory chain and
binding point of succinate is the succinate dehydrogenase, which passes electrons from the
oxidation of succinate to fumarate via FAD to ubiquinone [84]. Because of the electron transfer
to ubiquinone, ubiquinone is reduced to ubiquinol in the inner mitochondrial membrane leading
to a transfer of electrons to the third complex, the ubiquinone/cytochrome ¢ oxidoreductase
[87]. Complex Il transfers the electrons from ubiquinol to cytochrome c, which is located in the
intermembrane space of the mitochondrion [87]. The cytochrome ¢ oxidase (complex IV) finally
transfers the electrons from cytochrome c to molecular oxygen (Oz) [87]. O is continuously
reduced to H,O via the respiratory chain in the mitochondrial matrix [87]. The electron flux is
coupled to the proton uptake from the mitochondrial matrix into the intermembrane space
generating an electro-chemical gradient driving ATP synthesis [88]. The mitochondrial ATP
synthase (complex V) generates ATP by controlled reflux of protons from the intermembrane

space to the mitochondrial matrix (Figure 3, insert) [89, 90].
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Figure 3: Pathway of energy generation by glucose degradation from glycolysis to the tricarboxylic acid
cycle and finally to the respiratory chain in mammals. Glucose is converted to pyruvate and subsequently to
acetyl coenzyme A (acetyl-CoA), which enters the TCA-cycle in the mitochondrion. In the TCA-cycle, multiple steps
lead to the generation of 3 nicotinamide adenine dinucleotide (NADH), 2 CO2 and flavin adenine dinucleotide
(FADH2) molecules and provide electrons for the respiratory chain, where NADH binds to Cl and succinate to ClI
in the inner mitochondrial membrane leading to an electron transport through the complexes towards the reduction
of Oz to H20. During the processes, the electron flux is coupled to the proton uptake from the mitochondrial matrix
into the intermembrane space leading to an electro-chemical gradient driving the ATP synthesis and producing ATP
by controlling the reflux of protons from the intermembrane space to the mitochondrial matrix.

Mitochondrion HJ‘“ -

Taken together, the main cellular function of mitochondria is the maintenance of the cellular
energy supply by production of ATP during oxidative phosphorylation in the respiratory chain.
The TCA-cycle starts with acetyl-CoA, which can be generated from carbohydrate-derived

pyruvate but also from FA degradation [86].

1.5 Fatty acid metabolism

The central organ for the control of FA/ lipid metabolism is the liver, which also exerts
regulatory effects on energy- and glucose metabolism [91]. The hepatic FA metabolism and
the storage of TG take place mainly in hepatocytes. In the gut, TG from dietary sources are
emulsified by bile acids and hydrolyzed by pancreatic lipase, which leads to FA as products
(lipolysis) [92]. Lipolysis takes place in the liver, but also in adipose tissue and in the circulating
blood. FA in the circulating blood are mainly produced by adipose tissue lipolysis, which
typically occurs during fasting [92]. In the first rate-limiting step of lipolysis in the adipose tissue,
adipose triglyceride lipase (ATGL) catalyzes the hydrolysis of TG to diglycerides [92]. Hormone
sensitive lipase (HSL) then catalyzes the hydrolysis of DG to monoglycerides and in the final
step, monoacylglycerol lipase generates one molecule of glycerol and one molecule of FA [92].
A study in mice showed that feeding a high fat diet increases lipolysis in the adipose tissue

[93]. In contrast, lipolysis in adipose tissue can be suppressed by insulin to prevent the release
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of FA from TG in the fed state [94]. FA enter the circulating blood, from where they can reach
different tissues to serve as substrates for the generation of energy [95]. Extracellular FA pass
the hepatocyte membrane via FA receptors and enter the mitochondria [92], where they are
degraded to acetyl-CoA during multiple cycles of the beta-oxidation[96]. Acetyl-CoA enters the
TCA-cycle or the pathway of de novo lipogenesis (DNL), where acetyl-CoA is converted to FA.
TG enter the lipolytic pathway within the hepatocytes or exit the hepatocytes to reach the
plasma, where most of the TG are taken up by adipose tissue and skeletal muscle (Figure 4)
[92]. Increased dietary glucose intake promotes DNL and the accumulation of TG in the liver
[97].

TG — FA Glucose

/ Lipolysis

&Y

Figure 4: Schematic representation of the fatty acid (FA) metabolism in the liver. During lipolysis, triglycerides
(TG) are converted to FA which can enter the mitochondria of hepatocytes. In the mitochondria, FA are degraded
to acetyl coenzyme A (acetyl-CoA), which enters the tricarboxylic acid (TCA) cycle or the de novo lipogenesis
(DNL). Glucose can also be converted into acetyl-CoA during glycolysis and enter the TCA-cycle or the DNL. During
DNL, acetyl-CoA is used for the synthesis of FA, which are subsequently resynthesized into TG or enter beta-
oxidation. TG enter the lipolytic pathway within the hepatocytes or the circulating blood and can be taken up by
other tissues.

So far, research on hepatic FA metabolism focuses mainly on nonalcoholic fatty liver disease
(NAFLD) and nonalcoholic steatohepatitis (NASH) and its role in the pathogenesis of IR,
cardiovascular diseases and T2D [98-101]. NAFLD is the most common liver disease, with an
estimated 25 % prevalence worldwide, which can lead to hepatocellular carcinoma as well as
liver failure [102, 103]. It comprises fatty liver (steatosis)), NASH and fibrosis/cirrhosis,
diagnosed by >5 % hepatic fat accumulation in the absence of various other factors that cause
fatty liver such as alcohol, drugs and viruses [103, 104]. NAFLD is tightly associated with
obesity, IR, increased age and metabolic syndrome, a cluster of specific conditions that occur

simultaneously including increased blood glucose, increased blood pressure, abnormal TG
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concentrations and excess body fat. In less than 20 % of NAFLD patients, NAFLD can be
assigned to NASH [105, 106]. NASH is defined by > 5 % hepatic steatosis with inflammation
and hepatocellular injury with/ without fibrosis and is common in patients with IR or obesity
[104, 105]. Interestingly, NASH was reported in children with T1D [107].

Recently it was shown that the composition of dietary fat also affects basic metabolic functions
of the human liver. Excess supply of saturated FA (SFA) increases lipolysis, intrahepatic TG
and induces IR, while excess supply of unsaturated FA (monounsaturated FA (MUFA) and
polyunsaturated FA (PUFA)) decreases lipolysis and intrahepatic TG content [101]. These
findings indicate that a diet with less fat could be beneficial to reduce intrahepatic TG and the
risk of developing diabetes [101].

However, the potential impact of hepatic FA/lipid metabolism on the progression of T1D-

development particularly in prediabetic persons remains largely unknown.

1.5.1 Free fatty acid receptors CD36 and FFAR2

In view of the above-mentioned influence of FA on glucose- and energy metabolism, it can be
suggested that FFA receptors play a role in the pathogenesis of T1D. Recent studies focused
on representative receptors such as cluster of differentiation 36 (CD36) and free fatty acid
receptor 2 (FFAR2).

The FFA receptor CD36 is a highly glycosylated integral membrane protein with a size of 80
kD and a high affinity for long-chain fatty acids (LCFA) [108]. CD36 is widely expressed on
various cell types including adipocytes, immune cells and myocytes [108]. Previous studies
showed that CD36 mediates FA uptake into adipose tissue and muscle of humans and rodents
[109, 110].

Besides the affinity for LCFA, CD36 can bind a variety of other ligands such as phospholipids,
cholesterol as well as very low, low and high density lipoproteins (VLDL, LDL, HDL) [108].
CD36 further plays important roles in signal transduction including the activation of pathways
linked to inflammation [108]. For example, in macrophages, CD36 is involved in the activation
of the intracellular signaling pathway, which plays a role in foam cell formation in the
pathogenesis of atherosclerosis [111]. Additionally, CD36 is involved in the activation of
mitochondrial FA-oxidation by muscle cells, in the regulation of FA-induced secretion of
peptides into the gut and in the regulation of calcium ion-mediated activation of
phospholipases, which release arachidonic acid from phospholipids of the membrane [108].
Based on these functional properties it is suggested that CD36 plays a specific role in the
control of FA metabolism, immune reactions depending on FA metabolism and consequently
on the risk for the development of metabolic and immunological disorders [108]. Recent

findings identifying hyperglycemia as an important stimulator of CD36-mRNA synthesis in
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peripheral blood mononuclear cells from healthy individuals might link the expression of the
receptor with the pathogenesis of diabetes [112]. A further study, which revealed interactions
between platelet CD36 and the hyperglycemia-related prothrombotic phenotype, suggests an
association of vascular complications in diabetes with CD36-mediated platelet signaling [113].
Interestingly, several population-based studies linked CD36-polymorphisms, especially
polymorphisms affecting the LDL-binding domain of CD36, to increased risk of diabetes
development [114-116].

Another FFA receptor, FFAR2/ G-protein-coupled receptor 43 (GPR43) is a member of the
GPCR family with a size of 47 kD that binds short-chain fatty acids (SCFA) [117]. The most
important agonists of FFAR2 are acetic-, propionic- and butyric acid, which are released from
intestinal bacteria like Bacteroidetes and Firmicutes [118]. FFAR2 is expressed on various cell
types including pancreatic alpha- and beta cells [117]. A recent study points to a role of FFAR2
in the regulation of islet mass and beta cell survival [117]. It was shown that mice lacking
FFAR2 have decreased beta cell mass suggesting that FFAR2 could be a potential therapeutic
target to stimulate the proliferation of beta cells in order to preserve the beta cell mass [117].
Another study in mice showed, that SCFA simulate the secretion of the gut hormone glucagon-
like peptide-1 (GLP-1) via FFAR2. There is evidence that increased GLP-1 secretion has
beneficial effects in patients with obesity and diabetes [119], thereby linking FFAR2 and SCFA
to diabetes. Further evidence strengthens the assumption that FFAR2 is involved in the
development of autoimmunity and autoimmune diseases such as T1D. A study in mice
showed, that SCFA regulate the function and size of the colonic Treg pool and protect against
colitis in a FFAR2-dependent manner [120]. Another study in mice lacking FFAR2 showed an
increased inflammation in models of asthma, inflammatory arthritis and colitis and suggested
a molecular link between SCFA-binding to FFAR2 and intestinal bacteria, diet and immune
responses [121].

Taken together, FFAR2 activation seems to contribute to the association between gut

microbiota and immune responses and may have an impact on the development of T1D.

1.6 Gut microbiota

The majority of micro-organisms in the mammalian body is localized in the gut and called gut
microbiota which includes not only bacteria but also other microbes like fungi and even viruses
[122, 123]. A recent study shows that the human gut microbiome is composed of more than
35.000 bacterial species [123]. The four major microbial phyla that represent more than 90 %
of the bacterial communities of the gut microbiota are Firmicutes, Bacteroides, Proteobacteria
and Actinobacteria [122]. To study the gut microbiota, mainly stool samples are collected and

DNA is isolated [123]. Current methods to study gut microbiome composition are 16S rRNA-
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based sequencing of bacterial genes followed by bicinformatics analyses in combination with
metabolomics [123]. Bacteria metabolize dietary components to produce a variety of
compounds affecting the metabolism of the host. An important group of bacterial products are
SCFA, which are produced in the gut by colonic microbiota through anaerobic fermentation of
undigested carbohydrates, proteins, dietary fiber and starch, which cannot be degraded by
digestive enzymes in the small intestine [124]. Acetic (C2)-, propionic (C3)- and butyric (C4)
acid are the dominant SCFA and are present in a molar ratio of about 60:20:20 in the colon
and faeces [125]. Acetic- and propionic acid are mainly produced by Bacteroidetes, whereas
butyric acid is mainly produced by Firmicutes [126]. SCFA are absorbed from the gut lumen
into the circulation and control various metabolic functions. Acetic acid is mainly used as a
substrate for hepatic lipogenesis, propionic acid as a substrate for hepatic gluconeogenesis
and butyric acid serves as the major energy substrate of colonocytes and as a stimulator of

the proliferation of colonocytes [127].

Alterations of the gut microbiota composition may lead to the development of various gut-
microbiota-related diseases like liver diseases, diabetes mellitus and the metabolic syndrome
[106, 128-130]. A recent population-based study revealed altered gut microbiome composition
in children with overt T1D at the age of 3-48 months [131]. Another study with T1D-predisposed
children described an alteration in the composition of the gut microbiome with about 25 %
reduction in alpha-diversity [132]. Evidence from clinical studies supports the assumption that
T1D in humans is associated with increased intestinal permeability [133-135]. Investigations
on the mechanisms involved in the interaction of the gut microbiome with its host organism
revealed that intestinal bacteria and their products are recognized by TLR [136]. TLRs can
recognize gut microbes and their products and thereby contribute to control the homeostasis
of intestinal immunity [136]. During obesity or high fat intake, alterations of the gut wall integrity
lead to increased concentrations of gut microbiota-derived products in the circulation. This in
turn leads to the activation of TLRs on immune cells and a subsequent stimulation of
inflammatory processes [136]. It is suggested that the interaction of TLRs with gut microbiota

in obese individuals does not only affect immune reactivity but also metabolic processes [136].

1.7  Toll-like receptor family

TLRs are a family of conserved transmembrane proteins, which are expressed in many phyla
[30]. The TLRs are named after the toll-protein of the toll-gene, discovered by Christiane
Nusslein-Volhard in Drosophila melanogaster. The toll-gene encodes a plasma membrane
receptor that is involved in the control of the embryonic development of the fly [137, 138]. In
mammalian animals, TLRs serve as pattern recognition receptors that can recognize

pathogens based on pathogen-associated molecular patterns (PAMPs) [139, 140]. So far, 13
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TLRs were described in mammalian animals and 11 in humans, which all recognize different
PAMPs [141, 142]. TLRs play important roles in immune responses of the adaptive and innate
immune system during the defense against pathogens [143], pointing to TLRs as important
links between the adaptive and innate immune response [144]. Each TLR has selected groups
of ligands comprising large arrays of bacterial, viral and also fungal structures, for example,
bacteria-derived LPS which binds to TLR4 or lipoproteins which preferentially bind to TLR2
[30]. Besides the interaction of TLRs with exogenous ligands, interactions of the receptors with
endogenous ligands such as mammalian stress proteins and DNA fragments were described
[145-148]. Particularly, the binding of endogenous ligands qualify TLRs not only for central
roles in host defense against pathogens but also in the development of autoimmune disorders
like T1D [30].

1.7.1 Toll-like receptor 4

The toll-like receptor 4 (TLR4), an important member of the TLR family, was originally
described as the receptor for bacterial LPS (a component of the cell wall of gram-negative
bacteria) on innate immune cells, like dendritic cells and macrophages [139, 149]. TLR4 is
important for the induction of the immune response against bacterial infections but can also
mediate protective effects under conditions of inflammatory tissue damage, for example by the
involvement in repair- and remodeling-processes after injuries of the lung or gut [150, 151].
The recognition of LPS by TLR4 by innate immune cells triggers a cascade of proinflammatory
activation via myeloid differentiation primary response 88 (MyD88)-dependent and TRIF-
dependent pathways [143, 144, 152]. Besides binding bacterial antigens like LPS, TLR4 also
binds endogenous ligands such as heat shock protein 60 (HSP60), which is associated with
the pathogenesis of T1D [146, 153, 154]. Further studies showed that TLR4 is also expressed
on Treq [155], which are suggested to be associated with the development of T1D [156]. These
studies strongly indicate that TLR4 is involved in the control of the autoimmune pathogenesis
of T1D [30, 157]. Furthermore, TLR4 is also present on insulin target tissues like liver, skeletal
muscle and adipose tissue, which supports its relevance for diabetes-associated metabolic
disorders such as IR and obesity [158, 159]. In a mouse model of T1D it could be shown that
elevated TLR4 expression correlated with increased systemic concentrations of plasma

glucose and FFA, which might lead to increased IR as a consequence of obesity [1].

1.8 Animal models of type 1 diabetes

The ultimate goal of investigating and understanding the pathogenesis of T1D is the increase
of knowledge of the disease processes in order to improve the strategies for the prevention

and cure of the human disease. However, only limited studies can be performed in humans or
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human tissues. Besides ethical issues and legal restrictions, other problems such as the long
generation time of humans must be considered. To study the mechanisms of the pathogenesis
of T1D, animal models are used. In animal models of the disease, lack of insulin production
and the consequent development of insulin-deficient diabetes can be investigated after
targeted chemical destruction of beta cells or by the use of models with spontaneous
development of beta cell-directed immune reactivity [160, 161].

The chemically induced insulin-deficient diabetes is mainly induced by application of the beta
cell toxin streptozotocin (STZ) [162]. STZ is synthesized by the bacterium Streptomycetes
achromogenes and after the injection in animals, it enters the pancreatic beta cell via the
GLUT-2 transporter [162]. In the beta cell, STZ causes DNA alkylation [163] which leads to a
reduction of cellular ATP followed by a decline of insulin production [162, 164]. Additionally,
STZ contributes to cell death by its ability to release free radicals [162]. A disadvantage of the
animal model of STZ-induced insulin-deficient diabetes is the toxic side effect of STZ, that
might affect also functions of other organs of the animals [162].

An example for the spontaneous development of beta cell-directed immune reactivity leading
to insulin-deficient diabetes in an animal model is the Biobreeding (BB) rat [162, 165]. About
90 % of BB rats develop diabetes typically between 8 and 16 weeks of age [162]. The
development of diabetes in the BB rat model is similar to human T1D. Rats require insulin
supplementation for survival and develop insulitis with the sequential infiltration of islets by
immune cell populations including macrophages, T-lymphocytes, B-lymphocytes and NK cells
[162, 166]. BB rats also develop lymphopenia, which is not characteristic for T1D in humans

and is regarded as a disadvantage in using the BB rat as a model for human T1D [162].

1.8.1 Non-obese diabetic mouse

One of the most widely used animal models for T1D is the NOD mouse. The NOD mouse was
first described in a breeding colony of the Cataract Shionogi strain in the 1980s in Japan and
meanwhile there are several colonies worldwide [28, 167]. The NOD mouse spontaneously
develops insulin deficient diabetes that is similar to human T1D [28]. The pathogenesis of
diabetes in NOD mice starts as early as 3 weeks of age, long before the clinical manifestation
of diabetes, when the pancreatic islets are infiltrated by innate immune cells including
macrophages, NK cells, T- and B-lymphocytes [28, 167, 168]. The advancing insulitis leads to
a progressive destruction of insulin producing beta cells [37]. Although NOD mice have an
increased genetic susceptibility to develop insulin-deficient diabetes, not all mice in a colony
will develop the disease [37]. The NOD mouse model shows comparable features to human
T1D, but also some differences. Diabetes manifestation in NOD mice is characterized by
hyperglycemia, polyuria, elevated glucose concentration in the urine (glycosuria),

hypoinsulinemia and weight loss [28]. Furthermore, diabetes-predisposing variations in MHC
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of the NOD mouse have high similarities with human MHC, indicative of similar disease-
promoting factors in NOD mice and humans [169]. In contrast to the human disease, in which
the sex has only a small impact on the risk of developing T1D, in the NOD mouse model
approximately 60-80 % of female mice, but only about 10 % of male animals develop insulin-
deficient diabetes [28]. First cases of diabetes manifestation are typically observed at an age
of 10 weeks. While in humans, it is difficult to study the impact of environmental factors on the
development of T1D, the NOD mouse model offers the possibility to control the environmental
factors (for example diet), to identify their potential impact on the development of insulin-
deficient diabetes [28]. Various studies in NOD mice identified distinct environmental and
dietary factors that alter/decrease diabetes susceptibility, like feeding conditions [170, 171],
change in gut microbiota composition [172-174] or infectious organisms [175-177]. In addition,
factors like environmental temperature and epidermal vitamin D synthesis were found to play
a role in the development of insulin-deficient diabetes in NOD mice [37]. Feeding of high fat
diet to NOD mice was found to increase the incidence of insulin-deficient diabetes [178]. An
increased incidence of insulin-deficient diabetes was also shown in NOD mice fed with wheat-
enriched diets, which result in increased intestinal levels of interferon gamma (IFNy) and tumor
necrosis factor alpha (TNFa) [179, 180]. Interestingly, mice fed with a diet low in omega-
6/omega-3 FA showed a decrease in the incidence of insulin-deficient diabetes [181]. NOD
mice housed under defined specific pathogen-free conditions have a higher incidence of
insulin-deficient diabetes compared to NOD mice kept under non-germ-free conditions [182].
Moreover, NOD mice fed with probiotics exhibit increased interleukin-10 (IL-10) production and
a lower incidence of insulin-deficient diabetes [182]. Members of the Bacteroidetes phyla,
which are SCFA producers, are suspected to be responsible for the protection against insulin-
deficient diabetes. This protection is mediated by binding of SCFA to receptors of the GPR
family on immune cells leading to an anti-inflammatory response that protects from diabetes
[183]. NOD mice fed with a gluten-containing diet have a higher incidence of insulin-deficient
diabetes compared to mice fed a gluten-free diet. Mice fed a gluten-free diet had lower
numbers of aerobic, micro-aerophilic and caecal bacteria in the gut than mice fed with a gluten-
containing diet [184], suggesting a link between gluten-free diet, intestinal bacteria and insulin-

deficient diabetes.

Besides experimental modifications of environmental and nutritional factors, genetic
manipulations can be performed in the NOD mouse model to examine the effects of specific
genes on the development of insulin-deficient diabetes [28]. NOD mice lacking nucleotide
oligomerization domain -like receptors (NLRs), intracellular proteins detecting microbial
products leading to activation of proinflammatory pathways, were generated to study their role

in the development of autoimmune diabetes [28]. Another genetically manipulated NOD mouse
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model associated with diabetes is the NOD mouse lacking TLR9. TLR9-deficient NOD mice
are protected against the development of autoimmune diabetes [28]. Meanwhile, also other
members of the TLR family, like TLR2 and TLR4, were genetically deleted to examine the
effects of their absence on the development of insulin-deficient diabetes.

1.8.2 The TLR4-deficient non-obese diabetic mouse

The TLR4-deficient (TLR4”) NOD mouse, with a homozygous TLR4 defect, is a model for
accelerated development of T1D [30]. The mice show a younger age at diabetes onset
compared to NOD TLR4** mice [1]. In addition, these mice reveal increased immune cell
infiltration (insulitis) in the pancreatic islets during the prediabetic phase at the age of 120 days,
but unchanged susceptibility of pancreatic islet cells to beta cell damaging inflammatory
mediators [30]. Additionally, NOD TLR4” mice show decreased reactivity and proinflammatory
activity of antigen-presenting cells like macrophages and dendritic cells [30]. Whereas, TLR4
deficiency shows no impact on the frequency of Trg cells, it decreases their capacity to prevent
T cell proliferation [30]. Treg cells are important for the balance between stimulation of immune
defense reactions and activation of mechanisms, which can prevent an overreaction of the
immune system that might promote autoimmune reactivity. Thus, Ty cells are assigned a
central role in the control of autoimmune reactions [30]. In the prediabetic phase, at an age of
70-90 days, NOD TLR4” mice show increased body weight and higher fat mass as well as
higher random blood glucose concentrations. Besides diabetes-promoting immunologic
alterations, NOD TLR4’ mice also show metabolic disorders that may affect diabetes
development. Compared to NOD TLR4** mice, NOD TLR4” mice show increased plasma
levels of LPS, TG and FFA but similar levels of fetuin A [1], an endogenous ligand serving as
mediator between TLR4 and FFA [185]. In addition to metabolic disorders, the NOD TLR4™"
mouse exhibits altered gut microbiome composition and morphology. The microbial biomass
in the small intestine, cecum and colon is comparable in NOD TLR4** and NOD TLR4" mice
[1]. However, NOD TLR4"’ mice display a decreased amount of Firmicutes and an increased
amount of Bacteroidetes in cecum and colon [1]. NOD TLR4’ mice show decreased
longitudinal and circular muscle layers of the small intestine, which results in a decrease in
total muscle thickness of these gut segments [1].

The TLR4-expression status also affects the energy and glucose homeostasis in NOD mice.
NOD TLR4” mice show higher physical activity during the dark phase compared to NOD
TLR4*"* mice [1]. Moreover, NOD TLR4” mice display a decreased respiratory quotient (RQ)
in the light and dark phases, whereas the energy expenditure was comparable in the two
phases in NOD TLR47 and NOD TLR4** mice [1]. Additionally, NOD TLR4" mice show an
increased glucose concentration during an intraperitoneal glucose tolerance test (ipGTT) and

an intraperitoneal insulin tolerance test (ipITT) pointing to disturbed glucose tolerance and
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decreased whole-body insulin sensitivity [1]. Impaired glucose homeostasis of these mice is
also reflected by their higher HOMA-IR values [1]. Moreover, dose-dependent glucose-
stimulated insulin release from isolated pancreatic islets of NOD TLR4** and NOD TLR4™"
mice was comparable indicating that the TLR4-expression status does not affect the insulin
secretory capacity of beta cells [1]. NOD TLR4” mice also show higher hepatic oxidative
capacity but unchanged muscle oxidative capacity when compared to NOD TLR4** mice [1].
Taken together, these studies show that the TLR4-expression status has not only an effect on
immunological factors and the gut microbiome composition, but also on the energy and glucose
metabolism in NOD mice.

Despite extensive research efforts as outlined above, it still remains unclear which factors
regulate the accelerated development of insulin-deficient diabetes in the NOD TLR4” mouse

model.

1.9 Interplay between energy homeostasis, gut microbiome composition and
pathogenesis of T1D

The balance between energy storage and energy release is of central importance for health
and survival of mammals [186]. Between 1975 and 2016, obesity has nearly tripled worldwide.
In 2016, worldwide more than 1.9 billion adults were overweight (39 %), 650 million of these
were obese (13 %) [187]. In recent years, obesity is diagnosed at a younger age group and
the numbers are reaching alarming levels. In 2019, 38.2 million children under the age of five
were diagnosed as overweight or obese [187]. Worldwide, more than 340 million children and
adolescents were overweight or obese in 2016 [187]. The prevalence of obesity in infants,
children and adolescents is rising worldwide. A major cause for rising obesity is a long-term
positive energy balance as a consequence of reduced physical activity and overnutrition [187].
Patients suffering from obesity have an increased risk of developing chronic metabolic
diseases such as diabetes [187, 188]. Obesity is preventable or can be reduced by pursuing a
healthier lifestyle including balanced nutrition and adequate physical activity [187]. Recent
studies described a link between higher body weight and accelerated T1D manifestation [43-
45]. Taken together, a balanced energy homeostasis is vital to protect against overweight and
obesity and consequently against the risk of developing multiple diseases such as T1D. This
can be achieved by increased physical activity and most importantly healthy diet.

Specific diets including higher proportions of starch and fiber largely resistant to digestion,
provide a wide range of beneficial health issues such as improving the control of blood glucose
concentrations and decreasing cholesterol levels [188]. These diets also can have an impact
on metabolism after degradation by bacteria in the gut. Intestinal bacteria degrade dietary
components to produce various compounds, such as SCFA, that are able to modulate the

metabolism of the host organism. Administration of diets with high proportions of digestion-
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resistant starch or dietary fiber is associated with increased SCFA production in the gut and
increased circulating SCFA in the periphery [127, 189]. Lately, various studies suggest an
impact of SCFA on energy metabolism and subsequently on obesity. A study in mice suggests
that obesity affects the composition of the major gut bacterial phyla. Compared to lean mice,
obese (ob/ob) mice, unable to produce leptin, showed a 50 % reduction in the abundance of
Bacteroidetes but an increase in Firmicutes [190]. Additionally, obese humans were found to
have higher SCFA levels in faeces compared to lean individuals [191-193]. A recent study
further suggests a link between gut microbiota and whole-body insulin sensitivity by showing
that plasma SCFA are negatively associated with lipolysis and long-chain FFA levels in
humans. In addition, circulating concentrations of acetate and propionate were, respectively,

negatively and positively associated with insulin sensitivity [194].

Besides studies on the effect of SCFA on human energy metabolism, various studies with
largely inconclusive outcomes suggest an effect of SCFA on pancreatic beta cells. In 1977, it
was reported that acetate infusion in rats increased glucose-stimulated insulin secretion
suggesting a positive regulatory effect of SCFA on insulin release [195]. Two other studies
using isolated pancreatic rat islets exposed to acetate reported opposite results [196, 197]. A
recent study showed that the loss of FFAR2 leads to impaired beta cell survival and islet mass
in mice. This suggests that FFAR2 may regulate beta cell proliferation and growth, thereby
connecting circulating SCFA, which activate FFAR2, with the regulation of beta cell functions
and mass [117].

SCFA also play a beneficial role in liver metabolism. Acetate can serve as precursor for the
synthesis of cholesterol and LCFA [126] whereas propionate serves as a substrate for
gluconeogenesis [126, 198]. Increased levels of SCFA induce a switch from lipogenesis to
beta-oxidation in the liver leading to an increase of energy expenditure and thereby protecting
against the effect of a HFD in mice [199]. A study in rats shows, that feeding an acetate-
enriched diet exhibits an increase in glycogen and citrate, but lower xylulose-5-phosphate
levels in the liver, suggesting that acetate activated gluconeogenesis and inhibited glycolysis
[200]. SCFA were further found to regulate the glucose metabolism by decreasing the plasma
glucose concentration [126]. Studies in mice and rats showed that an oral administration of
acetate and propionate leads to a decrease of blood glucose levels [201, 202]. These findings
lead to the assumption that SCFA affect the plasma glucose concentration by increasing
specific gut hormone levels like peptide YY and GLP-1 levels via activation of FFA receptors
such as FFAR2 [126]. These gut hormones have been shown to increase the glucose uptake
into the adipose tissue and skeletal muscle but also to increase insulin secretion and decrease
glucagon secretion in the pancreatic islets [126]. In summary, SCFA may have a positive effect

on the glucose homeostasis. SCFA not only affect the glucose metabolism but also the FA
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metabolism by modulating FA synthesis, lipolysis and FA oxidation [126]. FA oxidation is
activated by SCFA, whereas FA synthesis and lipolysis are inhibited by SCFA in multiple
tissues leading to a decrease of FFA concentrations in the plasma and a reduction of body
weight [126].

Recent findings suggest an association of the intestinal microbiome composition with the onset
and progression of T1D. Studies in humans show that T1D patients have a less diverse and
stable gut microbiome compared to glucose-tolerant humans [203, 204]. Furthermore, young
children at the age of 0-4 years genetically predisposed to T1D, children at the age of 5-16
years with recent onset T1D or children who progress to T1D show specific alterations in gut
bacterial composition associated with higher intestinal permeability (Figure 5) [132, 205].
Studies in mice show, that gut microbial metabolites particularly acetate and butyrate protect
against T1D by decreasing the frequency of autoimmune T cells, enhancing gut integrity and
decreasing serum levels of cytokines associated with the pathogenesis of T1D [206].
Interestingly, a recent study in mice suggested that microbiota provide signals to promote or
inhibit autoimmunity via TLR [207].
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Figure 5: Schematic representation of the interplay between the gut microbiome and energy homeostasis
in T1D. Patients with T1D show altered intestinal microbiome composition and impaired gut wall permeability. Free
fatty acids (FFA), triglycerides (TG) and short-chain fatty acids (SCFA) are released from the gut into the circulating
blood where they can modulate insulin sensitivity. As insulin-sensitive organs, skeletal muscle, adipose tissue and
liver are involved in the control of whole-body insulin sensitivity, which in turn has an effect on beta cell function.
Additionally, skeletal muscle, adipose tissue and liver can affect energy homeostasis via mitochondrial respiration.
Modified after [1].

Taken together, currently available findings indicate that disorders of glucose- and lipid
metabolism in the prediabetic phase accelerate the progression of the pathogenesis of T1D.
However, the mechanism(s) underlying the T1D-promoting metabolic processes are largely

unknown
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1.10 Aims of this study

The manifestation of T1D is frequently preceded by metabolic disorders, which might
contribute to accelerated disease development as observed in epidemiologic studies.
However, the metabolic factors controlling diabetes progression in the prediabetic phase are
not well understood. Therefore it is hypothesized, that multiple metabolic changes precede the

development of T1D and have an impact on the progression of T1D.

To characterize the possible mechanisms underlying the diabetes development, the
experiments were performed with female, prediabetic NOD TLR4” mice, a mouse model for
accelerated development of spontaneous insulin-deficient diabetes/T1D. Therefore, it is
hypothesized, that accelerated diabetes development in NOD TLR4” mice is associated with
an impaired glucose, lipid and energy metabolism before the age of diabetes manifestation.
The study focuses on the metabolism of glucose and lipids as the dominant substrates of

energy metabolism before diabetes manifestation.

The development of T1D in humans is affected by metabolic changes in the prediabetic phase.
Metabolic changes can be provoked by an unfavorable lifestyle in early life like obesity from
hypercaloric diet and physical inactivity. Therefore, it is hypothesized, that feeding prediabetic
NOD TLR4” mice a HFD further aggravates diabetes-promoting metabolic disorders. The
study investigates metabolic changes associated with HFD-feeding before diabetes

manifestation.

The expected results will contribute to improve our knowledge of metabolic processes that
contribute to the accelerated development of T1D, which was recently observed in younger
children. The findings will help to develop strategies to prevent or delay the progression of T1D

by targeting diabetes-promoting metabolic disturbances in the prediabetic phase.
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2 Material and methods

2.1 Material

2.1.1 Mouse models

The NOD mouse, a mouse model for human T1D, were from the breeding colony of the
German Diabetes Center [30]. NOD TLR4” mice were generated at the German Diabetes
Center by mating NOD mice with C57BL/10ScCr (TLR4”) mice, kindly provided by M.A.
Freudenberg (Max-Planck-Institute of Immunbiology and Epigenetics, Freiburg, Germany).
The C57BL/10ScCr mouse is deficient for TLR4, due to a spontaneous deletion of the TLR4-
encoding region on chromosome 4, and was used to backcross the TLR4 defect onto the NOD
mouse background [30]. To transfer the TLR4 defect allele onto the NOD background, male
C57BL/10ScCr mice with TLR4-deficiency were mated with female NOD mice and the TLR4
heterozygous male offspring were then backcrossed for more than 12 generations with female
NOD mice to preserve NOD specific mitochondrial DNA. Heterozygous littermates from
backcross generations 12-15 were intercrossed to generate NOD mice with homozygous and
heterozygous TLR4-expression and with homozygous TLR4-deficiency at proportions that
followed a Mendelian distribution of 1:2:1. For all experiments, only female NOD TLR4** and
NOD TLR4’ mice at an age between 70-90 days were used. This age range correlates with
the prediabetic phase of these mice, before the manifestation of insulin deficient diabetes [30].
Follow-up of the mice until the age of 220 days revealed approximately 71 % of female NOD
TLR4** mice develop diabetes and approximately 80 % of female NOD TLR4” mice develop
diabetes until the age of 220 days [30].

The mice were kept under standard housing conditions (12 hours light/ 12 hours dark) in the
animal facility of the German Diabetes Center and received either a standard diet (SD) (Ssniff®
M-Zucht 4.5 % fat; 12 % kcal% fat; Ssniff Spezialdiaten GmbH, V1124-000, Soest) as well as
water ad libitum or a high fat diet (HFD) from 30 to 70 days of age (Research Diets 34.9 % fat;
60 % kcal% fat, Research Diets Inc., D12492, New Brunswick, NJ USA) and water ad libitum
(Table 1).

Table 1: Fat composition of the SD and HFD per 100 g fat and per 100 g meal. Additionally,
the ratio of HFD to SD per 100 g fat and per 100 g meal was calculated.

sD HFD Ratio HFD/SD
Per100g | Per100g | Per100g | Per100g | Per100g | Per 100 g
fat (%) meal (%) fat (%) meal (%) fat meal
SFA 16.0 0.7 32.0 11.2 2.0 15.5
MUFA 23.3 1.1 35.9 12.5 1.5 11.4
PUFA 59.8 2.7 32.0 11.2 0.5 4.1
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2.1.2 Chemicals

2.1.2.1 Chemicals for genotyping

Biozym LE Agarose
DEPC-Treated water

Desoxyribonukleosidtriphosphate (ANTPs)

Magnesium chloride (MgCi2) (50 mM)
PCR Direct Ear

PCR Reaction Buffer (10x)
Peq Gold 100 bp DNA ladder

Proteinase K

Red Safe Nucleic Acid Staining Solution
Taq DNA Polymerase

2.1.2.2 Chemicals for physiological investigations

Glucose (40 %)
Insuman Rapid 40 I.E./ml (Insulin human)

Mouse insulin ELISA kit
Sodium chloride (NaCl) (0.9 %)

2.1.2.3 Chemicals for histological analysis of organs

2-Methylbutane, = 99 %

2-Propanol, 2 99.95 %

Acetone

Bovine Serum Albumin (BSA)

DAKI Polyclonal Guinea Pig Anti-Insulin
(primary antibody)

Entellan

Ethanol

Hematoxylin

Hydrogen peroxide (H202) (30 %)
Kaiser’s glycerol gelatin

Liquid DAB+Substrate Chromogen System
Methanol (= 99.9%)

Oil Red O Solution

Paraformaldehyde (PFA)
PBS Rotifair 10x pH 7.4

Material and methods

Biozym, Oldendorf, Germany
Ambion Life Technologies Corp.,
Austin, Tx, USA

Gibco BRL, Eggenstein,
Germany

Invitrogen, Carlsbad, CA, USA
PeQLab Biotech GmbH,
Erlangen,Germany

Invitrogen, Carlsbad, CA, USA
VWR Life Science, Leuven,
Belgium

PeQLab Biotech GmbH,
Erlangen, Germany

iNtRON Biotechnology, Korea
Invitrogen, Carlsbad, CA, USA

SERAG Wiessner, Naila/
Bayern, Germany
Sanofi-Aventis, Frankfurt am
Main, Germany

Mercodia, Uppsala, Sweden
Fresenius Kabi Germany GmbH,
Bad Homburg, Germany

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
VWR, Radnor, PA, USA
SERVA, Heidelberg, Germany

DAKO, Carpinteria, CA, USA
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Agilent, Santa Clara, CA, USA
Roth, Karlsruhe, Germany
Sigma-Aldrich, Steinheim,
Germany

Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany

36



Saponin
Sucrose

VECTASTAIN ABC Kit

VECTASTAIN Anti-Guinea Pig IgG Biotinylated
Antibody (secondary antibody) (ABC Kit)

VECTASTAIN Normal Goat serum (ABC Kit)

Xylol (Isomere) (> 98 %)

2.1.2.4 Reagents for islet isolation

Albumine bovine Fraction V pH 7.0 (BSA)

Calcium chloride (CaCly)
D(+)-Glucose monohydrate
DMEM (1x)

Fetal calf serum (FCS)
Harks’ Balanced Salts (HBSS)

HEPES
Liberase TL Research Grade

Magnesium sulfate (MgSOa)
Monopotassium phosphate (KH2PO4)
Potassium chloride (KCI)

Sodium chloride (NaCl)

2.1.2.5 Reagents for western blot-analysis

2-Mercaptoethanol

4x Laemmli Buffer
Acrylamide 4K-Solution
Ammonium persulfate (APS)

Bovine Serum Albumin (BSA)

Clarity Western ECL Substrate
Methanol (= 99.9 %)

Milk powder

PageRuler Prestained Protein Ladder

Ponceau S-solution

Material and methods

Sigma-Aldrich, Steinheim,
Germany

Sigma Life Science, St. Louis,
MO, USA

Vector Laboratories, Burlingame,
CA, USA

Vector Laboratories, Burlingame,
CA, USA

Vector Laboratories, Burlingame,
CA, USA

Roth, Karlsruhe, Germany

SERVA Feinbiochemica GmbH &
Co., Heidelberg, Germany
AppliChem, Darmstadt, Germany
Merck Darmstadt, Germany
Gibco life technologies, Paisley,
UK

PAA Laboratories GmbH,
Pasching, Germany

Gibco life technologies, Paisley,
UK

AppliChem, Darmstadt, Germany
Roche Diagnostics GmbH,
Mannheim, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Sigma-Aldrich, St. Louis, MO,

USA

Bio-Rad, Hercules, CA, USA

AppliChem, Darmstadt, Germany

Sigma-Aldrich, St. Louis, MO,

USA

SERVA, Heidelberg/New York,

Germany/USA

Bio-Rad, Hercules, CA, USA

Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

Thermo Fisher Scientific,

Waltham, MA, USA

AppliChem, Darmstadt, Germany
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Rotifair TBS 7.6

Rotifair TG-Western
Rotiphorese 10x SDS-PAGE
SDS solution (10 %)

Trans-Blot Transfer Medium Pure Nitrocellulose

Membrane (0.45 um)
Tetramethylethylenediamine (TEMED)

TRIS Hydrochloride (Tris-HCI)
Tween 20

Material and methods

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany

Bio-Rad, Hercules, CA, USA
SERVA, Heidelberg/New York,
Germany/USA

Roth, Karlsruhe, Germany

ICN Biomedicals, Irvine, CA, USA

2.1.2.6 Chemicals for magnetic resonance imaging/ spectroscopy

Glucose G20 (20 %)

Glucose (40 %)

Isoflurane-Piramal

Methylenediphosphonic acid (MDPA) (1 M)

Sodium chloride (NaCl) (0.9 g)

Devices

Anesthetic gas evaporator / isoflurane
Autoclave
Binocular (Wilovert)

BioDocAnalyze biometra

Centrifuge (Biofuge Fresco)
Centrifuge S810R
ChemiDoc Imaging System
Cobas C311 analyzer

Double-tuned 3'P/'H birdcage volume
resonator (40 mm inner diameter)

DP73 (Camera of the microscope DMRBE)
EchoMRI™-100 System

ELISA-washer Nunc-ImmunoWash12

Flake-lce Machine (AF 100)
Filtration hood LaminAir TL2472
Filtration hood LaminAir HB2472
Gel chamber

Fresenius Kabi, Bad Homburg,
Germany

SERAG Wiessner GmbH, Naila/
Bayern, Germany

Piramal Critical Care,
Hallbergmoos, Germany
Sigma-Aldrich, St. Louis, MO,
USA

Fresenius Kabi, Bad Homburg,
Germany

NorVap, Skipton UK

Webeco, Selmsdorf, Germany
Wilhelm Will KG, Wetzlar-
Nauborn, Germany

CORE Life Sciences, Laguna
Niguel, CA, USA

Heraeus, Hanau, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Hercules, CA, USA
Roche, Diagnostics GmbH,
Mannheim, Germany

Bruker, Karlsruhe, Germany
Olympus, Tokio, Japan
EchoMRI, Houston, TX, USA
Thermo Fisher Scientific,
Waltham, MA, USA
Scotsman, Mailand, Italy
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany
AGS GmbH, Heidelberg,
Germany
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Heat block with magnetic mixer

Heat block (Thermomixer 5436)
Horizontal Bruker Biospin 117/16 USR

Immersion circulator SC100

Incubator Cytoperm 2

Intuos Pro Paper Edition L (Pen tablet)
Jung Frigocut 2800E (Cryostat)
Magnetic heating plate (IKAMAG RET)
Magnetic heating plate (RCT basic)
Microscope (Axiovert 25)

Microscope (Leica DMRBE)
Milli-Q System (IQ 7000)
Mini-PROTEAN Tetra Cell
Minishaker MS1 (Vortex-Schittler)
Multipette

Olympus DP73

Oxygraph-2k

PCR Express Thermal Cycler

Perfuson Line
pH 211 Microprocessor pH Meter

PhenoMaster 4050

Pipet (Reference, Research)
Pipet controller Easypet

PowerPac 200 Electrophoresis Power Supply

Precision Xceed

Pressure pad/respiratory transducer

Quadrature 'H birdcage volume resonator

REAX 2000 (Vortex-Shaker)
Rocking shaker

Scale BP610
Scale BTG-2002

Scale A200S
Shaker (Titramax 100)
Short and spacer glass plates

Material and methods

RCT basic, IKA, Staufen,
Germany

Eppendorf, Hamburg, Germany
Paravision 6.0.1, Bruker
Corporation, Billerica, USA
Thermo Scientific, Braunschweig,
Germany

Heraeus instruments Thermo
Scientific, Braunschweig,
Germany

Wacom, Kazo, Japan

Leica, Nussloch, Germany

IKA, Staufen, Germany

IKA, Staufen, Germany

Carl Zeiss, Oberkochen,
Germany

Leica, Nussloch, Germany
Merck, Darmstadt, Germany
Bio-Rad, Hercules, CA, USA
IKA, Staufen, Germany
Eppendorf, Hamburg, Germany
Olympus, Munster, Germany
Oroboros Instruments, Innsbruck,
Austria

Thermo Hybaid, Garching,
Germany

Braun, Melsungen, Germany
Hanna Instruments, Kehl,
Germany

TSE Systems, Bad Homburg,
Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Hercules, CA, USA
Abbott Diabetes Care,
Wiesbaden, Germany

Graseby Medical LTD., Watford,
UK

Bruker, Karlsruhe, Germany
Heidolph, Schwabach, Germany
Karl Hecht, Sondheim v. d. Rhon,
Germany

Sartorius, Géttingen, Germany
Phoenix Instrument, Garbsen,
Germany

Sartorius, Goéttingen, Germany
Heidolph, Schwabach, Germany
Bio-Rad, Hercules, CA, USA
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Stainless Steel Beads, 5 mm

Synergy 2 Multi-Mode Microplate Reader
Tissue Lyser Adapter Set 2x 24
TissuelLyser Il

Ultrasonic bath Sonorex RK102

Vasofix Safety 24G

Veterinary Fluosorber

Water bath C12

Consumable material

Blood glucose test strips FreeStyle precision
CellStar Tubes (,Falcons®) 15+50 ml

Cover sheeting

Cover slip

Cryovial 1.2 ml

Dako Pen
Filtration unit 0.2 uym, 500 ml

Glas pipet (CELLSTAR)

ImmEdge Hydrophobic Barrier PAP Pen
Low Profile Microtome Blades (Leica 819)

Material and methods

QIAGEN, Hilden, Germany
Bio-Rad, Hercules, CA, USA
QIAGEN, Hilden, Germany
QIAGEN, Hilden, Germany
Bandelin, Berlin, Germany
Braun, Melsungen, Germany
Harvard Apparatus, Cambridge,
UK

Lauda, Kénigshofen, Germany

Abbott Diabetes Care,
Wiesbaden, Germany

Greiner Bio-One, Kremsmiunster,
Germany

Becton Dickinson, San Jose, CA,
USA

Thermo Fisher Scientific,
Waltham, MA, USA /Gerhard
Menzel, Braunschweig, Germany
Biozym Scientific GmbH,
Oldendorf, Germany

Agilent, Santa Clara, CA, USA
Nalge Nunc International, NY,
USA

Greiner Bio-One, Kremsminster,
Germany

Vector Laboratories, USA

Leica, Nussloch, Germany

Menzel-Glaser Superfrost Plus (Microscope slides) Thermo Fisher Scientific,

Microvette CB300
Needles
Needles Microlance 3

Parafilm M
Peel-A-Way Disposable Embedding Molds

Razor blade
Spherical NMR bulb (microsphere)

Surgical scalpels
Syringe 1, 2, 5, 10, 20 ml
Syringe filters 25 mm

Tissue-Tek O.C.T. Compound

Waltham, MA, USA /
Braunschweig, Germany
Sarstedt, NUmbrecht, Germany
Braun, Melsungen, Germany
Becton Dickinson, San Jose, CA,
USA

Bemis, Neenah, WI, USA
Polysciences, Warrington, PA,
USA

Apollo, Solingen, Germany
Wilmad lab glass, Vineland, NJ,
USA

Braun, Melsungen, Germany
Braun, Melsungen, Germany
PALL corporation, Ann Arbor, MI,
USA

Sakura Finetek, Alphen aan den
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- Transfer pipet
- Tissue Culture Dish

- Well plates 6, 48, 96

- Well plates 96

Material and methods

Rijn, Netherlands

Corning, Corning, NY, USA
Falcon, Becton Dickinson,
Heidelberg, Germany
Falcon, Becton Dickinson,
Heidelberg, Germany
Gibco, Life Technologies,
Karlsruhe, Germany

Consumable materials that are not listed above are components of standard lab equipment.

2.1.5 Buffers and reagents

DNA loading buffer (6x)

PCR buffer (10x), pH 8.3

TBE Puffer, pH 8.1

Krebs-Ringer buffer, pH 7.35

Islet cell culture medium

Collagenase Solution

0.25 ml Bromophenol blue
69.5 ml DEPC-Water
0.25 ml Xylene cyanol

30 ml Glycerol

100 mM Tris

500 mM KCI

1 % Triton X-100

100 ml DNAse and RNAse free Aqua dest.

121.1 g Tris

61.8 g Boric acid

7.44 g EDTA

10.165 g MgCl, x 6H.0
1000 ml Aqua dest.

3.45 g NaCl

0.179 g KCI

0.082 g KH2PO4

0.148 g MgSO4 x 7H.0
0.184 g CaCl; x 2H.0
1.191 g HEPES

0.25 % BSA Fraction 5

500 ml DMEM 1 g/l Glucose
5 ml Antibiotic-Antimycotic

5 ml Sodium pyruvate

5 ml L-Glutamine

50 ml Donor Calf Serum

2.5 ml Glucose solution 20 %

0.5 U/mlin PBS
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2.1.6 Oligonucleotides for the determination of the TLR4 expression status

Table 2: Nucleotide sequences of the primers for detection of the TLR4 expression status.

Gen Sense primer Antisense primer Company Size
(bp)
TLR4- | 5- CAGTCG GTC 5- CAA GGC AGG | Eurofins MWG 401
wildtype | AGC AAACGC CTT | CTA GCA GGA Operon, Elsberg,
CTTC-% AAG GGT -3’ Germany
TLR4- | 5- GCAAGTTTC 5-CCTCCATTT Eurofins MWG 140
defect | TAT ATG CAT TCT | CCA ATA GGT Operon, Elsberg,
c-3 AG -3 Germany

2.1.7 Antibodies

Table 3: List of primary antibodies with information of species, dilution, molecular weight and

company.
Primary Species | Dilution | Molecular Company
antibody weight (kDa)
Anti- Rabbit 1:1000 ~47 Merck Millipore, Billerica, MA, USA
FFAR2/GPR43
CD36/SR-B3 Goat 1:2000 88 R&Dsystems, Minneapolis, MN,
USA
B-Actin (C4) Mouse 1:1000 43 Santa Cruz Biotechn., Dallas, TX,
USA

Table 4: List of secondary antibodies with information of species, dilution, molecular weight

and company.

Secondary antibody Species | Dilution Company
Goat anti-rabbit IgG-HRP Goat 1:1000 Cell Signaling, Danvers, MA, USA
Mouse anti-goat IgG-HRP | Mouse | 1:1000 | Santa Cruz Biotechn., Dallas, TX, USA
Goat anti-mouse IgG-HRP Goat 1:5000 Merck Millipore, Billerica, MA, USA
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2.2 Methods
2.2.1 Genotyping of NOD TLR4** and NOD TLR4” mice

To determine the TLR4 expression status, the wildtype TLR4-gene and the TLR4-deletion
were examined. To isolate DNA from mouse ears, the required amount of PCR Direct Ear
buffer was mixed with Proteinase K (i.e. add 10 pl Proteinase K (0.2 mg/dl) to 100ul PCR Direct
Ear buffer). 110 ul of the solution was added to each ear in a tube. The ear pieces were
incubated at 56 °C for 1-2 hours or until they were dissolved. To stop the Proteinase K activity,
the tubes were incubated at 85 °C for 45 minutes and afterwards centrifuged for 10 seconds
to obtain the DNA pellets. The tubes were stored at 4° C overnight or the procedure was
continued. A volume of 1 ul of DNA solution was used for the further analyses. The components

for each sample were prepared according to Table 5.

Table 5: The components for each sample for the genotyping of mouse ears.

Components Volume (ul)
DEPC-water 19.35
10x PCR Reaction Buffer 25
MgCli2 (50 mM) 1.25
dNTP (each 25 mM) 0.25
Primer sense (20 pmol) 0.20
Primer antisense (20 pmol) 0.20
Taq polymerase (5 U/pl) 0.25
124

The polymerase chain reaction (PCR) is a method that is used to amplify any known DNA
sequence by generating multiple copies of this specific DNA segment. The method is divided
into three steps: denaturation, annealing and elongation. In the first step, the DNA is heated
up which leads to single stranded DNA because hydrogen bonds between complementary
bases melt. In the second step, the temperature is reduced to let the primers bind to the single
stranded DNA. In the last step, a high-temperature resistant tag-polymerase synthesizes a
new DNA strand complementary to the single stranded DNA. Multiple loops of the three steps
are necessary to amplify the DNA segment. The PCR was run in a thermocycler with the

following settings (Table 6 and 7):
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Table 6: The PCR program for the detection of the TLR4-gene.

Steps | Temperature Time Loops

(°C) (min.)

1 94 02:00 1

2 94 00:20

3 60.4 00:50 30 x

4 72 00:30

5 72 07:00 1

6 4 o

Table 7: The PCR program for the detection of the TLR4-defect.

Steps | Temperature Time Loops

(°C) (min.)

1 94 02:00 1

2 94 00:20

3 48.4 00:30 30 x

4 72 00:30

5 72 07:00 1

6 4 oo

Material and methods

The agarose gel for separation of the PCR products was prepared by mixing agarose, 5x TBE
buffer and H-O in appropriate amounts and the mixture was heated up until the agarose was
dissolved. Afterwards, the mixture was cooled down, 1 pl RedSafe dye per 50 ml gel was
added and the gel was poured into the running chamber. When the gel was solidified, the DNA
size standards and the samples were loaded and the gel was run for 45 minutes at 90 V.
Afterwards, images were taken by a BioDocAnalyze UV star imager to identify the bands

corresponding to the TLR4-wildtype or the TLR4-expressing genotype.

2.2.2 Diabetes diagnostics
The age of the animals at diabetes onset and the blood glucose levels at diabetes onset were
documented and analyzed over 10 years. Diabetes was diagnosed, when the blood glucose

levels of unfasted mice were above 250 mg/dl on three consecutive days.
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2.2.3 Physiological methods
2.2.3.1 Metabolic phenotyping

For metabolic phenotyping, the mice were characterized by a system (PhenoMaster) for
automatic detection of metabolic parameters. This system allows long-time monitoring of mice
in regular cages, which represent a stress-free environment for the mice. During the
measurement, the mice were kept under standard conditions (12 hours light/ 12 hours dark;
food and water ad libitum). One measurement always included 2 light- and 2 dark-phases.
Before the start of the measurement the body weight and body composition were determined
and documented. Parameters of physical activity, indirect calorimetry and the intake of food
and water were measured simultaneously for each individual mouse in the interval mentioned
before.

The physical activity of the mice was determined by interruptions of infrared light beams, which
surround the cage in X- and Y-axis. The interruption of one of the light beams was registered
by the system as one count. The results of the indirect calorimetry were used to assess the
RQ (VCO2/VO;) and energy consumption. The food and water intake of the mice was
measured by sensors and documented in regularly intervals. Ambient air was pumped into the
measurement-cages but also into a reference-cage (without mouse) with a flow rate of 0.4

I/min. In the outflowing air O2 and CO2 concentrations were determined.

2.2.3.2 Body weight, liver and fat depot measurements

The whole body weight, the liver weight and the VAT, NAT, WAT and BAT weight of the mice
were measured. During HFD, the body weight of the mice was monitored and measured

weekly from the age of 30 to 70 days.

2.2.3.3 Nuclear Magnetic Resonance (NMR)

The body composition of the mice was analyzed by the use of a nuclear magnetic resonance
(NMR) system. The device measures the proportions of the body-fat-mass and the fat free
body mass non-invasively in unanesthetized mice. The measurement takes approximately 1
minute and duplicates and generates values. After calibrating the machine with a canola oll
filled cylinder, the mice were put in a cylinder of acrylic glass and carefully fixed with a stamp.
The cylinder was inserted into the device and exposed to a magnetic field. The protons of
hydrogen atoms in the tissue, which have an intrinsic angular momentum (spin), adjust to the
field direction of the magnetic field. Another high-frequency impulse is sent vertically to the
magnetic field and shortly distracts the aligned nuclear spins of the protons. When their nuclear

spins return to the field direction of the magnetic field, energy is released and can be registered

45



Material and methods

as a signal. The analysis of the amplitude, the duration and the spatial distribution of the signals

allow to determine the tissue composition [208, 209].

2.2.3.4 Blood glucose measurements

Blood glucose was measured from the tail vein by using a glucose meter. Approximately 1-2
mm of tissue was cut from the tip of the mouse tail with sharp scissors. A drop of blood was
applied to the test strip. Mice with blood glucose levels above 250 mg/dl were classified as
diabetic [30].

2.2.3.5 Intraperitoneal glucose and insulin tolerance test (ipGTT and ipITT)

The intraperitoneal glucose tolerance test (ipGTT) was performed in mice after 6 hours of
fasting. After measuring the basal blood glucose levels, the mice were injected with glucose (2
g/kg body weight) and the blood glucose levels were measured at the time points: 5, 15, 30,
60, 90 and 120 minutes after the injection. Additionally, plasma samples were taken at two
time points (basal and 15 minutes after injection) to determine the insulin levels by ELISA
(2.2.3.6).

The intraperitoneal insulin tolerance test (ipITT) was performed in mice after 6 hours of fasting.
Human fast acting insulin (0.75 U/kg body weight) was injected and blood glucose was
measured from the tail tip at time points 0 (basal glucose levels) and 15, 30, 45, 60, 75, 90,

105 and 120 minutes after the injection.

2.2.3.6 ELISA

The mouse insulin ELISA kit from Mercodia was used to determine insulin levels in mouse
plasma or supernatant of pancreatic islets. On a precoated microplate, a volume of 5 pl of
calibrators, controls and samples was used for the procedure. A volume of 100 pl of enzyme
conjugate was added into each well and the microplate was incubated for 2 hours at 18-25 °C
on a plate shaker. The microplate was washed 6 times with wash buffer followed by the
addition of 200 pl of Substrate TMB to all wells. Afterwards, the microplate was incubated for
30 minutes and 50 pl of Stop Solution was added to each well. The microplate was placed
back on the plate shaker for approximately 5 seconds and was then analyzed by 450 nm via a

microplate reader.
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2.2.3.7 Determination of the HOMA-IR

The HOMA-IR (homeostatic model assessment-insulin resistance) is used to assess the whole
body insulin resistance. To calculate the HOMA-IR, the fasting blood glucose and the fasting
insulin concentration is required. The blood glucose concentration was measured from blood
from the tail vein after 6 hours of fasting by using a blood glucose meter (2.2.3.4). The insulin
concentration was measured by an ELISA test (2.2.3.6). The HOMA-IR was calculated

according to the formula [210]:

HOMA-IR = ((fasting blood glucose (mg/dl)) x (fasting insulin concentration (U/ml)) / 405

2.2.3.8 FFA, TG, cholesterol, HDL, LDL and CRP levels in plasma samples

For the analysis of the peripheral blood lipids, plasma samples were collected and stored at -
80 °C. From each sample, 100 ul were used for the analysis. The concentrations of TG, FFA,
cholesterol, HDL, LDL and CRP were determined in the Biomedical Laboratory of the German

Diabetes Center in DUsseldorf using a Cobas c¢311 Analyzer.

2.2.3.9 Measurement of short-chain fatty acids in plasma samples

Blood was collected from the heart in a Microvette CB 300 which contains EDTA to prevent
clotting. The Microvettes were cooled on ice. The blood samples were centrifuged at 10.000
xg for 5 minutes at 18-25 °C. The supernatant was transferred into new tubes and the
centrifugation step was repeated. The plasma samples were aliquoted and stored at -80 °C.
Approximately 100 pl of blood plasma were required for the method. The blood samples were
analyzed at the Mayo Clinic (Rochester, MN, USA) and analyzed as previously described with
minor modifications [211, 212]. Acetic acid, propionic acid, butyric acid, isobutyric acid, valeric
acid, isovaleric acid, isocaproic acid and hexanoic acid were determined using gas

chromatography-mass spectrometry (GC-MS).

2.2.3.10 Measurement of short-chain fatty acids in fecal samples

Stool samples of the small intestine, cecum and colon were collected in separate 2 ml tubes,
immediately frozen on dry ice and stored at -80 °C for further use. The stool samples were
analyzed at the Department of Gastrointestinal Microbiology (German Institute of Human
Nutrition) in Potsdam-Rehbruecke (Germany) as described previously [213]. An amount of at
least 20 mg fecal material per sample was required for the analyses. Acetic acid, propionic
acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid were determined using GC-
MS.
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2.2.4 Glucose-stimulated insulin secretion from isolated islets
2.2.4.1Islet isolation

Pancreata of mice were perfused with 2 ml of Liberase TL (385 pl Liberase TL dissolved in
10.5 mlI HBSS without FCS) solution, which consists of proteolytic enzymes which degrade the
extracellular matrix of tissue to allow the release of individual pancreatic islets. The perfused
pancreata were incubated for 19 minutes at 37 °C in a shaking water bath. Under the bench,
the pancreata were homogenized manually by using a transfer pipette. The tissue homogenate
was transferred to a 15 ml tube and filled with HBSS up to 14 ml. The samples were rigorously
shaken, centrifuged for one minute at 320 xg and 4 °C and the supernatant was discarded.
The pellet was resuspended in 4 ml medium (DMEM, 11 mM glucose + 10 % FCS) and two
more 15 ml tubes with 3 ml medium were prepared. Islets were hand-picked with a pipette from
a black petridish under a binocular on a cold metal plate into a new tube and the step was
repeated for further enrichment of the islets. Finally, the islets were transferred to a bacterial
6-well plate, which prevents adherence. The islets were incubated overnight (37 °C, 5 % CO,)

in 3 ml medium.

2.2.4.2 Glucose stimulated insulin secretion from mouse pancreatic islets

To measure the insulin secretion from mouse pancreatic islets, KRH-Buffer was prepared.
After adding 0.25 % BSA to the KRH-buffer, the pH was adjusted to 7.35 and the buffer was
sterilized by filtration.

After incubation over night, the islets were transferred into a new 6-well plate with KRH-buffer
(2.8 mM glucose) and counted. In each well of a 96-well plate, 10 islets were transferred with
KRH-buffer (2.8 mM glucose) and incubated at 37 °C for 2 hours. Afterwards, the supernatant
was discarded and the islets were treated with KRH-buffer with different glucose
concentrations like 2.8 mM, 5.5 mM, 11 mM and 28 mM glucose for 24 hours (37 °C, 5 % COy).
After the incubation, 200 pl of the supernatant of each well was transferred into new tubes and
stored by -80 °C for ELISA (2.2.3.6).

2.2.5 Histological analysis of organs

2.2.5.1 Liver preparation

Liver (left lateral lobe) was removed from mice and transferred to 1.5 ml tubes containing 1 ml
of 4 % PFA in PBS (pH 7.4) at room temperature. The organ samples were shaken on a plate
shaker overnight.

After the fixation of the organ samples, they were washed with 1x PBS two times for 30 minutes

each and immersed in 20 % sucrose in 1x PBS overnight. Then, the organs were transferred
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to peel-a-way moulds with Tissue-Tek, frozen with methylbutane on dry ice and stored at
-80 °C for further use.

2.2.5.2 Preparation of frozen sections from liver tissue

Frozen sections of the liver were prepared on a microtome cryostat, which allowed to cut 5 ym
thick sections. The cryochamber was cooled down to -30 °C an hour before starting to cut the
samples and the specimens were separately cooled down to -16 °C. The microscope slides
were labeled and of each tissue sample 3-4 sections per microscope slide were collected. The
microscope slides were dried overnight at room temperature and stored at -80 °C until further

use.

2.2.5.3 Oil Red O Staining of liver sections

The Oil Red O stock solution was prepared by mixing 0.5 g Oil Red O and 100 ml isopropanol
(99 %). The solution was prepared in a 50 ml tube by adding the following parameters:

- 6 parts by volume Qil Red O stock solution

- 4 parts by volume Aqua bidest.
The working solution had to incubate at room temperature overnight before used (18-24 hours).
After overnight incubation, the working solution was centrifuged for 3-4 minutes and the
supernatant (working solution) was carefully transferred into a new tube. The Oil Red O

staining was performed as follows:

1. 40% Isopropanol 5 minutes
2. Oil Red O working solution 10 minutes
3. Milli-Q water 5 seconds

4. Nuclei staining with hematoxylin 2 minutes

5. Tap water more than 10 minutes

The slides were mounted by applying Kaisers Glyceringelatine (melting temperature: 30-40
°C) and a cover slip.
Imaging and analysis of the sections were performed using a Leica DMRBE microscope with

cellSens Dimension Software (Olympus).

2.2.5.4 Preparation of frozen sections from pancreas tissue

Pancreata were removed from animals and transferred to peel-a-way moulds with Tissue-Tek,

frozen with methylbutane on dry ice and stored at -80 °C for further use.

The frozen pancreas samples were cut on a microtome cryostat, which allowed to cut 6 ym

thick slices. The cryochamber was cooled down to -30 °C and the specimen was separately
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cooled down to -30 °C. Sequential thin sections with a thickness of 6 ym were prepared and
3-4 sections were collected per microscopic slide. The microscope slides were air dried for 1
hour at room temperature and then fixed with acetone for 10 minutes. After drying, the slides

were stored at -20 °C or were further used for insulin verification.

2.2.5.5 Immunohistological insulin verification

The frozen slides were thawed and dried for approximately 20-30 minutes at room
temperature. The slides were washed with 1x PBS for 5 minutes. Afterwards the activity of
endogenous peroxidases was blocked with 0.3 % H202 in methanol for 30 minutes, followed
by 3x 2 minutes of washing with 1x PBS. The insulin detection was performed by using the
VECTASTAIN ABC Kits, containing blocking buffer, secondary antibody and reagents for the
avidin-biotin complex. The slides were blocked by blocking buffer for 20 minutes and the
primary antibody (guinea pig anti insulin) was applied and incubated for at least 18 hours. After
the incubation, the slides were washed with 1x PBS for 3x 2 minutes. The secondary antibody
(anti-guinea pig IgG biotinylated) was applied and incubated on the slides for 30 minutes. The
slides were washed again with 1x PBS for 3x 2 minutes. The secondary antibody (ABC Kit) is
biotinylated and specifically binds the primary antibody. The slides were washed with 1x PBS
for 3x 2 minutes and afterwards a mixture of avidin and biotinylated horseradish peroxidase
was applied to the tissues. The horseradish peroxidase serves as a reporter enzyme. Avidin
binds to the biotinylated horseradish peroxidase and binds to the biotinylated secondary
antibody after application to the tissue. The slides were washed with 1x PBS for 3x 2 minutes
and then DAB was applied on the thin sections under the microscope. DAB is a substrate for
the horseradish peroxidase, which finally leads to staining of tissue areas that contain insulin.
The staining reaction with DAB was stopped when applying Milli-Q water to the slides.
Thereafter, hematoxylin was applied for staining of nuclei for 10 minutes. The excess
hematoxylin was washed off under flowing tap water for 10 minutes. To preserve the tissue
sections, the tissue was dehydrated by an alcohol series of 70, 80 and 99 % ethanol, each for
5 minutes. After incubation with xylol to remove residual ethanol for 5 minutes, the slides were

embedded in Entellan, dried for approximately 24 hours and stored at room temperature.
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¢ Horseradish peroxidase
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Figure 6: Schematic representation of insulin detection using specific antibodies and the Avidin-Biotin
complex formation. The primary antibody specifically binds to insulin. The biotinylated secondary antibody then
binds the primary antibody. When the Avidin-Biotin Complex is added, the Avidin binds the Biotin of the secondary
antibody and of the horseradish peroxidase. Modified from: https://www.thermofisher.com/de/de/home/life-
science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-
methods/avidin-biotininteraction.html.

Imaging and morphometric analysis of the pancreatic sections were performed by using a
Leica DMRBE microscope with cellSens Dimension Software. One tissue slice per mouse was
analyzed. Islets with an area <500 ym? were excluded from the analysis. The insulitis score
shows the stage of the islet infiltration by immune cells and was defined as follows: 0= no
insulitis, 1= very low to peri-insulitis (<10 %), 2= infiltration <50 % of the islet area, 3= infiltration

>50 % of the islet area.

2.2.6 Preparation of liver, muscle tissue and VAT for protein analysis

Approximately 40 mg of liver, muscle or VAT was frozen on dry ice and homogenized in the
presence of 1 mL of 1x PBS (+ 1 mM EDTA, Titriplex Ill and 1 % Polyoxyethylene-10-
tridecylether) by using a tissue lyser. The mixture was shaken 2x 2 minutes at a frequency of
25/s for the liver and VAT samples and 2x 2 minutes at a frequency of 30/s for the muscle
samples. Thereafter, the homogenate was centrifuged at 10,000 g at 4 °C for 20 minutes. The
supernatant was collected and incubated at 70 °C for 5 minutes. The centrifugation step was

repeated with the same parameters. The samples were stored at -80 °C for further use.

2.2.6.1 Bicinchoninic acid (BCA) assay

The Pierce BCA Protein Assay Kit is used to determine and quantify the concentration of
proteins. In the BCA Protein Assay, Cu?* ions are reduced by proteins to Cu* and those react
with the bicinchoninic acid, forming a complex that is purple colored. This complex absorbs
light at the specific wavelength of 562 nm, which was measured by the spectrophotometer.

The standards for the quantification of the protein concentrations were prepared as follows:
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Table 8: The preparation of standards for the BCA assay.

Vial Volume of Volume + source of Final BSA Vial volume

diluent (pl) BSA (ul) concentration (ug/mil) (ul)
A 0 300 of Stock 2000 300
B 125 375 of Stock 1500 325
Cc 325 325 of Stock 1000 325
D 175 175 of vial B dilution 750 350
E 325 325 of vial C dilution 500 325
F 325 325 of vial E dilution 250 325
G 325 325 of vial F dilution 125 350
H 450 300 of vial G dilution 50 350
| 400 400 of vial H dilution 25 700
J 400 100 of vial | dilution 5 500
K 400 0 0 = Blank 400

1x PBS (+ 1 mM EDTA, Titriplex Ill and 1 % Polyoxyethylene-10-tridecylether) was used as
the diluent. The volume of the BCA Working Reagent (WR) was calculated according to the

following formula:

(# standards + # unknowns) x (# replicates) x (volume of WR per sample) = total volume WR

required

In the present thesis duplicates of standards and duplicates or triplicates of unknowns were
used. The WR was prepared by mixing 50 parts of BCA reagent A with 1 part of BCA reagent
B. The samples were diluted 1:5 in the diluent.

After that, 25 pl of each standard or sample were transferred into a 96-well plate and 200 pL
of WR were added to each well. The plate was shaken for 30 seconds on a plate shaker, then
covered and incubated at 37 °C for 30 minutes. Afterwards, the plate was cooled down to room
temperature and measured at 562 nm with a spectrophotometer. The measurement of the
blank was subtracted from all other standards and samples and a standard curve was

prepared.
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)
37°C
- i
Mix sample and WR | Incubate for 30 minutes | | Then cool and read at 562 hm |

Figure 7: Procedure of BCA for protein quantification in a 96-well plate format. The working reagent (WR) is
mixed together and standards, samples and the WR are transferred to a 96-well plate. The plate is incubated by 37
°C for 30 minutes. After the incubation, the plate is cooled down and read at 562 nm in a spectrophotometer.

2.2.6.2 Western Blot-Analysis

By the use of the Western Blot method, specific proteins and/or post-translational modifications
(PTMs) on proteins can be detected and quantified, if antibodies recognizing the
proteins/PTMs are available. A polyacrylamide SDS-PAGE (polyacrylamide gel
electrophoresis) gel is used to separate proteins according to their molecular weight under the
influence of an electrical field. The SDS (sodium dodecyl sulfate) detergent in the gel linearizes
the proteins and makes them more negatively charged. The proteins will move toward the
positive anode at different rates depending only on their molecular weight/ size. Two different
gels with different buffers and the running buffer in the tank are affecting the transfer of proteins
from the cathode (negative) to the anode (positive). The upper stacking gel has a pH of 6.8,
the lower separating gel a pH of 8.8 and the running buffer a pH of 8.3. When the electric field
is turned on, negatively charged glycine ions in the pH 8.3 running buffer enter the stacking
gel and lose their charge/ become neutrally charged. Thus, the glycine ions move very slowly
in the electric field. The negatively charged chloride ions from Tris-HCI in the buffer form an
ion band in front of the glycine because they move faster through the gel. The separation from
Tris and the chloride ions forms a voltage gradient and pulls the glycine along behind it. When
the two fronts, the chloride front and glycine front, sweep through the protein samples, the
proteins are captured in between and pulled towards the separating gel, until they are near the
stacking/separating gel border. Glycine becomes negatively charged again when it passes the
interface to the separating gel because of the pH switch to 8.8, and moves much faster,
passing the proteins. As a result, the proteins arrive at the interface of the stacking and
separating gel at the same time. Once the proteins have entered the separating gel, they are

separated by their molecular weight because higher weight moves more slowly through the
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acrylamide pores of the gel. The proteins are transferred from the gel to the nitrocellulose

membrane by an electric field in a blotting stack that was assembled as follows:

Figure 8: The order of the blotting stack for Western Blot analysis from the anode to the cathode. First a
sponge and a filter paper are placed on the bottom (negative pol) before the gel is positioned on it. After that, the
membrane is placed right on the gel and on the top (positive pol) a filter paper and another sponge is added.

After the transfer, the proteins on the membrane are reversibly stained by Ponceau solution
which non-selectively stains proteins, allowing for checking and documenting the transfer of
proteins onto the membrane. Afterwards, the membrane was blocked (either with BSA or
milkproteins), so that the antibodies used later on can bind specifically to the proteins. The
primary antibody is applied to identify the proteins of interest. The secondary antibody is
directed against the species of the primary antibody and binds to it. To detect the protein
bands, the membrane was incubated with a luminol-based chemiluminescent-substrate which
is converted by horseradish peroxidase (HRP) (bound to the secondary antibody), releasing
photons. The photons were detected by an BioDocAnalyze biometra device and the band
intensities were quantified by using the software Image Lab 6.0 from BIO-RAD.

To start the analyses of distinct proteins of mouse organs, the samples and components were
prepared (Table 9) in separate tubes and incubated at 95 °C for 5 minutes. Thereafter, the

tubes were put on ice and stored overnight at -20 °C.

Table 9: The amount of the components used for Western Blotting.

Components Volume [pl]
45 g in 45 pl X
4x Laemmli Buffer + 20 % B-Mercaptoethanol | 15
Fill up with buffer to 60 pl Y
Total | 60

The Western Blot SDS-PAGE gel consists of the lower separating gel (15 %) and the upper
stacking gel (4 %). The components of the separating gel for Western Blotting were mixed as

follows:
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Table 10: The components of the 15 % separating gel of the Western Blot.

Components Volume
30 % Acrylamide 5.0 mi
H20 2.3 ml
Tris-HCI 1.5 M pH 8.8 2.5ml
10 % SDS 100 pl
10 % APS 100 pl
TEMED 5ul

The components of the stacking gel (4 %) for Western Blotting were mixed as follows:

Table 11: The components of the 4 % stacking gel of the Western Blot.

Components Volume
30 % Acrylamide 670 pl
H20 3.6 mi
Tris-HCI 1.0 M pH 6.8 625 pl
10 % SDS 50 pl

10 % APS 50 pl
TEMED S5ul

The gels were transferred into the Mini-PROTEAN Tetra System, the device was filled with
running buffer and 5 pl of the protein ladder and equal amounts of protein samples (20 pl) were
loaded in the pockets of the gel. Any empty lanes were loaded with 5 ul 4x Laemmli Buffer to
prevent tilted running of the SDS-Page gel. The gel was run at 90 V and 400 mA for
approximately 2 hours. In the meantime, the transfer buffer with 20 % Methanol was prepared
and cooled on ice. The stack for blotting was assembled (see Figure 8).

The proteins were transferred from the gel to the membrane at 100 V and 400 mA for 90
minutes in a Mini-Protean Chamber which was constantly chilled by surrounding ice.
Afterwards, the membrane was shaken in Ponceau-solution for 15 minutes at room
temperature. After pictures were taken of the Ponceau-stained membrane, the membrane was
cut (if necessary for concurrent multiple antibody incubations) and the Ponceau-solution was
washed out with H20. The membrane was blocked with blocking solution for 1 hour. The
appropriate dilutions of primary antibodies in blocking buffer were mixed (Table 3). Blocking
solution consisted of 5 % milk powder or BSA dissolved in 1x TBST ( 0.1 % Tween 20)
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according to the instruction of the individual antibody. The membrane was shaken and
incubated for at least 16 hours at 4 °C in the primary antibody solution.

After an overnight incubation in primary antibody solution, the membrane was washed for three
times with 1x TBST for 10 minutes each. Appropriate dilutions of secondary antibodies were
prepared in blocking buffer (Table 4). The membrane was shaken and incubated in the
secondary antibody dilution for 1 hour at room temperature. Then the membrane was washed
three times with TBST for 10 minutes each. For the detection of protein bands, the Clarity
Western ECL Substrate was used. The membrane was incubated for 5 minutes in the
substrate. The ChemiDoc Imager from BIO-RAD and the ImageLab 6.0 software from BIO-

RAD were used for developing images.

2.2.7 Intraperitoneal glucose-tolerance-test (ipGTT) during isoflurane-
anesthesia

Mice were fasted for 6 hours and the basal blood glucose levels were measured in blood
samples from the tail tip. The mice were placed in a chamber, which was then flooded by a
gas mixture of isoflurane (1-3 % v/v) and air (start at time point -15 min). The first 1.5 minutes,
3 % vlv isoflurane with an air flow-rate of 1 ml/min was used and afterwards 1-1.8 % isoflurane
with an air flow-rate of 0.5 ml/min was used. When the mice were entirely anesthetized, they
were removed from the isoflurane-flooded chamber and placed on a sledge. The mice had to
wear a mask through the entire experiment to receive isoflurane. The respiration of the mice
was between 35-70 breaths/min while in anesthesia throughout the entire experiment. After 15
minutes in anesthesia, the blood glucose level was measured again (time point 0 min).
Immediately after the measurement, the mouse was injected intraperitoneally with 2 g glucose
/kg body weight dissolved in 0.9 % NaCl or the same volume of 0.9 % NaCl and the blood

glucose levels were measured at time points: 5, 15, 30, 60, 90 and 120 minutes.

BG + infusion of

glucose or NaCl Awakening
Anesthesia 1 BG BG BG BG BG BG 1
1 1 1 1 1 1 1
| | | | | T ™ |
-15 min. Omin. 5 min. 15 min. 30 min. 60 min. 90 min. 120 min.

Figure 9: Schematic presentation of the time course of the intraperitoneal glucose-tolerance-test (ipGTT)
under isoflurane-anesthesia. Anesthesia started at time point -15 minutes and the basal blood glucose levels
were measured right before the mouse was injected intraperitoneally with either glucose or NaCl. The blood glucose
(BG) levels of the mice were measured at various time points until 120 minutes.
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2.2.8 Magnetic resonance imaging and spectroscopy

All magnetic resonance imaging and spectroscopy measurements (MRI/MRS) were performed
in a horizontal Bruker Biospin 117/16 USR by using the ParaVision 6.0.1 software (Bruker
Corporation, Billerica, MA, USA). '"H MRI and MRS protocols were performed by using a
quadrature 'H birdcage volume resonator with 40 mm inner diameter and the 3'P MRS protocol
was measured by using a double-tuned 3'P/'H birdcage volume resonator with 40 mm
diameter. The body temperature of the mice was kept at 35-37 °C with warm water circulating
through a MR-compatible sled below the animal. The respiration frequency of the mice was
monitored by a pressure pad/respiratory transducer attached to the back of the mouse. Body
weight and blood glucose levels were determined before the start of the measurements.
Inhalation anesthesia was initiated by placing the mice in a chamber, which was then flooded
by a gas mixture of isoflurane (1-3 % v/v) and air. The first 1.5 minutes, 3 % v/v isoflurane with
an air flow-rate of 1 ml/min was used. During the experiment, anesthesia was maintained by
1-1.8 % isoflurane with an air flow-rate of 0.5 ml/min. The respiration frequency of the mice

was kept between 35-70 breaths/min while in anesthesia throughout the entire experiment.

2.2.8.1 'H imaging and spectroscopy

After the mice were placed on the sled in the scanner, the coils were tuned and matched. As
the mice vary in size, each animal distorts the electromagnetic field differently. In order to
optimize the measurements, the coil had to be adjusted/tuned for each mouse. Localizer was
used to for orientation in the mouse body and to find the optimal position of the investigated
tissue. Two different sequences of Turbo Rapid Acquisition with Relaxation Enhancement
(RARE) followed the localizer with two different directions (sagittal, transversal), to improve the
resolution of the images for the MRI analysis and the voxel positioning. Volumes of selected
voxels ranged from 2x1x3 (BAT) - 2x2x2 mm?® (HCL, VAT and WAT) and each voxel was
carefully placed within the to be investigated tissue. Before starting 'H MRS, B, map shimming/
manual shimming was performed to improve the homogeneity of the magnetic field. An
average full width at half maximum (FWHM) was 60 Hz. Hepatocellular lipid content was
determined by point resolved spectroscopy (PRESS) with and without variable power

radiofrequency pulses with optimized relaxation delays (VAPOR) water suppression. The
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water peak served as a reference in all hepatocellular lipid spectroscopy measurements. Lipid

composition was determined by stimulated echo acquisition mode (STEAM) [2].

Termination

; H MRS Repositioning 'H MRI 'H MRS .
Anesthesia 1 of experiment
l H MRI (HCL, NAT) of mouse 1 (VAT) 1

0 min. 15 min. 40 min. 60 min. 75 min. 100 min. 120 min.

Figure 10: Schematic representation of the '"H MRS protocol. Anesthetized mice were placed in the scanner
which takes around 15 minutes and the mouse was correctly positioned and imaged by using MRI. After that, the
amount of HCL, WAT, BAT and NAT was determined by MRS. The mouse was repositioned in the scanner to
measure the VAT amount. After about 120 minutes, the experiment was terminated.

2.2.8.2 3'P spectroscopy

After fasting for 6 hours, the mice were prepared and anesthetized as mentioned above
(2.2.8.1). After placing the mice on the sled, a peripheral venous catheter (braunule) was
placed intraperitoneally and a flexible tube with a syringe was attached. The syringe was filled
with either 20 % glucose in 0.9 % NaCl or 0.9 % NaCl-solution and was attached to the sled.
Coil tuning/matching, localizer, turboRARE and shimming setups were performed as
mentioned above (2.2.8.1). Volumes of selected voxels for this protocol were the same size
for '"H MRS and *'P MRS, but >125 mm?* (as much as possible without muscle contamination;
typical voxel size: 12x4x4 mm?®) and each voxel was carefully placed within the to be
investigated tissue. An average FWHM was 90 Hz. The external phosphorus reference (18 pl
microsphere with 1 M methylene diphosphonic acid (MDPA) dissolved in water) was placed
on the sled beneath the mouse and served as reference for all 3'P measurements [2]. The
reference concentration was prepared to match in vivo signal intensities of a mouse liver. To
measure the external reference, a *'P non-localized singlepulse of the reference was acquired.
y-ATP, inorganic phosphate (Pi), phospomonoester (PME) and phosphodiester (PDE) levels
in the mouse liver were determined by using 3D image-selected in vivo spectroscopy (ISIS).
After the measurements were completed, 2 g glucose /kg body weight or the same volume of
NaCl were injected intraperitoneally without repositioning the mouse. After 15 minutes, the
ISIS sequence with exactly the same voxel as before was started in order to compare y-ATP
and Pi levels of the same area before and after injection. Between those two measurements,
two PRESS sequences were run (with/without water suppression) with the same voxel as
placed for the ISIS [2]. Measuring HCL in the 3'P protocol is important for the correction
(especially under high fat diet condition). Because adipocytes contain no to very little 3'P

metabolites, high liver fat can lower the *'P levels in the liver.
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Figure 11: Schematic representation of the 3'P MRS protocol. Anesthetized mice were placed in the scanner
which takes around 15 minutes and the mouse was correctly positioned, imaged and the liver fat was measured by
using MRI and MRS. The y-ATP, Pi, PME and PDE levels in mouse liver were determined by MRS. After that, the
mouse was injected with glucose or NaCl and after 15 minutes the y-ATP, Pi, PME and PDE levels in mouse liver
were measured again. In between those two measurements, the liver fat was measured again. After about 120
minutes the experiment was terminated.

2.2.8.3 'H and 3'P MRS/MRI data analysis

All spectra were processed and analyzed using jMRUI 5.0 software (EC Human Capital
Mobility Networks, France) with the option ‘Advanced Method for Accurate, Robust, and
Efficient Spectral fitting’ (AMARES) algorithm for quantification of each peak in cooperation
with Maik Rothe [2].

The volumes of the liver, VAT, BAT and WAT were determined using the software ImageJ.
The images of the tissue resulting from MRI were analyzed by the “freehand selection” tool,

which was used to highlight the area to measure.
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3 Results

3.1 Metabolic phenotyping of the NOD TLR4’ mouse, as a model of
accelerated development of insulin-deficient diabetes
This section contains results from the original research articles “Distinct alterations of gut
morphology and microbiota characterize accelerated diabetes onset in non-obese diabetic
mice“ (Simon et al. [1]) and “In vivo absolute quantification of hepatic y-ATP concentration in
mice using 31P magnetic resonance spectroscopy at 11.7 T* (Rothe et al. [2]), as well as data
presented at the annual conferences of the DDG and EASD. For the analyses of the potential
effect of the TLR4-deficency in NOD mice on metabolic processes, female prediabetic NOD

TLR4** and NOD TR4" mice were metabolically phenotyped.

3.1.1 Age and blood glucose levels at diabetes onset in NOD mice

To investigate the age and blood glucose levels at diabetes onset in animals of the parental
NOD mouse strain, a group of female NOD mice was observed over two years. Diabetes was
diagnosed, when the blood glucose levels of unfasted mice were above 250 mg/dl on three
consecutive days. The results show, that NOD mice developed diabetes at the age of 16915

days with a blood glucose concentration of 437+4 mg/d| (Figure 12).
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Figure 12: Age and blood glucose concentrations at diabetes onset in female NOD mice. The age at diabetes
onset (A) was defined as the first of three consecutive days with blood glucose levels above 250 mg/dl in NOD
mice. Blood glucose levels (B) were documented at the time of diabetes manifestation. Data are given as means +
SEM. n=177.

3.1.2 Insulin tolerance in NOD mice

To analyze the insulin tolerance of 70-90 days old, normoglycemic NOD mice, an ipITT was
performed. After 6 hours of fasting, the animals were injected intraperitoneally with insulin
(0.75 U/kg body weight) and the blood glucose concentrations were measured at time point 0
(baseline, before insulin injection) and 15, 30, 45, 60, 75, 90, 105 and 120 minutes after
injection. NOD mice had a blood glucose concentration of 96+8 mg/dl at baseline (Figure 13).
During the ipITT, the blood glucose levels decreased to 64+3 mg/dl at 120 minutes.
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Figure 13: Blood glucose levels during an intraperitoneal insulin tolerance test in NOD mice. After a 6-hour
period of fasting, an intraperitoneal insulin tolerance test was performed by injecting 0.75 U/kg body weight insulin

intraperitoneally into female 70-90 days old NOD mice. The blood glucose concentration was measured over 120
minutes. Data are given as means + SEM. n=10.

3.1.3 Glucose-stimulated insulin release from isolated islets of NOD mice

To assess the insulin secretory capacity of islets of NOD mice in the prediabetic phase,
pancreatic islets of fasted female normoglycemic 70-90 days old NOD mice were isolated and
exposed to different glucose concentrations of 2.8, 5.5, 11 and 28 mM glucose to examine the
insulin release at different glucose levels. The insulin released from the islets was quantified
by ELISA. Islets treated with 28 mM glucose showed higher insulin release (187.5+£19.7 ng/ml)
compared to islets treated with 2.8 (125.3£14.5 ng/ml) or 5.5 mM glucose (115.2+11.0 ng/ml)
(p<0.05) (Figure 14).
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Figure 14: Higher insulin release from cultivated pancreatic islets of NOD mice exposed to 28 mM glucose
compared to islets treated with lower glucose concentrations. After a 6-hour period of fasting, pancreatic islets
of female prediabetic NOD mice were isolated and treated with either 2.8, 5.5, 11 or 28 mM glucose. The insulin
released into the islet culture supernatant was quantified by ELISA. Data are given as means + SEM. n=6-10.
*p<0.05 by one-way ANOVA.
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3.1.4 Diabetes manifestation in NOD TLR4** and NOD TLR4” mice

To analyze the impact of the TLR4-expression status on the development of diabetes in NOD
mice, diabetes manifestations of female and male NOD TLR4** and NOD TLR4 mice in the
mouse colony were monitored over more than 10 generations. Diabetes was diagnosed, when
the blood glucose levels of non-fasted mice were above 250 mg/dl on three consecutive days.
The results showed, that 70 % of female NOD TLR4** mice and 76 % of female NOD TLR4™"
mice developed diabetes in their life span. In contrast, only 21 % of male NOD TLR4** mice
and 31 % of male NOD TLR4" mice developed diabetes (Figure 15). A higher proportion of
female NOD TLR4** mice developed diabetes compared to male NOD TLR4** mice (female:
92 of 132 mice developed diabetes; male: 38 of 184 mice developed diabetes) (p<0.001).
Furthermore, a higher proportion of female NOD TLR4” mice developed diabetes compared
to male NOD TLR4” mice (female: 119 of 157 mice developed diabetes; male: 63 of 202 mice
developed diabetes) (p<0.001) (Figure 15).
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Figure 15: Diabetes incidence in female and male NOD TLR4** and NOD TLR4"- mice. Diabetes manifestation
was documented and analyzed over several generations in female and male NOD TLR4** and NOD TLR4”- mice.
The proportions of observed mice and mice that developed diabetes during the observation period are shown in
percent. Diabetes was diagnosed when the blood glucose levels of non-fasted mice were above 250 mg/dl on three
consecutive days. Female mice n=132-157, male mice n=184-202. *p<0.001 by Fisher’s exact test.

3.1.5 Age and blood glucose levels at diabetes onset

To further investigate the influence of the TLR4-expressing status on the development of
diabetes in female and male NOD TLR4** and NOD TLR4" mice, the age at diabetes onset
was documented for each genotype. The results show, that the mean age of diabetes
manifestation was 151+4 days in female NOD TLR4” mice, whereas female NOD TLR4*"*
mice reached their mean age of diabetes manifestation in 1657 days, around two weeks later
(p<0.05) (Figure 16A,B). Compared to female mice, male NOD TLR4** and NOD TLR4" mice
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developed diabetes later at the age of 19018 days and 18619 days, respectively (p<0.05 and
p<0.001) (Figure 16A).
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Figure 16: Accelerated diabetes development in female NOD TLR4”- mice compared to NOD TLR4*"*,
Diabetes manifestation was documented and analyzed over several generations in female and male NOD TLR4**
and NOD TLR4” mice (A). The development of diabetes was monitored in female NOD TLR4** and NOD TLR4"
mice (B) until the age of 250 days. The age at diabetes onset was defined as the first of three consecutive days
with blood glucose levels above 250 mg/dl. Data are given as means + SEM and as a survival curve. Female mice
n=92-119, male mice n= 38-63. *p<0.05, ***p<0.001 by survival curve (curve comparison) and one-way ANOVA.

At the time of diabetes manifestation, the blood glucose levels of non-fasted female NOD
TLR4** and NOD TLR4" mice were measured and documented. NOD TLR4** and NOD
TLR4” mice showed comparable blood glucose levels at diabetes onset (TLR4"*: 43048
mg/dl; TLR4": 429+7 mg/dl) (Figure 17).
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Figure 17: Comparable blood glucose concentrations in female NOD TLR4** mice and NOD TLR4"- mice at
the time of diabetes manifestation. Diabetes was diagnosed when the blood glucose levels of non-fasted mice
were above 250 mg/dl on three consecutive days. Data are given as means £ SEM. n= 92-119.

Based on the findings that female NOD TLR4** and NOD TLR4" mice showed higher diabetes
incidence and developed diabetes earlier compared to male mice, all further experiments of
this thesis were performed only with female mice, also in accordance with previous studies
with the NOD mouse model [28].

63



Results

Moreover, as the thesis focused on the elucidation of the effects of TLR4 on the pathogenesis
of autoimmune diabetes i.e. before disease manifestation, all further investigations were

performed in animals at an age of 70-90 days, corresponding to the prediabetic phase.

3.1.6 Metabolic phenotyping

To characterize possible effects of the TLR4-expression status on the metabolism of female,
prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice, basic metabolic parameters
of the animals were analyzed including food and water intake, physical activity, energy
expenditure and the RQ. Each parameter was measured during two light- and two dark-phases
(each phase 12 hours light/ 12 hours dark) after an adaption period of the animals to the
housing conditions of the metabolic test system for one light-/dark-phase. For food and water
intake, the data from both light-phases and both dark-phases were combined to a total of 24
hours. For the other metabolic parameters, the mean of both light-phases and both dark-
phases was calculated. The parameters “food intake” and “water intake” were monitored over
the entire measurement period, which includes the adaption period, both light-phases and both

dark-phases.

3.1.6.1 Water- and food intake

During the light- and dark-phases, the animals had free access to food and water. The food
and water intake was higher in the dark-phases compared to the light-phases in NOD TLR4*"*
and NOD TLR4” mice (p<0.001) (Figure 18A,B). NOD TLR4** and NOD TLR4" mice showed
comparable intake of water and food during the light-phases and dark-phases (Figure 18A,B).
In the light-phases, the water intake of NOD TLR4** and NOD TLR4” mice ranged from
0.10£0.01 to 0.11£0.03 ml/g body weight and in the dark-phases from 0.21+0.02 to 0.24+0.02
mi/g body weight (Figure 18A). The food intake ranged from 0.10£0.02 to 0.12+0.01 g/g body
weight in the light-phases and was about 0.251£0.02 g/g body weight in the dark-phases in
NOD TLR4** and NOD TLR4” mice (Figure 18B). After the entire measurement period of 72
hours (including the adaption period, two light-phases and two dark-phases), NOD TLR4*"*
and NOD TLR47 mice had comparable total water intake (TLR4**: 0.43+0.03; TLR4™":
0.44+0.02 ml*g body weight'*72 h™), respectively food intake (TLR4**: 0.47+0.02; TLR4™":
0.47+0.01 g*g body weight'*72 h™') (Figure 18C,D).
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Figure 18: Comparable water and food intake of female prediabetic NOD TLR4** and NOD TLR4” mice.
Female prediabetic NOD TLR4** and NOD TLR4” mice were analyzed in a system that measures metabolic
parameters like water (A) and food (B) intake over 2 light- and 2 dark-phases. Water intake (C) and food intake (D)
after the entire measurement period of 72 hours was determined. The data show the water and food intake in ml/g
body weight and g/g body weight, respectively. Data are given as means £ SEM. n= 7-10. ***p<0.001 by one-way
ANOVA.

3.1.6.2 Physical activity

The physical activity was measured during the measurement period of 2 light- and 2 dark-
phases. The cages are surrounded by a metal frame, which emits infrared rays along the x-
and y-axes and every time a mouse interrupts a beam one count is registered. The physical
activity of the mice was increased in both dark-phases compared to the light-phases in NOD
TLR4** and NOD TLR4" mice (Figure 19A). The mean physical activity was higher in the dark-
phases compared to the light-phases in NOD TLR4** and NOD TLR4" mice (TLR4**: Dark-
phases: 2406+328; light-phases: 974+133 counts) (p<0.001) (TLR4": dark-phases: 2346+164;
light-phases: 900+113 counts) (p<0.01) (Figure 19B). There was no difference in the physical
activity of NOD TLR4** and NOD TLR4” mice in the light-phases and the dark-phases.
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Figure 19: Comparable physical activity in female prediabetic NOD TLR4** and NOD TLR4”- mice. The
physical activity of female prediabetic NOD TLR4** and NOD TLR4” mice was analyzed in a system that detects
metabolic parameters over 2 light- and 2 dark-phases. The data show the physical activity in counts (A) and the
mean of both light-phases and both dark-phases (B). Data are given as means + SEM. n= 7-11. **p<0.01,
***p<0.001 by one-way ANOVA.

3.1.6.3 Respiratory quotient

The RQ was determined by measuring the CO, production and the O, consumption and
calculating the ratio VCO,/VO,. The CO; production was higher in the dark-phases compared
to the light-phases in both NOD TLR4** and NOD TLR4” mice (Dark-phases: TLR4'*:
94.6+3.2; TLR4™": 96.4+5.0 ml/h; light-phases: TLR4**: 69.5+2.2; TLR4": 71.0+1.6 ml/h) (both
p<0.001) (Figure 20A). Moreover, both, NOD TLR4** and NOD TLR4" mice revealed higher
O consumption in the dark-phases than the light-phases (Dark-phases: TLR4**: 100.1+3.3;
TLR47":101.3+2.2 ml/h; light-phases: TLR4*"*: 78.8+1.8; TLR4": 80.5+1.7 ml/h) (both p<0.001)
(Figure 20B). NOD TLR4** and NOD TLR4” mice showed comparable CO, production and O
consumption in the light-phases and in the dark-phases. The RQ serves as an indicator for the
metabolized substrate. During an energy production exclusively from carbohydrates the RQ is
1, during an energy production exclusively from proteins the RQ is 0.81 and during an energy
production exclusively from fat the RQ is 0.7. The feeding of mice with a standard diet results
in a RQ in a range from about 0.88 to 0.95 depending on the phase. The RQ showed peak
values in both dark-phases in NOD TLR4** and NOD TLR4” mice (Figure 20C). The mean
RQ in both light- and both dark-phases was higher in the dark-phases compared to the light-
phases in NOD TLR4** and NOD TLR4" mice (Dark-phases: TLR4**: 0.94+0.01; TLR4":
0.95+0.01; light-phases: TLR4**: 0.88+0.01; TLR4": 0.88+0.01) (both p<0.001) (Figure 20D).
There was no difference in RQ between the two genotypes in the light phases and in the dark

phases.
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Figure 20: Comparable respiratory quotient in female prediabetic NOD TLR4** and NOD TLR4"- mice. The
VCO2, VO2 and RQ of female prediabetic NOD TLR4** and NOD TLR4” mice were analyzed in a system that
detects metabolic parameters over 2 light- and 2 dark-phases. The data show the volumes of produced CO2 (VCOz2)
(A) and consumed O2 (VO2) (B) in ml/h and the RQ as VCO2/VO2 (C+D) and as mean of both light-phases and both
dark-phases. Data are given as means + SEM. n= 7-11. ***p<0.001 by one-way ANOVA.

3.1.6.4 Energy expenditure

The energy expenditure of the animals was calculated from the VO, and VCO; parameters
during 2 light- and 2 dark-phases. In NOD TLR4** and NOD TLR4" mice, the highest energy
expenditure was observed during the dark-phases and the lowest during the light-phases
(Figure 21A). Mean energy expenditure was higher in the dark-phases compared to the light-
phases in NOD TLR4** and NOD TLR4" mice (Dark-phases: TLR4**: 21.5+0.5; TLR4™":
22.0+0.4 kcal*h'*kg™; light-phases: TLR4**: 16.7+0.3; TLR4": 17.2+0.3 kcal*h"*kg™) (both
p<0.001) (Figure 21B). There was no difference in energy expenditure between the two

genotypes in the light phases and in the dark phases.
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Figure 21: Comparable energy expenditure in female prediabetic NOD TLR4** and NOD TLR4” mice. The
energy expenditure of female prediabetic NOD TLR4** and NOD TLR4” mice was analyzed in a system that
detects metabolic parameters over 2 light- and 2 dark-phases. The data show the kinetics of energy expenditure
(A) and the means of both light-phases and both dark-phases in kcal*h"'*kg™' (B). Data are given as means + SEM.
n=7-11. ***p<0.001 by one-way ANOVA.

3.1.6.5 Whole-body carbohydrate and fat oxidation rates

The whole-body CHO and FAO rates were calculated from the VO, and VCO; parameters
determined during 2 light- and 2 dark-phases in NOD TLR4** and NOD TLR4” mice. The
whole-body CHO rates were highest in the dark-phases compared to light-phases in NOD
TLR4** and NOD TLR4” mice (Dark-phases: TLR4**: 1.84+0.09; TLR47: 1.92+0.04 mg/min;
light-phases: TLR4**: 1.07+0.08; TLR4™: 1.10+0.05 mg/min) (both p<0.001) (Figure 22A).
NOD TLR4** and NOD TLR4" mice showed comparable whole-body CHO rates in the light-
phases and in the dark-phases. In contrast, whole-body FAQO rates were highest in the light-
phases compared to dark-phases in NOD TLR4** and NOD TLR4” mice (Dark-phases:
TLR4**: 0.15+0.02; TLR4": 0.13+£0.02 mg/min; light-phases: TLR4**: 0.26+0.02; TLR4":
0.26+£0.02 mg/min) (both p<0.01) (Figure 22B). There was no difference in whole-body FAO

between the two genotypes in the light phases and in the dark phases.
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Figure 22: Comparable whole-body carbohydrate and fat oxidation rates in female prediabetic NOD TLR4**
and NOD TLR4"- mice. The CHO and FAO rates of female prediabetic NOD TLR4** and NOD TLR4 mice were
analyzed in a system that detects metabolic parameters over 2 light- and 2 dark-phases. The data show the CHO
rates (A) and the FAO rates (B) in mg/min. The means of both light-phases and both dark-phases are shown. Data
are given as means + SEM. n=7-11. **p<0.01, ***p<0.001 by one-way ANOVA.

3.1.7 Body weight and weight of liver and visceral adipose tissue

The body weight and the weights of the liver and VAT were determined from female prediabetic
mice aged 70-90 days to examine the possible impact of the TLR4-expression status on these
parameters. Compared to NOD TLR4** mice, NOD TLR4” mice showed increased body
weight (TLR4*"*: 24.44+0.18; TLR4": 25.25+0.28 g) (p<0.05) (Figure 23A). Furthermore, liver
and visceral adipose tissue (VAT) were removed from the mice and the weights of the organs
were determined. The weight of the liver was comparable between NOD TLR4** and NOD
TLR4” mice (TLR4**: 1.15+0.03; TLR4": 1.14+0.03 g) (Figure 23B). Moreover, VAT weight

showed no differences between NOD TLR4** and NOD TLR4”" mice (TLR4"*: 0.23+0.03;
TLR4" 0.350.05 g) (Figure 23C).
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Figure 23: Increased body weight, but comparable liver and visceral adipose tissue weight in NOD TLR4"
mice compared to NOD TLR4** mice. The body weight (A) in g, and the weights of liver (b) and VAT (C) in g were

measured from female prediabetic NOD TLR4** and NOD TLR4-- mice at the age of 70-90 days. Data are given
as means + SEM. n=6-10. *p<0.05 by Student’s t-test.
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3.1.8 Development of body weight

The body weight development was monitored in female prediabetic NOD TLR4** and NOD
TLR4”" mice, to examine the possible impact of the TLR4-expression status on the gain of
body weight before diabetes manifestation. To this end, the weight of NOD TLR4** and NOD
TLR4”" mice was determined weekly between 30 and 70 days of age. NOD TLR4** and NOD
TLR4" mice showed comparable body weight development during the observational period
(Figure 24).
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Figure 24: Comparable body weight development in female prediabetic NOD TLR4** mice and NOD TLR4"

mice. The body weight of female prediabetic NOD TLR4** and NOD TLR4"- mice was determined from the age of
30 to 70 days and shown as percent body weight gain. Data are given as means + SEM. n=7-11.

3.1.9 White and brown adipose tissue weight

The WAT and BAT weight was determined in female prediabetic NOD TLR4** and
NOD TLR4" mice aged 70-90 days to examine a potential impact of the TLR4-expression
status on the development of the neck adipose tissue (NAT) depots. The WAT and BAT
weights were determined separately and added to obtain the total weight of the NAT. NOD
TLR4** and NOD TLR4” mice had comparable weight of NAT (TLR4**: 51.9+4.2; TLR4":
53.0+3.8 mg/10 g body weight) (Figure 25A). Furthermore, similar weight of BAT was
measured in NOD TLR4** and NOD TLR4” mice (TLR4**: 20.8+2.0; TLR4": 22.8+2.6 mg/10
g body weight) (Figure 25B). Moreover, no differences were found in WAT weight of NOD
TLR4** and NOD TLR4” mice (TLR4**: 31.1£2.9; TLR47: 30.2+1.6 mg/10 g body weight)
(Figure 25C).
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Figure 25: Comparable weights of NAT, BAT and WAT in female prediabetic NOD TLR4** mice and NOD
TLR47 mice. The total NAT weight (A), BAT weight (B) and WAT weight (C) in mg/10 g body weight were measured
from female prediabetic NOD TLR4** and NOD TLR4"- mice at the age of 70-90 days. Data are given as means +
SEM. n=6-9.

3.1.10 Liver, VAT, NAT and BAT volume

The potential effect of the TLR4-expression status on the volume of liver, VAT, NAT and BAT
was determined in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4™ mice.
The volume of each tissue was measured by encircling the shape of the tissue in each slice
sequentially obtained by MRI in the axial direction and analyzing each slide to determine the
entire tissue volume (Figure 26A-D). NOD TLR4** and NOD TLR4”- mice showed comparable
volumes of liver (TLR4**: 0.47+0.01; TLR4": 0.44+0.02 ml/10g body weight) (Figure 26A) and
VAT (TLR4**: 0.11£0.01; TLR47: 0.12+0.02 ml/10g body weight) (Figure 26B). The NAT
consists of the BAT and WAT, however the BAT volume was separately visualized and
quantified. The entire NAT volume was similar in NOD TLR4** and NOD TLR4” mice (TLR4""*:
37.7+3.1, TLR4": 41.4+3.7 pul/10g body weight) (Figure 26C), as well as the BAT volume
(TLR4**: 18.3+0.7; TLR4™: 19.2+1.1 pl/10g body weight) (Figure 26D).
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Figure 26: Volumes of liver, VAT, NAT and BAT of female prediabetic NOD TLR4** and NOD TLR4” mice.
The volumes of the liver and fat depots were measured by encircling the tissue shapes in each MRI-derived slice
in axial direction and analyzing each slice to determine the entire tissue volume in female prediabetic NOD TLR4**

and NOD TLR4” mice. The volumes of liver (A), VAT (B), NAT (C) and BAT (D) were determined in NOD TLR4*"*
and TLR4"- mice. Data are given as means + SEM. n=6.
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3.1.11 Body fat mass

To analyze the potential effect of TLR4-expression on body fat mass development, the body
composition of female prediabetic NOD TLR4** and NOD TLR4” mice was determined at the
age of 30 and 70 days by NMR. At the two time points, the proportion of fat free mass was
comparable in both genotypes in a range between 81.5+0.8 and 84.4+0.7 %. The amount of
the total fat mass was also comparable in a range between 12.3+0.5 and 13.6+0.5 % for both

genotypes and the two time points (Figure 27).
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Figure 27: Comparable body composition of female NOD TLR4** and NOD TLR4"- mice at 30 and 70 days
of age. The body composition of 30 and 70 days old female NOD TLR4** and NOD TLR4-- mice was analyzed by
differentiating in fat free mass and fat mass by NMR. Data show the proportion of fat free mass and fat mass as
percent of the whole body weight. Data are given as means + SEM. n=7-11.

3.1.12 Glucose metabolism

To investigate the effect of the TLR4-expression status on parameters of the glucose
metabolism in female NOD TLR4** and NOD TLR4” mice before the age of diabetes
manifestation at the age of 70-90 days, random blood glucose levels were determined and the
degrees of glucose tolerance and insulin resistance were assessed. Blood glucose levels of
90-250 mg/dl were considered as normal range, whereas blood glucose levels above 250
mg/dl indicated hyperglycemia (and diabetes).

3.1.12.1 Random blood glucose levels

Random blood glucose concentrations of non-fasted female prediabetic NOD TLR4** and
NOD TLR4” mice were determined in the morning between 9 and 11 am, to examine the
possible impact of the TLR4 expression status on the blood glucose metabolism. NOD TLR4-
" mice showed increased blood glucose concentrations compared to NOD TLR4** mice
(TLR4**: 11343; TLR4": 123+3 mg/dl) (p<0.05) (Figure 28).
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Figure 28: Increased random blood glucose levels in NOD TLR4’- compared to NOD TLR4** mice. The
random blood glucose levels were measured in non-fasted female prediabetic mice at the age of 70-90 days. Data
are given as means + SEM. n=13-21. *p<0.05 by Student’s t-test.

3.1.12.2 Plasma glucose levels during ipGTT

To assess the glucose tolerance of NOD TLR4** and NOD TLR4” mice, an ipGTT was
performed. After 6 hours of fasting, 70-90 days old normoglycemic mice were injected
intraperitoneally with 2 g/kg body weight glucose and the blood glucose levels were measured
at time point 0 (baseline, before glucose injection) and 5, 15, 30, 60, 90 and 120 minutes after
injection. The basal blood glucose levels of fasted NOD TLR4** and NOD TLR4" mice were
in a similar range (TLR4**: 89+6; TLR4": 87+4 mg/dl) (Figure 29A). Interestingly, compared
to NOD TLR4** mice, NOD TLR4" mice had higher blood glucose levels at time points 5
minutes (TLR4**: 115+7; TLR4™: 1447 mg/dl) and 15 minutes (TLR4**: 157+13; TLR4™:
202111 mg/dl) after glucose injection (both p<0.05). After 90 minutes, the blood glucose levels
of both, NOD TLR4** and NOD TLR4” mice, have returned to baseline concentrations (at 0
minutes) (TLR4**: 93+7; TLR4": 83+4 mg/dI) (Figure 29A).

The area under the curve (TLR4**: 7335+734; TLR4": 8867+246 mg*dl"'*120 min") and the
incremental area under the curve, which can be divided into the total area (TLR4**: 2174+685;
TLR4”: 3677+381 mg*dl™120 min™) and net area (TLR4**: 2019+766; TLR4": 3677+381
mg*dlI"™*120 min'), showed no differences of the blood glucose levels during ipGTT between

the different genotypes (Figure 29B-D).
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Figure 29: Increased blood glucose levels during an intraperitoneal glucose tolerance test in NOD TLR4"
mice compared to NOD TLR4** mice. After a 6-hour period of fasting, an intraperitoneal glucose tolerance test
was performed by injecting 2 g/kg body weight glucose intraperitoneally into female prediabetic NOD TLR4** and
NOD TLR4"- mice. The blood glucose concentration was measured over 120 minutes (A). The area under the curve
(AUC) was calculated in mg*dI'"™*120min-! (B). The incremental area under the curve was determined in the above
mentioned mice and divided into the total area (positive peaks plus negative peaks) (C) and the net area (positive
peaks minus negative peaks) in mg*dl""*120min-! (D). Data are given as means + SEM. n=4-5. *p<0.05 by Student’s
t-test.

3.1.12.3 Plasma insulin levels during ipGTT

Plasma samples were collected from NOD TLR4** and NOD TLR4” mice during an ipGTT
(chapter 3.1.12.2) before glucose injection and 15 minutes after glucose injection. The insulin
concentrations in these samples were determined by ELISA. Before glucose injection, NOD
TLR4** and NOD TLR4” mice showed comparable plasma insulin concentrations (TLR4**:
0.65+0.12; TLR4™: 0.47+0.12 pg/l). However, 15 minutes after the glucose injection, NOD
TLR4" mice showed a lower plasma insulin concentration compared to NOD TLR4** mice
(TLR4": 0.59+0.08; TLR4**: 1.03+0.15 ug/l) (p<0.05) (Figure 30).
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Figure 30: Lower insulin levels 15 minutes after glucose injection in NOD TLR4"- mice compared to NOD
TLR4** mice. After a 6-hour period of fasting, an intraperitoneal glucose tolerance test was performed by injecting
2 g/kg body weight glucose intraperitoneally into female prediabetic NOD TLR4** and NOD TLR4" mice. Plasma
samples were collected at baseline (0, before glucose injection) and 15 minutes after injection and their insulin
concentration was determined by ELISA. Data are given as means + SEM. n=5-7. *p<0.05 by Student’s t-test.

3.1.12.4 HOMA-IR

The determination of the HOMA-IR index allows to assess insulin resistance. After 6 hours of
fasting, the glucose concentration and the insulin concentration of NOD TLR4** and NOD
TLR4” mice were determined to calculate the HOMA-IR. The HOMA-IR index was comparable
in NOD TLR4** mice and NOD TLR4" mice (TLR4"*: 4.28+1.19; TLR4": 3.39+0.89) (Figure

31).
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Figure 31: Comparable HOMA-IR of female prediabetic NOD TLR4** and NOD TLR4” mice. After a 6-hour
period of fasting, the glucose concentration and the insulin concentration of female prediabetic NOD TLR4** and
NOD TLR4” mice were determined to calculate the HOMA-IR. Data are given as means + SEM. n=5-7.

3.1.12.5 Development of insulitis and decline of beta cell mass in pancreatic islets
To analyze the effect of the TLR4-expression status on insulitis and beta cell loss, sections of
pancreatic tissue from female 70-90 days old NOD TLR4** and NOD TLR4” mice were

examined by (immuno-) histochemical methods.
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Evaluation of the total islet area revealed that NOD TLR4" mice had larger areas (53792+4834
um?) compared to NOD TLR4** mice (38291+3778 um?) (p<0.05) (Figure 32A). In addition,
the insulin-positive areas of the pancreatic islets were determined to investigate the effect of
the TLR4-expression status on the decline of the pancreatic beta-cell mass in NOD mice.
However, there was no difference in the proportions of insulin-positive areas of the total islet
area between the two genotypes (TLR4**: 56.6+1.2 %; TLR4": 54.0+1.0 %) (Figure 32B).
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Figure 32: Total area and insulin-positive area of pancreatic islets of NOD TLR4** and NOD TLR4"- mice.
The total area of pancreatic islets was measured (A). The relative insulin positive area was measured in female
prediabetic NOD TLR4** and NOD TLR4"- mice (B). 339-425 pancreatic islets were analyzed per genotype. Islet
areas less than 500 ym? were excluded. Data are given as means + SEM. n=9-10. *p<0.05 by Student’s t-test.

The severity of islet inflammation was categorized into scores 0-3 based on the progression of
inflammation. Score 0 defines non infiltrated islets, score 1 includes islets with an infiltration
less than 10 % and peri-insulitis, whereas score 2 reflects infiltration less than 50 % and score
3 infiltration more than 50 % (Figure 33A).

Furthermore, the degree of immune cell infiltration of pancreatic islets was determined in NOD
TLR4** and NOD TLR4" mice. Affected islets of both genotypes were separated into their
infiltration rate and showed comparable proportions for each range of infiltrated area (Figure
33B).

Pancreatic islets of NOD TLR4** and NOD TLR4" mice were categorized into four scores and
their proportion of the total islet number was calculated. NOD TLR4** mice showed the highest
area proportion of score 0 with 55.5 %, followed by NOD TLR4" mice with around 47.9 %. The
lowest amount of islets with a proportion of around 3-6 % were assigned to score 1. About 40-
50 % of the islets account for score 2 and score 3. There was no difference between the
genotypes in the four categories (Figure 33C).

In addition, the correlation between islet area and insulitis-score was determined. Independent
of the TLR4-expression status, pancreatic islets with areas exceeding 200000 uym? showed
predominantly higher infiltration rates reflected by scores 2 and 3 (p<0.001) (Figure 33D).

7



Results

. 60
] (n] <
£ a0 M TLR4**
] B TLR4™
) (—I 320
m V] ' é’
: <
= S §§ 88 38 I § % 88 8
— — PR T 8 3 RS e g

Infiltrated islet area (%)

C D

M TLR4'"
B TLR4™

[-2]
(=]
o«
o

[=2]
o

Proportion of
total islet number (%)
B
=)

N

(=]
N
o

Proportion of islets
>200000 pm? (%)
B
o

<

0

Score0 Score1 Score2 Score3 Score 0-1  Score 2-3

Figure 33: Representative histological images of pancreatic islets and their classification into insulitis-
scores, the infiltrated islet area and the association of islet area and insulitis-scores in NOD TLR4** and
NOD TLR4”- mice. The insulitis score is shown (A) from a non-infiltrated islet (Score 0) (1), an islet with an infiltration
area less than 10 % (Score 1) (Il), an islet with an infiltration area less than 50 % (Score 2) (lll) and with more than
50 % infiltration (Score 3) (IV). The scale bars represent 200 um?. The amount of islets with a certain infiltration rate
were analyzed from all examined animals and expressed as cumulative proportions of afflicted islets (B). The
severity of insulitis was assessed by categorizing into four insulitis-scores: Score 0= no insulitis, 1= <10 % and peri-
insulitis, 2= <50 % infiltration, 3= >50 % infiltration (C). The proportion of islets with an area >200000 ym? and
scores 0-1 and 2-3 were determined (D). Islet areas less than 500 ym? were excluded. n= 9-10. ***p<0.001 by
Fisher's exact test.

3.1.12.6 Effect of isoflurane-anesthesia on glucose metabolism

In pilot-studies for the MRS/MRI measurements, the effect of the anesthetic isoflurane on the
blood glucose concentration was examined in female prediabetic 70-90 days old NOD TLR4*"*
and NOD TLR4" mice during an ipGTT. After 6 hours of fasting, mice were anesthetized with
isoflurane (anesthetized animals) and injected with either glucose (2 g/kg body weight) or equal
volumes of NaCl. The blood glucose concentrations were documented at -15 minutes
(baseline, before initiation of anesthesia), 0 (15 minutes in anesthesia, before glucose
injection) and 5, 15, 30, 60, 90, and 120 minutes after glucose injection. Before isoflurane
administration at -15 minutes, fasted NOD TLR4** and NOD TLR4" mice showed comparable
blood glucose levels in a normal range between 80-127 mg/dl (Figure 34A,B). Anesthesia by
isoflurane inhalation was initiated immediately after blood glucose measurements at -15
minutes. At 0 minutes, the mice were injected intraperitoneally with either a glucose- or 0.9 %
NaCl solution. As shown in Figure 34A, at 0 minutes, anesthetized NOD TLR4*"* mice injected
with NaCl (234121 mg/dl) showed higher blood glucose concentrations compared to
unanesthetized NOD TLR4** mice injected with glucose (8946 mg/dl) (p<0.001). At 5 minutes

after injections, anesthetized NOD TLR4** mice injected with glucose showed higher blood
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glucose levels (259+37 mg/dl) compared to unanesthetized NOD TLR4** mice injected with
glucose (1157 mg/dl) (p<0.001). From 15 minutes until 120 minutes after injections,
anesthetized NOD TLR4** mice injected with glucose showed higher blood glucose
concentrations compared to anesthetized NOD TLR4** mice injected with NaCl and
unanesthetized NOD TLR4** mice injected with glucose (p<0.001). After 30 minutes,
anesthetized NOD TLR4** mice injected with glucose showed a blood glucose maximum of
451+19 mg/dl compared to anesthetized NOD TLR4** mice injected with NaCl (187+18 mg/dl)
and unanesthetized NOD TLR4** mice injected with glucose (122+18 mg/dl) (p<0.001).
Nonlinear regression analysis revealed that the three curves were different (p<0.001) (Figure
34A). At 0 minutes, anesthetized NOD TLR4” mice (Glucose injection group: 168+5; NaCl
injection group: 185+17 mg/dl) showed “similar’ glucose concentrations compared to
unanesthetized NOD TLR4” mice injected with glucose (87+4 mg/dl) (Figure 34B). At 5
minutes after injection, anesthetized NOD TLR4” mice injected with glucose (274+24 mg/dl)
showed higher blood glucose levels compared to unanesthetized NOD TLR4” mice injected
with glucose (14417 mg/dl) (p<0.05). After 15 minutes until 120 minutes, anesthetized NOD
TLR4” mice injected with glucose showed higher blood glucose concentrations compared to
anesthetized NOD TLR4" mice injected with NaCl and unanesthetized NOD TLR4” mice
injected with glucose (p<0.001). After 30 minutes, anesthetized NOD TLR4” mice injected with
glucose showed a blood glucose maximum of 414+18 mg/dl compared to anesthetized NOD
TLR4”- mice injected with NaCl (166+15 mg/dl) and unanesthetized NOD TLR4" mice injected
with glucose (154114 mg/dl) (p<0.001). Nonlinear regression analysis revealed that the three
curves were different (p<0.05-0.001) (Figure 34B). Comparison of the blood glucose curves of
anesthetized NOD TLR4** and NOD TLR4" mice injected with glucose revealed similar blood
glucose concentrations over the period of 120 minutes (Figure 34C). The kinetics of blood
glucose levels of anesthetized NOD TLR4** and TLR4” mice injected with NaCl also showed

comparable blood glucose levels over the period of 120 minutes (Figure 34D).
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Figure 34: The effect of the anesthetic isoflurane on the blood glucose levels during an ipGTT in female
prediabetic NOD TLR4** and NOD TLR4"- mice. The blood glucose levels of female prediabetic NOD TLR4**
mice (A) and NOD TLR4"- mice (B) unanesthetized (black curve), with anesthesia and NaCl injection (brown curve)
and with anesthesia and glucose injection (grey curve) were determined. The blood glucose levels of NOD TLR4**
and NOD TLR4” mice under isoflurane inhalation with glucose injection (C) and with NaCl injection (D) were
compared. Data are given as means + SEM. n=3-5. *p<0.05, ***p<0.001 by one-way ANOVA and nonlinear
regression.

At the end of the observation period, at 120 minutes, glucose-treated unanesthetized NOD
TLR4** mice (0 min: 89+6; 120 min: 8417 mg/dl) and anesthetized NOD TLR4** mice with
NaCl injection (0 min: 1154£9; 120 min: 157+33 mg/dl) showed blood glucose concentrations
comparable to the levels at the beginning of the experiment (Figure 35A). Interestingly,
anesthetized NOD TLR4** mice with glucose injection did not return to their initial blood
glucose levels, but showed higher blood glucose concentrations at the end (327+32 mg/dl)
compared to the beginning of the experiment (102+9 mg/dl) (p<0.001). Glucose treated
anesthetized NOD TLR4** mice (327+32 mg/dl) showed higher blood glucose levels at 120
minutes than either NaCl-treated anesthetized NOD TLR4** mice (157+33 mg/dl) or glucose-
treated unanesthetized NOD TLR4** mice (84+7 mg/dl) (both p<0.001) (Figure 35A).
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Glucose-treated unanesthetized NOD TLR4” mice (0 min: 87+4; 120 min: 639 mg/dl) and
anesthetized NOD TLR4” mice injected with NaCl (0 min: 105x6; 120 min: 12612 mg/dl)
showed comparable blood glucose concentrations at the beginning and at the end of the
experiment (Figure 35B). In anesthetized NOD TLR4” mice injected with glucose, the blood
glucose levels at the end of the experiment (360+52 mg/dl) were higher than at the beginning
(977 mg/dI) (p<0.001). Glucose-treated anesthetized NOD TLR4”- mice, showed higher blood
glucose levels at 120 minutes (360+52 mg/dl) than either NaCl-treated anesthetized NOD
TLR4”" mice (126x12 mg/dl) or glucose-treated unanesthetized NOD TLR4" mice (639 mg/dl)
(both p<0.001) (Figure 35B).
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Figure 35: Effect of isoflurane anesthesia on blood glucose levels of NOD TLR4** and NOD TLR4”- mice at
the beginning and the end of an ipGTT. The blood glucose levels of NOD TLR4** mice (A) and NOD TLR4"
mice (B) without anesthesia (black bars), with anesthesia and NaCl injection (brown bars) and with anesthesia and
glucose injection (grey bars) were determined at the beginning (0 minutes) and the end (120 minutes) of an ipGTT.
Data are given as means + SEM. n=3-5. ***p<0.001 by one-way ANOVA.

For further comparison of the blood glucose concentrations, the area (AUC) and the
incremental area (IAUC) under the respective concentration-time curves were determined
(Figure 36A). The iIAUC was calculated as total area (positive peaks plus negative peaks). The
calculation of the AUC showed, that anesthetized NOD TLR4** mice with an injection of either
NaCl (2376012483 mg/(dl x 2h)) (p<0.05) or glucose (48436+3245 mg/(dl x 2h)) (p<0.001)
showed higher blood glucose concentrations during the ipGTT compared to glucose-treated
unanesthetized mice (129361058 mg/(dl x 2h)). Additionally, the blood glucose levels of
anesthetized NOD TLR4** mice injected with glucose were higher during the ipGTT compared
to anesthetized mice injected with NaCl (p<0.001). The determination of the iIAUC (total area)
showed, that glucose-treated anesthetized NOD TLR4** mice (34666+2696 mg/(dl x 2h))
showed higher blood glucose concentrations during the ipGTT compared to NaCl-treated
anesthetized mice (1079413879 mg/(dl x 2h)) and glucose-treated unanesthetized mice
(32704835 mg/(dl x 2h)) (p<0.001) (Figure 36A). The calculation of the AUC in NOD TLR4"-
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mice showed, that glucose-treated anesthetized mice (47635+3486 mg/(dl x 2h)) showed
higher blood glucose concentrations during the ipGTT compared to NaCl-treated anesthetized
mice (19843+1990 mg/(dl x 2h)) and glucose-treated unanesthetized mice (13880+450 mg/(dl
x 2h)) (p<0.001) (Figure 36B). There was no difference in the AUC between NaCl-treated
anesthetized NOD TLR4" mice and glucose-treated unanesthetized mice. The determination
of the IAUC (total area) showed, that glucose-treated anesthetized NOD TLR4” mice
(34607+4285 mg/(dl x 2h)) showed higher blood glucose concentrations during the ipGTT
compared to NaCl-treated anesthetized mice (6143+1537 mg/(dl x 2h)) and glucose-treated
unanesthetized mice (4440405 mg/(dl x 2h)) (p<0.001) (Figure 36B).
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Figure 36: Area under the glucose concentration time curve and incremental area under the curve of an
ipGTT in female prediabetic NOD TLR4** and NOD TLR4"- mice. The area and the incremental area under the
respective concentration-time curves were determined in female prediabetic NOD TLR4** (A) and NOD TLR4"
mice (B) without anesthesia but glucose injection and with anesthesia treatment with either NaCl injection or glucose
injection. The incremental area under the curve was determined in the above-mentioned groups of mice and shown
as total area. Data are given as means + SEM. n=4-5. *p<0.05, ***p<0.001 by one-way ANOVA.
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3.1.12.7 Effect of isoflurane-anesthesia on plasma insulin levels

The effect of anesthesia by isoflurane on plasma insulin levels during an ipGTT was
determined in female prediabetic 70-90 days old NOD-TLR4** and NOD TLR4" mice. The
plasma insulin levels were measured 15 minutes after initiation of anesthesia (15 min) and
again 15 minutes after glucose injection (30 min). After 15 minutes of anesthesia, NOD TLR4-
" mice showed higher plasma insulin levels compared to NOD TLR4** mice (TLR4*:
1.13£0.20; TLR4": 2.13+0.03 ug/l) (p<0.05). After glucose injection, NOD TLR4" mice showed
higher plasma insulin levels compared to NOD TLR4** mice (TLR4**: 1.08+0.20; TLR4™:
2.03+0.18 pg/l) (p<0.05). No difference was detectable in insulin levels before (15 min) and
after glucose injection (30 min) in NOD TLR4** and NOD TLR4" mice (Figure 37).
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Figure 37: Effect of isoflurane anesthesia on plasma insulin levels in female prediabetic NOD TLR4** and
NOD TLR4’- mice. Plasma insulin concentrations were measured in female prediabetic NOD TLR4** and NOD
TLR4”- mice at 15 and 30 minutes after glucose injection. Data are given as means + SEM. n=2-4. *p<0.05 by
Student’s t-test.

3.1.13 Effect of the TLR4-expression status on lipid metabolism
To investigate the possible effect of the TLR4-expression status on lipid homeostasis, plasma
samples of non-fasted female prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice

were analyzed for parameters of lipid metabolism such as FFA, TG, HDL and LDL.

3.1.13.1 Plasma free fatty acid and triglyceride levels

Plasma FFA and TG levels were analyzed from samples of non-fasted female prediabetic NOD
TLR4** and NOD TLR4” mice. NOD TLR4** and NOD TLR4" mice showed comparable FFA
concentrations in the plasma (TLR4**: 741.9+82.0; TLR4": 920.7+102.4 umol/l) (Figure 38A).
Additionally, similar TG concentrations in the plasma of NOD TLR4** and NOD TLR4" mice
were found (TLR4*"*: 143.1£12.2; TLR47: 160.6+15.1 mg/dl) (Figure 38B).
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Figure 38: Comparable plasma free fatty acid and triglyceride levels in female prediabetic NOD TLR4** and
NOD TLR4- mice. Free fatty acid levels in ymol/l (A) and triglyceride concentrations in mg/dl (B) were measured
in the plasma of non-fasted female prediabetic NOD TLR4** and NOD TLR4"- mice at the age of 70-90 days. Data
are given as means = SEM. n=10.

3.1.13.2 Plasma levels of cholesterol, HDL, LDL and CRP

Plasma samples of female prediabetic NOD TLR4** and NOD TLR4" mice, aged 70-90 days,
were analyzed for their cholesterol, HDL, LDL and CRP levels. NOD TLR4** and NOD TLR4
" mice showed comparable cholesterol concentrations (TLR4**: 78.3+2.4; TLR4™": 75.4+2.0
mg/dl) (Figure 39A). Plasma HDL and LDL analyses revealed no difference between NOD
TLR4** and NOD TLR47 mice (HDL: TLR4"*: 48.9+1.6; TLR4": 50.4+1.4 mg/dl; LDL: TLR4**:
10.9+0.28; TLR4": 10.4+0.36 mg/dl) (Figure 39B,C). Furthermore, NOD TLR4** and NOD
TLR4” mice showed similar plasma levels of CRP (TLR4**: 0.126+0.030; TLR4": 0.128+0.029
mg/dl) (Figure 39D).
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Figure 39: Comparable plasma cholesterol, high and low density lipoprotein and C-reactive protein levels
in female prediabetic NOD TLR4** and NOD TLR4"- mice. Concentrations of cholesterol in mg/dl (A), high density
lipoprotein in mg/dl (B), low density lipoprotein in mg/dl (C) and C-reactive protein in mg/dl (D) were measured in
the plasma of female prediabetic NOD TLR4** and NOD TLR4" mice. Data are given as means + SEM. n=10.

3.1.13.3 Composition of fat depots

To analyze a possible effect of the TLR4-expression status on lipid composition of different fat
depots, '"H MRS was applied in female prediabetic 70-90 days old NOD TLR4** and NOD
TLR4”- mice. Fat depots including VAT, NAT (BAT and WAT) and BAT were visualized and
their SFA, MUFA and PUFA contents were quantified.

The voxel positioning in axial direction in the VAT depot of the mice to measure the FA
composition is shown in Figure 40A and Figure 40B shows a representative '"H MRS spectrum
of VAT with the H.O reference peak. The peak assignments of SFA, MUFA and PUFA with
location and type were determined (Table 12). NOD TLR4** and NOD TLR4" mice showed
comparable proportions of SFA (TLR4**: 19.6+3.8; TLR4": 24.9+3.9 %) and MUFA (TLR4""*:
52.1+£2.6; TLR4": 53.94£3.0 %) in VAT (Figure 40C,D). Interestingly, NOD TLR4" mice showed
a lower percentage of PUFA in VAT compared to NOD TLR4** mice (TLR4**: 21.2+1.5; TLR4"
I 28.7+2.0 %) (p<0.01) (Figure 40E).
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Figure 40: Effect of the TLR4-expression status on fat composition of VAT in female prediabetic NOD
TLR4** and NOD TLR4"- mice. Voxel positioning in axial direction in VAT to determine the FA composition (A) and
a representative '"H MRS VAT spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and -
CH-0-CO-, 2: -CH2-0O-CO-, 3: -CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CH:-, 5: -CO-CH2-CH2-
and -(CH2)n-, 6: -(CH2)n-CHs [214]. The percentage of SFA (C), MUFA (D) and PUFA (E) of total FA (total FA= 100
%) in VAT in NOD TLR4** and NOD TLR4" mice was determined by MRS (Table 12). Data are given as means +
SEM. n=11-19. **p<0.01 by Student’s t-test.

Table 12: Peak assignments with location (ppm) and type [214].

Peak

Location (ppm) Assignment Type
1 5.29 -CH=CH- Olefinic
5.19 -CH-O-CO- Glycerol
Water 4.70 H.O -
2 4.20 -CH2-O-CO- Glycerol
3 2.75 -CH=CH-CH>- Diacyl
CH=CH-
4 2.24 -CO-CH,-CHa- a-Carboxyl
2.02 -CH2-CH=CH-CH- a-Olefinic
5 1.60 -CO-CH,-CH:- B-Carboxyl
1.30 -(CH2)n- Methylene
6 0.90 -(CH2)n-CH3 Methyl

To measure the FA composition in the NAT, which consists of the WAT and BAT depots, the
voxel was positioned in axial direction in the NAT depot of the NOD TLR4** and NOD TLR4™"
mice (Figure 41A). A representative 'H MRS spectrum of NAT with the H,O reference peak is
shown in Figure 41B. The peak assignments for SFA, MUFA and PUFA were determined with
their location and type (Table 12). NOD TLR4** mice and NOD TLR4” mice showed
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comparable proportions of SFA (TLR4**: 38.2+4.6; TLR4": 31.7+5.0 %), MUFA (TLR4""*:
48.1+4.0; TLR4": 55.1+4.6 %) and PUFA (TLR4*"*: 13.8+1.6; TLR4™: 13.4%1.7 %) in the NAT
(Figure 41C-E).

C NAT: SFA D NAT: MUFA E NAT :PUFA
g 50 s 80 S 20

§% 5 60 515

‘in 30 = £

e 840 210

g 20 £ £

E E B

(=]

TLR4™  TLR4™

TLR4™  TLR4™

TLR4™  TLR4™

Figure 41: Effect of the TLR4-expression status on fat composition of the NAT in female prediabetic NOD
TLR4** and NOD TLR4" mice. Voxel positioning in axial direction in the NAT to determine the FA composition (A)
and a representative '"H MRS NAT spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and
-CH-0-CO-, 2: -CH2-0-CO-, 3: -CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CHz2-, 5: -CO-CH2-CH:-
and -(CH2)n-, 6: -(CH2)n-CHs (Table 12). The percentage of SFA (C), MUFA (D) and PUFA (E) of total FA (total

FA= 100 %) in NAT in NOD TLR4** and NOD TLR4"- mice was determined by MRS. Data are given as means *
SEM. n=20-22.

The composition of fatty acids in VAT was compared to the fatty acid composition in NAT in
female prediabetic 70-90 days old NOD TLR4** and NOD TLR4”7 mice. NOD TLR4** mice
showed lower amounts of SFA in VAT (19.6+3.8 %) than NAT (38.2+4.6 %) (p<0.05), but NOD
TLR4” mice showed similar amounts of SFA in VAT (24.9+3.9 %) and NAT (31.7+5.0 %).
Additionally, NOD TLR4** and NOD TLR4” mice showed comparable amounts of MUFA in
VAT (TLR4"*: 52.1+2.6; TLR47: 53.9+3.0 %) and NAT (TLR4"*: 48.1+4.0; TLR4": 55.1+4.6
%). Interestingly, a higher amount of PUFA was found in VAT (TLR4**: 28.7+2.0; TLR4™:
21.2+1.5 %) compared to similar PUFA levels in NAT (TLR4**: 13.8+1.6; TLR4™: 13.4+1.7 %)
in both NOD TLR4** and NOD TLR4" mice (p<0.01-0.001).

To analyze FA composition in BAT, the voxel was positioned in axial direction in the BAT of
NOD TLR4** and NOD TLR4” mice (Figure 42A). A representative '"H MRS spectrum of BAT
with the H,O reference peak and SFA, MUFA and PUFA peaks assignments is shown in Figure
42B. NOD TLR4** mice and NOD TLR4”" mice showed comparable percentages of SFA
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(TLR4"*: 19.0+8.0; TLR4": 33.4£9.0 %), MUFA (TLR4**: 51.7+4.0; TLR4": 40.2+9.9 %) and
PUFA (TLR4**: 29.346.5; TLR4": 26.4+5.3 %) in their BAT depots (Figure 42C-E).
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Figure 42: Effect of TLR4-expression status on fat composition of the BAT in female prediabetic NOD
TLR4** and NOD TLR4” mice. Voxel positioning in axial direction in the BAT to measure the FA (A) and a
representative 'H MRS BAT spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and -CH-
0O-CO-, 2: -CH2-0-CO-, 3: -CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CH2-, 5: -CO-CH2-CH2- and
-(CHz)n-, 6: -(CH2)n-CHs (Table 12). The percentages of SFA (C), MUFA (D) and PUFA (E) of total FA (total FA=

100 %) in BAT in NOD TLR4** and NOD TLR4 mice were determined by MRS. Data are given as means + SEM.
n=5-6.

3.1.13.4 Hepatocellular lipid content

To investigate the effect of TLR4-deficiency on the accumulation of liver fat, the amount of HCL
in female prediabetic NOD TLR4** and NOD TLR4” mice was measured by MRS. The voxel
positioning in coronal (left) and axial (right) direction in the liver to quantify the lipid content is
shown in Figure 43A. A representative '"H MRS spectrum of the liver with the H.O reference
peak and CH; and CHj3 peaks is shown in Figure 43B. Interestingly, NOD TLR4" mice showed

a lower percentage of HCL signal intensity compared to NOD TLR4** mice (TLR4*"*: 4.2+0.8;
TLR4" 2.420.3 %) (p<0.05) (Figure 43C).
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Figure 43: Lower HCL levels in NOD TLR4"- mice compared to NOD TLR4** mice. Voxel positioning in coronal
(left) and axial (right) direction in the liver to analyze lipid composition (A) and a representative 'H MRS liver
spectrum (B). HCL content was analyzed in female prediabetic NOD TLR4** and NOD TLR4 mice (C). Data are
given as means + SEM. n=17-18. *p<0.05 by Student’s t-test.

3.1.13.5 Triglyceride content in the liver

The potential effect of the TLR4-expression status on TG content in liver tissue was analyzed
via histological liver sections in female prediabetic 70-90 days old NOD TLR4** and NOD
TLR4" mice. On each section, lipids were stained, visualized and the means of the lipid
containing areas were plotted against the total areas of the liver sections. NOD TLR4** and
NOD TLR4" mice showed similar TG content in the liver (TLR4**: 36.5+8.0; TLR4": 40.1+3.3
umM?/10.000 um? hepatic tissue) (Figure 44A). The lipid containing areas were categorized
according to their size of 0-10, 20-30, 40-70, 80-140 and 150-310 lipid containing areas in
um?/10.000 pm? hepatic tissue. There was no difference in the frequency distribution of the TG
containing area size in NOD TLR4** and NOD TLR4” mice (Figure 44B).
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Figure 44: Effect of the TLR4-expression status on the triglyceride content in liver tissue in female
prediabetic NOD TLR4** and NOD TLR4"- mice. The proportion of the lipid containing area of the total analyzed
area was determined in liver tissue of female prediabetic NOD TLR4** and NOD TLR4” mice (A). The frequency
distribution was measured from each liver section that was analyzed and categorized by area size in 0-10, 20-30,

40-70, 80-140 and 150-310 um? lipid containing area/10.000 um? hepatic tissue (B). Data are given as means *
SEM. n=7.

3.1.14 Fatty acid receptor expression

The possible effect of the TLR4-expression status on the expression of fatty acid receptors
CD36 and FFAR2 in liver, skeletal muscle and VAT of female prediabetic 70-90 days old NOD
TLR4** and NOD TLR4” mice was analyzed by western blotting using beta-actin as reference

protein. For each analysis, a representative blot and graph are shown.

3.1.14.1 Expression of fatty acid receptors in liver tissue

NOD TLR4** and NOD TLR4™ mice showed similar relative CD36 expression levels in liver
tissue (TLR4**: 2.17+0.52; TLR4": 2.27+0.30 relative expression) (Figure 45A). The relative
expression of FFAR2 in liver tissue was also comparable in NOD TLR4** and NOD TLR4™"
mice (TLR4**:0.42+0.09; TLR4": 0.45+0.10 relative expression) (Figure 45B).
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Figure 45: Effect of the TLR4-expression status on protein expression of the FA receptors CD36 and FFAR2
in liver tissue of female prediabetic NOD TLR4** and NOD TLR4”- mice. Signals after blotting and relative
expression of CD36 (A) and FFAR2 (B) in liver tissue of female prediabetic NOD TLR4** and NOD TLR4” mice

are shown. CD36 and FFAR2 antibodies were used for detection and beta-actin served as protein reference. Data
are given as means + SEM. n=7-8.

3.1.14.2 Expression of fatty acid receptors in skeletal muscle tissue

NOD TLR4** and NOD TLR4"- mice showed similar relative CD36 expression levels in skeletal
muscle tissue (TLR4**: 3.19£0.84; TLR4": 5.44+1.44 relative expression) (Figure 46A). The
relative expression of FFAR2 in skeletal muscle tissue was also comparable in NOD TLR4*"*

and NOD TLR4” mice (TLR4"*: 2.35+0.56; TLR4": 3.16+1.02 relative expression) (Figure
46B).
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Figure 46: Effect of the TLR4-expression status on protein expression of the FA receptors CD36 and FFAR2
in skeletal muscle tissue of female prediabetic NOD TLR4** and NOD TLR4" mice. Signals after blotting and
relative expression of CD36 (A) and FFAR2 (B) in skeletal muscle tissue of female prediabetic NOD TLR4** and
NOD TLR4"- mice are shown. CD36 and FFAR2 antibodies were used for detection and beta-actin served as protein
reference. Data are given as means + SEM. n=4.

3.1.14.3 Expression of fatty acid receptors in VAT

FFAR2 was not detectable in VAT by western blotting. NOD TLR4** and NOD TLR4” mice
showed similar relative CD36 expression levels in VAT (TLR4**: 2.42+0.27; TLR4": 4.09+1.42
relative expression) (Figure 47).
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Figure 47: Effect of the TLR4-expression status on protein expression of the FA receptors CD36 and FFAR2
in VAT of female prediabetic NOD TLR4** and NOD TLR4"- mice. Signals after blotting and relative expression
of CD36 in VAT of NOD TLR4** and NOD TLR4"- mice are shown. CD36 antibody was used for detection and
beta-actin served as protein reference. Data are given as means + SEM. n=6-10.
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3.1.15 Plasma SCFA levels

The SCFA content of plasma samples from non-fasted female prediabetic 70-90 days old NOD
TLR4** and NOD TLR4" mice was measured by GC/MS, to determine the possible effect of
the TLR4-expression status on plasma SCFA levels before diabetes manifestation.

Blood samples of NOD TLR4” mice showed lower total SCFA content compared to samples
of NOD TLR4** mice (TLR4": 137.8+2.9; TLR4**: 160.7+5.0 uM) (p<0.001) (Figure 48A).

To further determine the SCFA levels in plasma samples, individual SCFA were measured and
quantified. The concentrations of the most abundant SCFA acetic acid, propionic acid and
butyric acid were determined as well as the levels of isobutryic acid, valeric acid, isovaleric
acid, isocaproic acid and hexanoic acid.

Compared to NOD TLR4** mice, NOD TLR4” mice showed lower levels of the most abundant
SCFA acetic acid, propionic acid and butyric acid (Acetic acid: TLR4"*: 147.8+3.9; TLR4™":
130.4+2.7 uM) (p<0.01) (Propionic acid: TLR4"*: 8.8+0.8; TLR4": 5.10.4 uM) (p<0.001)
(Butyric acid: TLR4**: 2.7+0.4; TLR4": 1.3+0.3 uM) (p<0.05) (Figure 48B).

Concentrations of less abundant SCFA like isobutyric acid, isovaleric acid and hexanoic acid
were also lower in NOD TLR4” mice compared to NOD TLR4** mice (Isobutyric acid: TLR4*"*:
0.35+0.09; TLR4": 0.13+0.04 uM) (p<0.05) (Isovaleric acid: TLR4**: 0.29+0.01; TLR4™":
0.25+0.02 puM) (p<0.05) (Hexanoic acid: TLR4**: 0.36+0.08; TLR4": 0.08+0.05 uM) (p<0.01)
(Figure 48B).

However, comparable valeric acid and isocaproic acid concentrations were found in plasma
samples of NOD TLR4** and NOD TLR4" mice (Valeric acid: TLR4**: 0.37+0.02; TLR4™":
0.28+0.04 uM; Isocaproic acid: TLR4**: 0.16+0.01; TLR47: 0.17+0.02 uM) (Figure 48B).
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Figure 48: Lower SCFA plasma concentrations in NOD TLR4’- mice compared to NOD TLR4** mice.
Concentrations of SCFA were determined in plasma of non-fasted female prediabetic 70-90 days old NOD TLR4**
and NOD TLR4" mice by GC/MS. Data of total SCFA in uM (A) and individual SCFA in uM (B) were analyzed. Data
are given as means + SEM. n=10. *p<0.05, **p<0.01, ***p<0.001 by Student’s t-test.
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3.1.16 SCFA levels in gut segments

Since plasma samples showed altered SCFA levels in NOD TLR4” mice, the intraluminal
concentrations of SCFA in gut segments of non-fasted female prediabetic 70-90 days old NOD
TLR4** and NOD TLR4" mice were analyzed. The concentration of SCFA content of acetic
acid, propionic acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid was measured
in the small intestine, cecum and colon.

The concentration of SCFA content of each gut segment showed comparable SCFA
concentrations in NOD TLR4** mice and NOD TLR4" mice (Small intestine: TLR4**: 670+63;
TLR4”: 606+34 umol/l; Cecum: TLR4**: 6213+448; TLR4™": 5485+253 umol/l; Colon: TLR4**:
3278+432; TLR4™: 31424333 umol/l) (Figure 49).
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Figure 49: Comparable SCFA concentrations in small intestine, cecum and colon of female prediabetic NOD
TLR4** and NOD TLR4- mice. Intraluminal concentrations in umol/l of SCFA in small intestine, cecum and colon
were measured in non-fasted female prediabetic NOD TLR4** and NOD TLR4"- mice. Data are given as means *
SEM. n=8-10.

To further investigate the SCFA levels in the gut segments, single SCFA were analyzed and
quantified in the lumen of small intestine, cecum and colon of non-fasted female prediabetic
70-90 days old NOD TLR4** and NOD TLR4” mice. NOD TLR4** and NOD TLR4" mice
showed comparable SCFA content in each gut compartment. The two distal gut segments,
cecum and colon, showed the highest SCFA concentrations compared to the small intestine
(Figure 50).
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Figure 50: Effect of the TLR4-expression status on intraluminal concentrations of SCFA in gut segments of
female prediabetic NOD TLR4** and NOD TLR4” mice. Concentrations of SCFA were determined by GC/MS in
the lumen of the small intestine, cecum and colon of non-fasted female prediabetic NOD TLR4** and NOD TLR4"-
mice. Data are given as means + SEM. n=8-10. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA.
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For further analyses, the ratios of the SCFA concentrations in plasma and in the gut segments
were calculated. Detailed analyses of the individual gut segments revealed, that the ratios
between plasma and small intestine for acetic acid and butyric acid concentrations were
comparable between NOD TLR4** and NOD TLR4” mice (Acetic acid: TLR4**: 0.28+0.04;
TLR4": 0.25+0.01; Butyric acid: TLR4**: 0.36+0.07; TLR4": 0.25+0.06). However, compared
to NOD TLR4** mice, NOD TLR4” mice showed a lower ratio between plasma and small
intestine for propionic acid concentrations (TLR4**: 0.22+0.03; TLR4": 0.14+0.01) (p<0.01)
(Figure 51A).

Furthermore, the ratios between plasma and cecum for acetic acid concentrations revealed
comparable levels for NOD TLR4** and NOD TLR4” mice (TLR4**: 0.045+0.004; TLR4™":
0.046£0.003). But the ratios between the concentrations of plasma and cecum for propionic
acid and butyric acid respectively were about two-fold lower in NOD TLR4” than in NOD
TLR4*"* mice (Propionic acid: TLR4**: 0.011+0.002; TLR4": 0.006+0.001) (p<0.05) (Butyric
acid: TLR4**: 0.0018+0.0003; TLR4": 0.0007+0.0002) (p<0.01) (Figure 51B).

The ratios between plasma and colon for acetic acid and butyric acid showed comparable
concentrations for NOD TLR4** and NOD TLR4" mice (Acetic acid: TLR4**: 0.070+0.007;
TLR47: 0.058+0.004; Butyric acid: TLR4""*: 0.006+0.002; TLR4": 0.002+0.001). However, the
ratios between plasma and colon for propionic acid were lower in NOD TLR4” than in NOD
TLR4** mice (TLR4*"*: 0.018+0.002; TLR4": 0.011£0.001) (p<0.05) (Figure 51C).
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Figure 51: Ratios of SCFA concentrations between plasma and gut segments in female prediabetic NOD
TLR4** and NOD TLR4”-mice. Ratios of the concentrations of the three most abundant plasma SCFA and SCFA
of the small intestine (A), cecum (B) and colon (C) of non-fasted female prediabetic NOD TLR4** and NOD TLR4-
" mice were calculated. Data are given as means + SEM. n=9-10. *p<0.05, **p<0.01 by Student’s t-test.

3.1.17 Hepatic energy metabolism in NOD TLR4"- mice

To analyze the potential effect of the TLR4-expression status on the hepatic energy
metabolism, y-ATP, Pi, PME and PDE contents were determined in NOD TLR4** and NOD
TLR4" mice via MRS.

3.1.17.1 Hepatic ATP and Pi concentrations

To examine the possible effect of the TLR4-expression status on the ATP concentration in the
liver of female prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice, livers of mice
were analyzed by *'P MRS. The voxel was positioned in coronal (left) and axial (right) direction
in the liver (Figure 52A) and hepatic y-ATP and Pi content were measured by *'P MRS in NOD
TLR4** and NOD TLR4” mice (Figure 52B). NOD TLR4** and NOD TLR4” mice showed
comparable y-ATP (TLR4"*: 1.62+0.09; TLR4"": 1.42+0.07 mmol/l) and Pi (TLR4**: 1.12+0.08;
TLR47: 1.11+0.05 mmol/l) content in their livers (Figure 52C,D).
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Figure 52: Similar y-ATP and Pi levels in the liver of female prediabetic NOD TLR4** and NOD TLR4"- mice.
Voxel positioning in coronal (left) and axial (right) direction in the liver to measure y-ATP and Pi concentrations (A)
and a representative 3'P MRS liver spectrum (B). Hepatic y-ATP (C) and Pi (D) content was analyzed in female
prediabetic NOD TLR4** and NOD TLR4" mice. Data are given as means + SEM. n=13-16.

3P measurements were performed before and after intraperitoneal injection of 2g/kg glucose
and the y-ATP and Pi content was determined in the identical liver area before and 15 minutes
after the glucose injection in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4"
" mice. Comparable amounts of hepatic y-ATP were measured in NOD TLR4** and NOD
TLR4” mice before (TLR4**: 1.62+0.09; TLR47: 1.42+0.07 mmol/l) and after (TLR4"*:
1.50£0.09; TLR4": 1.65+0.05 mmol/l) glucose injection (Figure 53A). Interestingly, the
difference in y-ATP concentrations measured before and after glucose showed that NOD
TLR4” mice have a lower y-ATP concentration before and a higher y-ATP concentration after
glucose injection compared to NOD TLR4** mice (TLR4*"*: -0.12+0.06; TLR4": 0.23+0.06
mmol/l) (p<0.001) (Figure 53B). Additionally, NOD TLR4** and NOD TLR4” mice showed
similar concentrations of Pi in the liver before (TLR4**: 1.12+0.08; TLR4™": 1.11+0.05 mmol/I)
and after (TLR4**: 1.07+0.08; TLR4": 1.06+£0.06 mmol/l) glucose injection (Figure 53C).

Furthermore, the difference in Pi concentrations measured before and after glucose injection
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showed no differences between the genotypes (TLR4**: -0.046+0.07; TLR4": -0.049+0.07
mmol/l) (Figure 53D).
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Figure 53: Hepatic y-ATP and Pi concentrations before and after glucose injection in female prediabetic
NOD TLR4** and NOD TLR4"- mice. The hepatic y-ATP (A) concentrations of female prediabetic NOD TLR4**
and TLR4”- mice before and after intraperitoneal glucose injection were analyzed and their differences were
calculated (B). The hepatic Pi concentrations (C) were determined and Pi differences (D) in NOD TLR4** and TLR4-
" mice were calculated. A= y-ATP and Pi levels after — before glucose injection in mmol/l. Data are given as means
+ SEM. n=13-16. ***p<0.001 by Student’s t-test.

3.1.17.2 Hepatic PME and PDE concentrations

The effect of the TLR4-expression status on PME and PDE concentrations in the liver was
measured in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice. For these
measurements, the voxel was positioned in coronal (left) and axial (right) direction in the liver
(Figure 54A) and hepatic PME and PDE contents were measured by *'P MRS (Figure 54B).
NOD TLR4** and NOD TLR4” mice showed comparable PME (TLR4"*: 1.13+0.08; TLR4":
1.08+0.07 mmol/l) and PDE (TLR4**: 0.198+0.04; TLR4": 0.202+0.03 mmol/l) content in the
liver (Figure 54C,D).
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Figure 54: Similar PME and PDE levels in the liver of female prediabetic NOD TLR4** and NOD TLR4" mice.
Voxel positioning in coronal (left) and axial (right) direction in the liver to measure PME and PDE concentrations (A)
and a representative 3'P MRS liver spectrum (B). Hepatic PME (C) and PDE (D) contents were analyzed in female
prediabetic NOD TLR4** and NOD TLR4” mice. Data are given as means + SEM. n=11-13.

3P measurements were performed before and after intraperitoneal injection of 2g/kg glucose
and the PME and PDE content in the liver was determined in the identical liver area before
and 15 minutes after the glucose injection in female prediabetic 70-90 days old NOD TLR4*"*
and NOD TLR4" mice. Comparable amounts of hepatic PME were measured in NOD TLR4*"*
and NOD TLR4" mice before (TLR4**: 1.10+0.08; TLR4": 1.08+0.07 mmol/l) and after
(TLR4**: 1.40+0.13; TLR4”: 1.26+0.09 mmol/l) glucose injection (Figure 55A). Moreover, the
change in PME concentration measured before and after glucose injection showed no
differences in NOD TLR4** and NOD TLR4" mice (TLR4**: 0.31+0.18; TLR4": 0.19+0.09
mmol/l) (Figure 55B).

No changes in hepatic PDE concentrations after glucose injection were observed in both
genotypes (before: TLR4**: 0.20+0.05; TLR47: 0.21+£0.03 mmol/l; after: TLR4**: 0.20+0.05;
TLR47: 0.17+0.04 mmol/l) (Figure 55C). Additionally, the change in PDE concentration
measured before and after glucose injection showed no differences between the two
genotypes (TLR4**: 0.006+0.045; TLR4": -0.042+0.034 mmol/l) (Figure 55D).
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Figure 55: Hepatic PME and PDE concentrations before and after glucose injection in female prediabetic
NOD TLR4** and NOD TLR4"- mice. The hepatic PME (A) concentration in female prediabetic NOD TLR4** and
NOD TLR4" mice before and after glucose injection were analyzed and the differences calculated (B). The hepatic
PDE concentrations (C) were measured and the differences in PDE concentrations (D) were determined in NOD
TLR4** and TLR4"- mice. A= PME and PDE levels after — before glucose injection in mmol/l. Data are given as
means + SEM. n=10-13.
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3.2 Effect of HFD on metabolic parameters in the prediabetic phase of
NOD TLR4’ mice, a model of accelerated development of insulin-

deficient diabetes
The second section of this thesis focused on the analysis of the potential effects of a higher fat
intake on the metabolism in NOD TLR4” mice. To this end, NOD TLR4** and NOD TLR4™"
mice were fed a HFD from an age of 30 days to an age of 70-90 days followed by metabolic

phenotyping of the animals.

3.2.1 Metabolic phenotyping

To characterize a possible effect of HFD-feeding in NOD TLR4** and NOD TLR4” mice on
metabolic parameters, basic metabolic parameters such as food and water intake, physical
activity, respiratory quotient and energy expenditure were analyzed. Each parameter was
measured during two light- and two dark-phases (each phase 12 hours light/ 12 hours dark)
after an adaptation period of the animals to the housing conditions of the metabolic test system
for one light and one dark phase. The data for food and water intake were combined from both
light-phases and both dark-phases. For the other metabolic parameters, the mean of both light-

phases and both dark-phases was determined.

3.2.1.1 Water- and food intake

Animals had free access to water and food during the light- and dark-phase measurements.
The water intake of NOD TLR4** and NOD TLR4” mice fed with HFD was comparable in the
light-phases and in the dark-phases and between the genotypes (Figure 56A). NOD TLR4*"*
and NOD TLR4" mice fed with HFD had lower water intake in the dark-phases compared to
NOD TLR4** and NOD TLR4” mice fed with SD (TLR4**: SD: 0.21+0.02; HFD: 0.12+0.01
ml/g body weight; TLR4”: SD: 7: 0.24+0.02; HFD: 0.11+0.01 ml/g body weight) (all p<0.001)
(Figure 56A). After 72 hours, NOD TLR4** and NOD TLR4” mice fed with HFD revealed lower
total water intake than mice fed with SD (TLR4**: SD: 0.43+0.03; HFD: 0.24+0.02 ml*g body
weight™72 h'; TLR4”: SD: 0.44+0.02; HFD: 0.24+0.02 ml*g body weight'*72 h™') (both
p<0.001) (Figure 56B).

The food intake of mice fed with HFD could not be measured during the phases as the device
for the registration of food uptake is not designed for holding sticky substances such as pellets
with a high fat content. To overcome this issue, the HFD was weighed and placed in each cage
on a culture dish and only at the end of the experiment (72 hours) the remaining HFD was
weighed again. After 72 hours in the system, NOD TLR4** and NOD TLR4" mice fed with
HFD showed lower food intake compared to mice on SD (TLR4**: SD: 0.47+0.02; HFD:
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0.33+0.02 g*g body weight*72 h™'; TLR4": SD: 0.47+0.01; HFD: 0.32+0.02 g*g body weight
*72 h') (Figure 56C).
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Figure 56: Comparable water and food intake in female prediabetic NOD TLR4** and NOD TLR4”- mice fed
with either SD or HFD. Female prediabetic NOD TLR4** and NOD TLR4" mice fed with SD or HFD were analyzed
in a system that measures metabolic parameters such as water (A+C) and food (B) intake over 2 light- and 2 dark-
phases. The data show the water and food intake in ml/g body weight and g/g body weight in two light-phases and
two dark-phases. Data are given as means + SEM. n=7-10. ***p<0.001 by one-way ANOVA.

3.2.1.2 Physical activity

During the light- and dark-phase measurements, the physical activity was measured for a
period of 2 light- and 2 dark-phases. The physical activity of the mice is assessed by the
number of interruptions of infrared beams registered as “counts”. The physical activity was
increased in both dark-phases compared to the light-phases in NOD TLR4** and NOD TLR4
" mice fed with HFD, similar to mice fed with SD (Figure 57A). NOD TLR4** and NOD TLR4™"
mice fed with HFD showed a higher mean physical activity in the dark-phases compared to the
light-phases (Dark-phases: TLR4**: 2269+152; TLR47: 1906+170 counts; light-phases:
TLR4**: 804+85; TLR4": 691+102 counts) (p<0.01-0.001) (Figure 57B). There was no

difference between the genotypes and the diets in the light-phases and in the dark-phases.
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Figure 57: Comparable physical activity in female prediabetic NOD TLR4** and NOD TLR4"’- mice fed with
SD or HFD. The physical activity of female prediabetic NOD TLR4** and NOD TLR4" mice fed with SD or HFD
was analyzed in a system that detects metabolic parameters over 2 light- and 2 dark-phases. The data show the
physical activity in counts and the mean of both light-phases and both dark-phases. Data are given as means *
SEM. n=7-10. **p<0.01, ***p<0.001 by one-way ANOVA.

3.2.1.3 Respiratory quotient

The RQ was determined from the CO- production and the O, consumption (VCO./VO,). The
CO; production was lower in animals fed with HFD compared to animals fed with SD in the
dark-phases (SD: TLR4**: 94.6+3.2; TLR4": 96.4+1.9 ml/h; HFD: TLR4**: 83.2+2.2; TLR4™:
83.1£3.0 ml/h) (p<0.05) (Figure 58A). Interestingly, NOD TLR4** mice fed with HFD showed
higher CO- production in the dark-phases (83.2+2.2 ml/h) than in the light-phases (71.6+1.5
ml/h) (p<0.05). Comparing the O, consumption of these animals, NOD TLR4** and NOD TLR4
" mice on HFD revealed higher O, consumptions in the dark-phases (TLR4**: 106.0+2.2;
TLR47: 105.0£3.4 ml/h) than the light-phases (TLR4**: 90.9+1.5; TLR4": 91.5+3.5 ml/h)
(p<0.05-0.01) (Figure 58B). Additionally, NOD TLR4** mice fed with HFD showed higher O

consumptions in the light-phases compared to NOD TLR4** mice fed with SD (SD: 78.8+1.8;
HFD: 90.9+1.5 ml/h) (p<0.05).
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Feeding of the mice with a HFD leads to a RQ from 0.78 to 0.79 depending on the phase. The
RQ showed similar kinetics in both light-phases and both dark-phases in NOD TLR4** and
NOD TLR4" mice fed with HFD (Figure 58C). The mean RQ in both light- and both dark-
phases was comparable in the light-phases and the dark-phases in NOD TLR4** and NOD
TLR4”- mice fed with HFD (Figure 58D). Animals on HFD (Light-phases: TLR4**: 0.79+0.01;
TLR47: 0.79+0.01; dark-phases: TLR4**: 0.78+0.01; TLR4": 0.79+£0.01) showed lower RQ
rates compared to mice on SD (Light-phases: TLR4**: 0.88+0.01; TLR4": 0.88+0.01; dark-
phases: TLR4**: 0.94+0.01; TLR4": 0.95+0.01) (all p<0.001).

150 . 150 «

= —_

= 100 £

E E

OP‘ o~

S s0 g

TLR4**TLR4™ TLR4*"* TLR4™  TLR4*“TLR4" TLR4*"TLR4™ TLR4**TLR4™ TLR4** TLR4™  TLR4™ TLR4” TLR4*"*TLR4™
SD HFD SD HFD
Light Dark Light Dark Light Dark Light Dark
C —- TLR4**SD D "
— TLR4"SD T

. 11 - TLR4*f+ HFD _ 15

o TLR4" HFD o

2«. 1.0 . 2« 1.0

g 09 8

Z 205

g 08 g

x [+

1200 1920 2640 3360 4080 TLR4™ TLR4" TLR4"" TLR4™  TLR4™ TLR4" TLR4*" TLR4™
Light Dark Light Dark SD HFD

Light Dark Light Dark

Time (min)

Figure 58: Lower respiratory quotient in the light-phases and in the dark-phases in female prediabetic NOD
TLR4** and NOD TLR4” mice fed with HFD compared to mice fed with SD. The VCO2, VO2 and RQ of female
prediabetic NOD TLR4** and NOD TLR4” mice fed with SD or HFD were analyzed in a system that detects
metabolic parameters over 2 light- and 2 dark-phases. The data show VCO:2 (A) and VO2 (B) in ml/h and the RQ in
VCO2/VO2 (C+D) and the mean of both light-phases and both dark-phases. Data are given as means + SEM. n=7-
11. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA.

3.2.1.4 Energy expenditure

The energy expenditure was calculated from the VO and VCO, parameters during 2 light- and
2 dark-phases. Similar to animals fed with SD, NOD TLR4** and NOD TLR4" mice fed with
HFD showed the highest energy expenditure during the dark-phases and the lowest during the
light-phases (Figure 59A).

The mean of energy expenditure was higher in the dark-phases (TLR4**: 19.3+0.7; TLR4":
19.5+0.5 kcal*h'kg™') compared to the light-phases (TLR4**: 16.6+0.6; TLR4": 16.9+0.4
kcal*h'kg™) in NOD TLR4** and NOD TLR4” mice fed with HFD (p<0.05-0.01) (Figure 59B).
Furthermore, NOD TLR4** and NOD TLR4™ mice fed with HFD (TLR4**: 19.3+0.7; TLR4":
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19.5+0.5 kcal*h'kg™) showed lower energy expenditure in the dark-phases compared to
animals fed with SD (TLR4**: 21.5+0.5; TLR4": 22.0+0.4 kcal*h"'kg™") (both p<0.05).
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Figure 59: Lower energy expenditure in the dark-phases in female prediabetic NOD TLR4** and NOD TLR4-
- mice fed with HFD compared to mice fed with SD. The energy expenditure of female prediabetic NOD TLR4**
and NOD TLR4” mice fed with SD or HFD was analyzed in a system that detects metabolic parameters over 2
light- and 2 dark-phases. The data show the energy expenditure (A+B) in kcal*h"'kg™' and the mean of both light-
phases and both dark-phases. Data are given as means + SEM. n= 7-11. *p<0.05, **p<0.01, ***p<0.001 by one-
way ANOVA.

3.2.1.5 Whole-body carbohydrate and fat oxidation rates

The whole-body CHO and FAO rates were calculated from the VO, and VCO. parameters
during 2 light- and 2 dark-phases in NOD TLR4** and NOD TLR4" mice fed with SD and HFD.
The whole-body CHO rates were comparable in the light-phases and the dark-phases in NOD
TLR4** and NOD TLR4” mice fed with HFD (Figure 60A). Interestingly, NOD TLR4** and
NOD TLR4" mice fed with HFD (light-phases: TLR4**: 0.59+0.05; TLR4"": 0.61+0.06 mg/min;
dark-phases: TLR4**: 0.66+0.07; TLR47: 0.70+0.06 mg/min) revealed lower CHO rates than
animals fed with SD (light-phases: TLR4**: 1.07+0.08; TLR4”: 1.10+0.05 mg/min; dark-
phases: TLR4"*: 1.84+0.09; TLR4": 1.92+0.04 mg/min) (all p<0.001).

The whole-body FAO rates of NOD TLR4** mice fed with HFD were higher in the dark-phases
(0.64£0.02 mg/min) than in the light phases (0.54+0.02 mg/min) (p<0.05) (Figure 60B). NOD
TLR4*"* mice fed with HFD (light-phases: TLR4**: 0.54+0.02; TLR4": 0.54+0.03 mg/min; dark-
phases: TLR4**: 0.64+0.02; TLR47: 0.61+0.02 mg/min) showed higher whole-body FAO rates
in the dark-phases and in the light-phases compared to animals fed with SD (light-phases:
TLR4**: 0.26+0.02; TLR47: 0.26+0.02 mg/min; dark-phases: TLR4**: 0.15+0.02; TLR4":
0.131£0.02 mg/min) (all p<0.001).
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Figure 60: Lower whole-body carbohydrate and higher fat oxidation rates in female prediabetic NOD TLR4**
and NOD TLR4" mice fed with HFD compared to mice fed with SD. The CHO and FAO rates of female
prediabetic NOD TLR4** and NOD TLR4” mice fed with SD or HFD were analyzed in a system that detects
metabolic parameters over 2 light- and 2 dark-phases. The data show the CHO rates (A) in mg/min and the FAO
rates (B) in mg/min. The mean of both light-phases and both dark-phases is shown. Data are given as means *
SEM. n=7-11. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA.

3.2.2 Body weight and weight of liver and visceral adipose tissue

To assess the potential effect of feeding a HFD on the body, liver and VAT weight, female
prediabetic 70-90 days old NOD TLR4** and NOD TLR4” mice were analyzed before diabetes
manifestation. NOD TLR4** and NOD TLR4” mice fed with HFD showed higher body weight
compared to mice fed with SD (SD: TLR4"*: 24.5+0.3; TLR4": 24.4+0.6 g; HFD: TLR4"*:
29.2+0.6; TLR4™: 27.2+0.7 g) (both p<0.001). Comparable body weight was found in NOD
TLR4** and NOD TLR4" mice fed with HFD (Figure 61A). Additionally, the liver weight of NOD
TLR4** and NOD TLR47 mice fed with HFD and SD was similar (SD: TLR4**: 1.15+0.03;
TLR4": 1.14+0.03 g; HFD: TLR4"*: 1.12+0.02; TLR4": 1.10+0.06 g) (Figure 61B).
Furthermore, NOD TLR4** and NOD TLR4” mice fed with HFD showed higher amounts of
VAT than mice fed with SD (SD: TLR4**: 0.23+0.03; TLR47: 0.35+0.05 g; HFD: TLR4**:
1.27+0.05; TLR4": 0.96+0.10 g) (both p<0.001). Interestingly, compared to NOD TLR4** mice
fed with HFD, NOD TLR4" mice fed with HFD showed lower VAT weight (p<0.01) (Figure
61C).
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Figure 61: Increased body and visceral adipose tissue weight, but similar liver weight in NOD TLR4** and
NOD TLR4" mice fed with HFD compared to mice fed with SD. The body weight (A) in g, liver weight (B) in g
and VAT weight (C) in g were measured from female prediabetic NOD TLR4** and NOD TLR4" mice fed with SD
or HFD at the age of 70-90 days. Data are given as means + SEM. n=6-8. **p<0.01, ***p<0.001 by one-way ANOVA.

3.2.3 Development of body weight

To investigate the possible effect of a HFD on body weight development in female prediabetic
NOD TLR4** and NOD TLR4” mice before the age of diabetes manifestation, the body weight
was measured at seven time points between the age of 30 days and 72 days. The four groups
started with a similar body weight in the range of 18.03-19.85 g at the age of 30 days. After
two weeks (age 44 days) until age 72 days, NOD TLR4’ mice fed with HFD showed higher
body weight compared to NOD TLR4” mice fed with SD (p<0.05-0.001). Comparison of the
body weight curves of the four groups revealed that NOD TLR4** and NOD TLR4" mice fed
with HFD showed a higher body weight during the observation period compared to NOD
TLR4** and NOD TLR4 mice fed with SD (p<0.001). Interestingly, NOD TLR4” mice fed with

HFD showed an even higher body weight than NOD TLR4** mice fed with HFD (p<0.05)
(Figure 62).
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Figure 62: Accelerated body weight development in female prediabetic NOD TLR4** mice and NOD TLR4"
mice fed with HFD compared to mice fed with SD. The body weight development was measured from female
prediabetic NOD TLR4** and NOD TLR4" mice fed with SD or HFD at seven time points from an age of 30 to 72
days. The initial body weight of each animal was set to 100 %. Data are given as means + SEM. n=6-11. *p<0.05,
***$<0.001 by nonlinear regression. #p<0.05, ##p<0.01, ###p<0.001 comparison of NOD TLR4-- mice fed with HFD
and NOD TLR4”- mice fed with SD by one-way ANOVA.

3.2.4 White and brown adipose tissue weight

The weights of the WAT and BAT of the neck were measured from female prediabetic NOD
TLR4** and NOD TLR4” mice age 70-90 days fed with SD or HFD to examine the possible
impact of HFD-feeding on the development of these two AT compartments. The weights of the
WAT and BAT were determined separately and added to obtain the total weight of the NAT.
NOD TLR4** and NOD TLR4”" mice on HFD revealed comparable NAT, BAT and WAT
weights (Figure 63). However, NOD TLR4** and NOD TLR4” mice on HFD showed higher
NAT weights compared to mice on SD (SD: TLR4**: 51.9+4.2; TLR47: 53.0+3.8 mg/10g body
weight; HFD: TLR4**: 77.6+2.2; TLR47: 83.9+4.7 mg/10g body weight) (p<0.01-0.001) (Figure
63A). The BAT weight in NOD TLR4** mice fed with HFD was higher compared to NOD
TLR4*"* mice fed with SD (SD: 20.8+2.0; HFD: 29.5+1.8 mg/10g body weight) (p<0.05) (Figure
63B). There was no difference in the BAT weights of NOD TLR4" mice on HFD and SD.
Furthermore, NOD TLR4** and NOD TLR4” mice on HFD showed higher WAT weights
compared to mice on SD (SD: TLR4**: 31.1+2.9; TLR4": 30.2+1.6 mg/10g body weight; HFD:
TLR4**: 48.1+2.4; TLR4™": 58.0+4.5 mg/10g body weight) (p<0.05-0.001) (Figure 63C).
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Figure 63: Higher NAT, BAT and WAT weight in female prediabetic NOD TLR4** mice and NOD TLR4"- mice
fed with HFD compared to SD. The total NAT weight (A), BAT weight (B) and WAT weight (C) were measured
from female prediabetic NOD TLR4** and NOD TLR4” mice at the age of 70-90 days fed with SD or HFD. Data
are given as means + SEM. n=6-11. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA.

3.2.5 Liver, VAT, NAT and BAT volume

The possible effect of feeding a HFD to female prediabetic 70-90 days old NOD TLR4** and
NOD TLR4" mice was analyzed with regard to the volumes of liver, VAT, NAT and BAT. The
volume of each tissue was measured by encircling the shape of the tissue in each slice
sequentially acquired by MRT in the axial direction and analyzing each slide to determine the
entire tissue volume (Figure 64). NOD TLR4"* and NOD TLR4” mice on HFD showed
comparable liver, VAT, NAT and BAT volumes. The liver volume was similar in NOD TLR4*"*
and NOD TLR47 mice on SD and on HFD (SD: TLR4**: 1.11+£0.04; TLR4": 1.02+0.05 ml;
HFD: TLR4**: 1.17+0.05; TLR4": 1.10+0.06 ml) (Figure 64A). Compared to NOD TLR4** and
NOD TLR4” mice on SD, NOD TLR4** and NOD TLR4" mice on HFD showed higher VAT
volumes (SD: TLR4"*: 0.26+0.02; TLR4": 0.27+0.05 ml; HFD: TLR4"*: 1.64+0.14; TLR4":
1.66+0.30 ml) (p<0.001) (Figure 64B). Additionally, NOD TLR4** and NOD TLR4’ mice on
HFD revealed higher NAT (SD: TLR4**: 89.0+6.5; TLR4": 92.3+7.9 ul; HFD: TLR4"":
192.7+13.4; TLR4”: 176.6+21.2 ul) and higher BAT volumes than NOD TLR4** and NOD
TLR4™" mice on SD (SD: TLR4**: 43.3+1.2; TLR4": 43.0£2.3
ul; HFD: TLR4**: 68.4+2.9; TLR4": 60.1+3.1 pl) (p<0.01-0.001) (Figure 64C,D).
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Figure 64: Higher VAT, NAT and BAT volumes in female prediabetic NOD TLR4** and NOD TLR4"- mice on
HFD compared to mice on SD. The volumes of the liver and fat depots were measured by encircling the MRT-
derived tissue shapes in each slice in axial direction and analyzing each slice to determine the entire tissue volume
from MRT-derived images from female prediabetic NOD TLR4** and NOD TLR4- mice on SD or HFD. The volume
of liver (A), VAT (B), NAT (C) and BAT (D) was determined in NOD TLR4** and TLR4"- mice. Data are given as
means + SEM. n=5-7. **p<0.01, ***p<0.001 by one-way ANOVA.
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3.2.6 Body fat mass

To analyze the potential effect of HFD-feeding on the fat mass development, the body
composition was determined in female prediabetic NOD TLR4** and NOD TLR4" mice at the
age of 30 and 70 days. NOD TLR4** and NOD TLR4" mice fed with HFD showed comparable
body composition at the age of 30 and 70 days. However, NOD TLR4** and NOD TLR4" mice
fed with HFD showed higher fat mass (SD: TLR4**: 13.1+1.1; TLR4™: 13.620.8 %; HFD:
TLR4**: 28.1+1.5; TLR4": 28.6+1.9 %) and lower fat free mass (SD: TLR4**: 82.1+0.8; TLR4"
- 81.5£0.8 %; HFD: TLR4"*: 69.1+1.4; TLR4™: 69.2+1.7 %) at the age of 70 days compared
to NOD TLR4** and NOD TLR4” mice fed with SD (all p<0.001) (Figure 65). Interestingly,
NOD TLR4** and NOD TLR4" mice fed with HFD revealed a higher fat mass and lower fat
free mass at the age of 70 days (Fat mass: TLR4**: 28.1+1.5; TLR4": 28.6+1.9 %; Fat free
mass: TLR4"*: 69.1+1.4; TLR47: 69.2+1.7 %) compared to animals aged 30 days (Fat mass:
TLR4**:16.1+0.8; TLR4": 16.0£0.7 %; Fat free mass: TLR4**: 80.3+0.8; TLR4": 80.7+0.7 %)
(p<0.001) (Figure 65),
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Figure 65: Higher fat mass and lower fat free mass in female NOD TLR4** and NOD TLR4"- mice on HFD
compared to mice on SD at the age of 70 days. The body composition of 30 and 70 days old female NOD TLR4**
and NOD TLR4” mice fed with SD or HFD was analyzed by differentiating in fat free mass and fat mass by NMR.
Data show the proportion of fat free mass and fat mass as percent of the whole body weight. Data are given as
means + SEM. n=6-11. ***p<0.001 by one-way ANOVA.

3.2.7 Effect of HFD on random blood glucose levels

To investigate the effect of HFD-feeding on blood glucose levels in both genotypes, the random
blood glucose concentrations of unfasted female prediabetic NOD TLR4** and NOD TLR4"
mice at the age of 70-90 days were determined. Blood glucose levels of 90-250 mg/dl were
classified as normal range, whereas blood glucose levels above 250 mg/dl indicated
hyperglycemia and diabetes development. Compared to NOD TLR4** mice fed with HFD,
NOD TLR4" mice fed with HFD showed lower blood glucose concentrations (TLR4**: 139+2;
TLR47: 124+3 mg/dl) (p<0.05). Interestingly, NOD TLR4** mice on HFD showed higher blood
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glucose levels than NOD TLR4** mice on SD (SD: 120+3; HFD: 139+2 mg/dl) (p<0.01) (Figure
66).
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Figure 66: Lower random blood glucose levels in NOD TLR4”- mice on HFD compared to NOD TLR4** mice
on HFD. The random blood glucose levels were measured from non-fasted female prediabetic NOD TLR4** and
NOD TLR4” mice on SD or HFD at the age of 70-90 days. Data are given as means + SEM. n=6-8. *p<0.05,
**p<0.01 by one-way ANOVA.

3.2.8 Impact of HFD on the development of insulitis and decline of beta cell
mass in pancreatic islets

To elucidate a potential impact of a HFD on the size of pancreatic islets, islets from female
prediabetic age 70-90 days old NOD TLR4** and NOD TLR4” mice were evaluated in
pancreatic thin sections. Evaluation of the islets revealed that NOD TLR4** mice on HFD had
a 42 % larger total area (65945+5950 um?) when compared to NOD TLR4** mice on SD
(382913778 um?) (p<0.01) (Figure 67A). NOD TLR4” mice on HFD (66266+5128 um?)
showed comparable islet areas with NOD TLR4** mice on HFD, whereas NOD TLR4” mice
had an islet area of 53792+4834 um? (Figure 67A). Islets with an area less than 500 ym? were
excluded from the evaluation in order to minimize errors.

To investigate the effect of HFD on the decline of the pancreatic beta-cell mass in NOD mice
expressing or lacking TLR4, the insulin-positive areas of the pancreatic islets were determined.
NOD TLR4** mice on SD (56.6+1.2 %) revealed a 6.6 % higher proportion of the insulin-
positive area of the total islet area compared to the NOD TLR4** mice on HFD (50.0+1.1 %)
(p<0.001) (Figure 67B). In the SD and in the HFD fed groups, the TLR4 expression status had

no effect on the insulin-positive area.
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Figure 67: Total area and insulin-positive area of pancreatic of NOD TLR4** and NOD TLR4" mice on SD or
HFD. The total area of pancreatic islets was measured (A). The relative insulin-positive area was measured in
female prediabetic NOD TLR4** and NOD TLR4" mice on SD or HFD (B). 339-443 pancreatic islets were analyzed
per genotype. Islet areas less than 500 ym? were excluded. Data are given as means + SEM. n=9-10. **p<0.01,
***n<0.001 by one-way ANOVA.

To further characterize the severity of islet inflammation, the immune cell infiltration of
pancreatic islets of NOD TLR4** and NOD TLR4” mice on SD and HFD was determined and
different stages of insulitis were categorized into scores 0-3 (Figure 33A) based on the
progression of inflammation (Figure 68). The numbers of islets with a certain immune cell
infiltration rate were combined for each genotype and expressed as percent infiltrated islet
area. There was no difference in immune cell infiltration between the genotypes and diets
(Figure 68A).

Figure 68B shows the four scores and their proportion of the total islet number in the four
experimental groups. NOD TLR4** and NOD TLR4" mice showed comparable proportions of
score 0 under SD and HFD (SD: TLR4"*: 55.5; TLR4": 47.9 %; HFD: TLR4**: 45.4; TLR4™":
44.4 %) (Figure 68B). The highest amount of islets was assigned to score 0 and the lowest
amount of islets to score 1 (SD: TLR4**: 4.4; TLR4": 5.7 %; HFD: TLR4**: 2.5; TLR4™: 3.2
%). About 40-50 % of the islets account for score 2 and score 3 (SD: TLR4**: 40.1; TLR4™:
46.5 %; HFD: TLR4**: 52.1; TLR4": 52.4 %). NOD TLR4** and NOD TLR4" mice on HFD
showed 30 % in score 2, while mice on SD revealed 24-28 % (SD: TLR4**: 23.9; TLR4": 27.8
%; HFD: TLR4**: 29.6; TLR4": 29.4 %). Islet proportion in score 3 were also comparable
between the genotypes and diets (SD: TLR4"*: 16.2; TLR4": 18.6 %; HFD: TLR4"*: 22.6;
TLR47": 23.0 %).

Figure 68C shows the experimental groups only separated by their diets and their scores to
identify a possible association between the islet area and the scores within the experimental
groups. In particular, higher proportions of pancreatic islets with areas exceeding 200000 ym?
showed score 2 and 3 than score 0-1 (all p<0.001) (Figure 68C). Animals fed with HFD showed
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the highest proportion of islets >200000 um? with an infiltration <50 % and >50 % (SD: 33.1;
HFD: 57.9 %) when compared to mice fed with SD (p<0.05).
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Figure 68: Infiltrated islet area and the association of islet area and insulitis-scores in NOD TLR4** and
NOD TLR4”- mice on SD or HFD. The amount of islets with a certain infiltration rate were analyzed from female
prediabetic NOD TLR4** and NOD TLR4 mice on SD or HFD and expressed as cumulative proportions of afflicted
islets (A). The severity of insulitis was assessed by categorizing into four insulitis-scores: Score 0= no insulitis, 1=
<10 % and peri-insulitis, 2= <50 % infiltration, 3= >50 % infiltration (B). The proportion of islets with an area >200000
pum? and scores 0-1 and 2-3 were determined (C). Islet areas less than 500 um? were excluded from the evaluation.
n= 9-10. *p<0.05, ***p<0.001 by Fisher’'s exact test.

3.2.9 Effect of HFD on lipid metabolism
To assess the effect of feeding a HFD to female prediabetic NOD TLR4** and NOD TLR4"

mice at the age of 70-90 days on lipid metabolism, parameters such as plasma levels of FFA,
TG and cholesterol were measured.

3.2.9.1 Plasma free fatty acid and triglyceride levels

NOD TLR4** and NOD TLR4" mice fed with HFD showed similar FFA concentrations in the
plasma compared to NOD TLR4** and NOD TLR4” mice fed with SD (SD: TLR4"*:
741.9+82.0; TLR47: 920.7+102.4 umol/l; HFD: TLR4**: 797.9+65.0; TLR4": 604.9+93.4
umol/l) (Figure 69A). Furthermore, plasma triglyceride levels were comparable in NOD TLR4**
and NOD TLR4” mice fed with HFD and SD (SD: TLR4"*: 143.1+12.2; TLR4": 160.6+15.1
mg/dl; HFD: TLR4**: 126.1+8.7; TLR4": 160.8+12.3 mg/dl) (Figure 69B).
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Figure 69: Comparable plasma free fatty acid and triglyceride levels in female prediabetic NOD TLR4** and
NOD TLR4"- mice fed with SD or HFD. Free fatty acid levels in pmol/l (A) and triglyceride concentrations in mg/dl
(B) were measured in the plasma of female prediabetic NOD TLR4** and NOD TLR4” mice fed with SD or HFD.
Data are given as means + SEM. n=10.

3.2.9.2 Levels of plasma cholesterol, HDL, LDL and CRP

Plasma samples of female prediabetic NOD TLR4** and NOD TLR4" mice at the age of 70-
90 days fed with SD or HFD were analyzed for their cholesterol, HDL, LDL and CRP content.
NOD TLR4** and NOD TLR4" mice fed with HFD showed higher plasma cholesterol levels
compared to mice fed with SD (SD: TLR4**: 78.3+2.4; TLR4": 75.4+2.0 mg/dl; HFD: TLR4**:
119.2+1.6; TLR4": 126.1+£2.6 mg/dl) (Figure 70A). Additionally, NOD TLR4** and NOD TLR4"
" mice fed with HFD also revealed higher plasma HDL concentrations than mice fed with SD
(SD: TLR4**: 48.9+1.6; TLR4™": 50.4+1.4 mg/dl; HFD: TLR4"*: 88.0+4.1; TLR4": 88.8+3.0
mg/dl) (Figure 70B). Furthermore, higher plasma levels of LDL were found in NOD TLR4*"*
and NOD TLR4" mice fed with HFD compared to mice fed with SD (SD: TLR4**: 10.9+0.3;
TLR4": 10.4+0.4 mg/dl; HFD: TLR4**: 18.2+1.1; TLR4": 17.620.6 mg/dl) (Figure 70C).
Furthermore, NOD TLR4** and NOD TLR4” mice on HFD and SD showed comparable C-
reactive protein levels in plasma SD (SD: TLR4**: 0.126+0.030; TLR4": 0.128+0.029 mg/dl;
HFD: TLR4**: 0.128+0.029; TLR4": 0.164+0.024 mg/dl) (Figure 70D).
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Figure 70: Higher plasma cholesterol, high and low density lipoprotein but similar C-reactive protein levels
in female prediabetic NOD TLR4** and NOD TLR4” mice fed with HFD compared to mice fed with SD.
Concentrations of cholesterol in mg/dl (A), high density lipoprotein in mg/dl (B), low density lipoprotein in mg/dl (C)
and C-reactive protein in mg/dl (D) were measured in the plasma of female prediabetic NOD TLR4** and NOD
TLR4 mice fed with SD or HFD. Data are given as means + SEM. n=10. ***p<0.001 by one-way ANOVA.

3.2.9.3 Composition of fat depots

To analyze a possible effect of feeding a HFD on the fat composition of different fat deposits
in the mouse, '"H MRS was applied in female prediabetic 70-90 days old NOD TLR4** and
NOD TLR4” mice fed with SD or HFD. Fat depots such as VAT, NAT (BAT and WAT) and
BAT were identified and their relative contents of SFA, MUFA and PUFA were quantified. The
voxel positioning in axial direction in the VAT of the mice to measure the FA composition
(Figure 71A) is shown as well as a representative '"H MRS spectrum of VAT with the H.O
reference peak (Figure 71B). The peak assignments of SFA, MUFA and PUFA with location
and type were determined (Table 12). NOD TLR4** and NOD TLR4’ mice fed with HFD
showed no differences in the proportion of SFA in the VAT between each other and NOD
TLR4** and NOD TLR4" mice fed with SD also showed similar proportions of SFA (SD
TLR4**: 19.6+3.8; TLR4": 24.9+3.9 %; HFD: TLR4**: 10.3+1.9; TLR4": 16.1+1.4 %) (Figure
71C). Interestingly, NOD TLR4** and NOD TLR4” mice fed with HFD had higher proportions
of MUFA in the VAT than NOD TLR4** and NOD TLR4" mice fed with SD (SD TLR4**:
52.1+£2.6; TLR4": 53.9+3.0 %; HFD: TLR4"*: 68.4+2.3; TLR4": 64.2+1.6 %) (p<0.05-0.01)
(Figure 71D). The proportion of PUFA was higher in NOD TLR4** mice on SD compared to
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NOD TLR4" mice on SD and NOD TLR4** mice on HFD (SD: TLR4**: 28.7+2.0; TLR4™":

21.241.5 %; HFD: TLR4**: 21.3+1.1 %) (all p<0.01) (Figure 71E).
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Figure 71: Effect of the TLR4-expression status on the fat composition of VAT in female prediabetic NOD
TLR4** and NOD TLR4" mice fed with SD or HFD. Voxel positioning in axial direction in VAT to measure the FA
composition in female prediabetic NOD TLR4** and NOD TLR4” mice (A) and a representative '"H MRS VAT
spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and -CH-O-CO-, 2: -CH2-O-CO-, 3: -
CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CH:-, 5: -CO-CH2-CH2- and -(CH2)n-, 6: -(CH2)n-CHa.
The percentage of SFA (C), MUFA (D) and PUFA (E) in VAT in NOD TLR4** and NOD TLR4"- mice was determined
by MRS. Data are given as means + SEM. n=11-19. *p<0.05, **p<0.01 by one-way ANOVA.
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The NAT composition was analyzed in female prediabetic 70-90 days old NOD TLR4** and
NOD TLR4” mice fed with SD or HFD. For the measurement of the FA composition, the voxel
was positioned in axial direction in the NAT of the mice (Figure 72A). A representative 'H MRS
spectrum of NAT with the H2O reference peak is shown in Figure 72B. The peak assignments
of SFA, MUFA and PUFA with location and type were determined (Table 12).

NOD TLR4** and NOD TLR4 mice on SD and HFD showed no differences in the proportion
of SFA in the NAT (SD: TLR4*"*: 38.2+4.6; TLR4™7: 31.7£5.0 %; HFD: TLR4**: 19.5+4 .4; TLR4"
- 32.0+3.6 %) (Figure 72C). Interestingly, NOD TLR4** mice on HFD revealed higher
proportions of MUFA in the NAT compared to NOD TLR4** mice on SD (SD: 58.1+3.5; HFD:
68.8+4.2 %) (p<0.05) (Figure 72D). There was no difference in MUFA proportions between the
genotypes and NOD TLR4” mice on SD and HFD. Moreover, NOD TLR4** and NOD TLR4"
mice on SD and HFD had comparable proportions of PUFA in the NAT (SD: TLR4**: 13.8+1.6;
TLR47": 13.421.7 %; HFD: TLR4**: 11.7+1.3; TLR4": 10.0+1.1 %) (Figure 72E).
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Figure 72: Effect of the TLR4-expression status on the fat composition of the NAT in female prediabetic
NOD TLR4** and NOD TLR4- mice fed with either SD or HFD. Voxel positioning in axial direction in the NAT to
measure the FA composition in female prediabetic NOD TLR4** and NOD TLR4” mice on SD or HFD (A) and a
representative '"H MRS neck fat spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and -
CH-0-CO-, 2: -CH2-O-CO-, 3: -CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CH2-, 5: -CO-CH2-CH2-
and -(CH2)n-, 6: -(CH2)n-CHas. The percentage of SFA (C), MUFA (D) and PUFA (E) in NAT in NOD TLR4** and
NOD TLR4" mice was determined by MRS. Data are given as means + SEM. n=11-22. *p<0.05 by one-way

ANOVA.
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The composition of fatty acids in VAT was compared to the fatty acid composition in NAT in
female prediabetic 70-90 days old NOD TLR4** and NOD TLR4” mice on SD or HFD. NOD
TLR4** and NOD TLR4" mice fed with SD and HFD showed similar proportions of SFA in VAT
(SD: TLR4**: 19.6+3.8; TLR4": 24.9+3.9 %; HFD: TLR4**: 10.3%1.9; TLR4": 16.1+1.4 %) and
NAT (SD: TLR4**: 38.2+4.6; TLR4™: 31.7+5.0 %; HFD: TLR4**: 19.5+4.4; TLR4"": 31.9+3.6
%).

Furthermore, NOD TLR4** and NOD TLR4” mice on SD and HFD showed comparable
proportions of MUFA in VAT (SD: TLR4**: 52.1+2.6; TLR4™": 53.9+3.0 %; HFD: TLR4""*:
68.4+2.3; TLR4": 64.2+1.6 %) and NAT (SD: TLR4**: 48.1+4.0; TLR4": 55.1+4.6 %; HFD:
TLR4**: 68.8+4.2; TLR4™": 58.1£3.5 %), except that NOD TLR4** mice on HFD revealed a
higher MUFA proportion in NAT than NOD TLR4** mice on SD (p<0.01).

Interestingly, a higher proportion of PUFA was found in VAT (SD: TLR4**: 28.7+2.0; TLR4":
21.241.5 %; HFD: TLR4**: 21.3+1.1; TLR4": 19.7£0.9 %) compared to NAT (SD: TLR4*:
13.8+1.6; TLR4™: 13.4%1.7 %; HFD: TLR4**: 11.7+1.3; TLR4”: 10.01.1 %) in both NOD
TLR4** and NOD TLR4” mice on SD and HFD (p<0.05-0.001).

To determine a potential effect of feeding a HFD on the fat composition of BAT in mice , "H
MRS was applied in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice
on SD or HFD. The voxel positioning in axial direction in the BAT of the mice to measure the
FA composition is shown in Figure 73A and a representative '"H MRS spectrum of BAT with
the H2O reference peak is shown in Figure 73B. The peak assignments of SFA, MUFA and
PUFA with location and type were determined (Table 12). No differences in SFA proportion in
BAT of NOD TLR4*"* and NOD TLR4"- mice fed with SD or HFD were detectable (SD TLR4*"*:
19.0£8.0; TLR47: 33.41£9.0 %; HFD: TLR4"*: 26.6+9.1; TLR4": 21.0+6.8 %) (Figure 73C).
Furthermore, NOD TLR4** and NOD TLR4" mice fed with SD or HFD showed similar MUFA
proportions in the BAT (SD TLR4*"*: 51.7+4.0; TLR4": 40.249.9 %; HFD: TLR4""*: 62.3+9.3;
TLR4": 59.7+5.6 %) (Figure 73D). The proportion of PUFA in BAT of NOD TLR4** and NOD
TLR4” mice on HFD and SD was comparable (SD TLR4"*: 29.3+6.5; TLR4": 26.4+5.3 %);
HFD: TLR4**: 11.1£1.0; TLR4": 19.3+5.6 %) (Figure 73E).
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Figure 73: Effect of the TLR4-expression status on the fat composition of the BAT in female prediabetic
NOD TLR4** and NOD TLR4"- mice fed with SD or HFD. Voxel positioning in axial direction in the BAT to measure
the FA composition in female prediabetic NOD TLR4** and NOD TLR4” mice fed with SD or HFD (A) and a
representative '"H MRS BAT spectrum with fat peak assignments (B). Fat peak assignment: 1: -CH=CH- and -CH-
0-CO-, 2: -CH2-0O-CO-, 3: -CH=CH-CH2-CH=CH-, 4: -CO-CH2-CH2- and -CH2-CH=CH-CH2-, 5: -CO-CH2-CH2- and
-(CH2)n-,6: -(CH2)n-CHs. The percentage of SFA (C), MUFA (D) and PUFA (E) in BAT in NOD TLR4** and NOD
TLR4" mice was determined by MRS. Data are given as means + SEM. n=5-6.
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3.2.9.4 Hepatocellular lipid content

To investigate the possible effect of a HFD-feeding on the accumulation of liver fat, the HCL
content of female prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice on SD or
HFD was quantified via MRS. The voxel was positioned in coronal (left) and axial (right)
direction in the liver as shown in Figure 74A. A representative '"H MRS liver spectrum with the
H20 reference peak and CH, and CH3 peaks is shown in Figure 74B.

NOD TLR4** and NOD TLR4" mice fed with HFD showed higher HCL levels compared to
mice fed with SD (SD: TLR4*"*: 4.2+0.7; TLR4”: 2.4+0.3 %; HFD: TLR4**: 9.2+1.5; TLR4™:
15.4£2.0 %) (p<0.05-0.001) (Figure 74C). Interestingly, compared to NOD TLR4** mice fed
with HFD, NOD TLR4" mice fed with HFD revealed higher HCL levels (TLR4**: 9.2+1.5; TLR4

- 15.4+2.0 %) (p<0.01) (Figure 74C).
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Figure 74: Higher HCL levels in female prediabetic NOD TLR4** and NOD TLR4"- mice on HFD compared to
mice on SD. Voxel positioning in coronal (left) and axial (right) direction in the liver to measure lipids in female
prediabetic NOD TLR4** and NOD TLR4" mice on HFD and SD (A) and a representative "H MRS liver spectrum
(B). HCL content was analyzed in NOD TLR4** and NOD TLR4" mice fed with SD or HFD (C). Data are given as
means + SEM. SD n=17-18, HFD: n=11-12. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA.
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3.2.10 Hepatic energy metabolism in NOD TLR4"- mice

To analyze the potential effect of HFD-feeding on the hepatic energy metabolism, y-ATP, Pi,
PME and PDE contents were measured in NOD TLR4** and NOD TLR4” mice on SD and
HFD by MRS.

3.2.10.1 Hepatic ATP and Pi concentrations

To assess the potential effect of feeding a HFD on liver energy metabolism, hepatic y-ATP and
Pi content was determined in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4
" mice by MRS. For the measurements, the voxel was positioned in coronal (left) and axial
(right) direction in the liver (Figure 75A) and hepatic y-ATP and Pi content were measured by
3P MRS in NOD TLR4** and NOD TLR4’ mice fed with SD and HFD (Figure 75B).
Interestingly, NOD TLR4*"* and NOD TLR4”" mice on HFD showed higher hepatic y-ATP
concentrations compared to NOD TLR4** and NOD TLR4” mice on SD (SD: TLR4"*:
1.62+0.09; TLR4": 1.42+0.07 mmol/l; HFD: TLR4**: 2.05+0.15; TLR4": 2.03+0.10 mmol/l)
(p<0.05-0.01) (Figure 75C). Furthermore, NOD TLR4** and NOD TLR4" mice on SD and HFD
showed similar Pi concentrations in the liver (SD: TLR4**: 1.12+0.08; TLR4": 1.11+0.05
mmol/l; HFD: TLR4**: 1.37+0.07; TLR4™: 1.28+0.11 mmol/l) (Figure 75D).
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Figure 75: Higher y-ATP levels in the liver of female prediabetic NOD TLR4** and NOD TLR4"- mice fed with
HFD compared to mice fed with SD. Voxel positioning in coronal (left) and axial (right) direction in the liver to
measure y-ATP and Pi concentrations in female prediabetic NOD TLR4** and NOD TLR4"- mice fed with SD or
HFD (A) and a representative 3'P MRS liver spectrum (B). Hepatic y-ATP (C) and Pi (D) content was analyzed in
NOD TLR4** and NOD TLR4"- mice. Data are given as means = SEM. n=13-16.

3P measurements were performed before and after intraperitoneal injection of 2g/kg glucose
and the y-ATP and Pi content was determined in the identical liver area before and 15 minutes
after the glucose injection in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4"
" mice fed with SD or HFD. Interestingly, 15 minutes after glucose injection, NOD TLR4** mice
on HFD revealed higher hepatic y-ATP concentrations than NOD TLR4** mice on SD (SD:
1.50%0.09; HFD: 2.04+0.13 mmol/l) (p<0.01) and before glucose injection, NOD TLR4" mice
fed with HFD showed higher hepatic y-ATP concentrations than NOD TLR4”- mice on SD (SD:
1.4210.07; HFD: 2.03+0.10 mmol/l) (p<0.01) (Figure 76A). y-ATP concentrations measured
before and after glucose injection were comparable within the groups fed with SD and in the
HFD fed groups. Interestingly, calculation of the difference in y-ATP concentrations measured
before and after glucose injection indicated that NOD TLR4” mice on HFD have a stronger
decrease of y-ATP levels compared to NOD TLR4” mice on SD after glucose injection (SD:
0.23+0.06; HFD: -0.14+0.07 mmol/l) (p<0.01) (Figure 76B). Additionally, NOD TLR4** and
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NOD TLR4” mice on SD and HFD showed similar concentrations of Pi in the liver before (SD:
TLR4**: 1.12+0.08; TLR4": 1.11£0.05 mmol/l; HFD: TLR4**: 1.37+0.07; TLR4": 1.28+0.11
mmol/l) and after (SD: TLR4**: 1.07+0.08; TLR4’: 1.06+0.06 mmol/l; HFD: TLR4"*:
1.40£0.06; TLR47: 1.37+£0.08 mmol/l) glucose injection (Figure 76C). Furthermore, Pi
concentrations measured before and after glucose injection showed no differences between
the genotypes and diets (SD: TLR4**: -0.046+0.070; TLR4": -0.049+0.067 mmol/l; HFD:
TLR4**: 0.03+0.06; TLR4": 0.10+0.13 mmol/l) (Figure 76D).
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Figure 76: Hepatic y-ATP and Pi concentrations before and after glucose injection in female prediabetic
NOD TLR4** and NOD TLR4” mice fed with SD or HFD. The hepatic y-ATP (A) concentrations of female
prediabetic NOD TLR4** and TLR4”- mice fed with SD or HFD before and after glucose injection were analyzed
and their differences were calculated (B). The hepatic Pi concentrations (C) and Pi differences (D) of NOD TLR4**
and TLR4" mice on SD or HFD were calculated. A= y-ATP and Pi levels after — before glucose injection in mmol/.
Data are given as means + SEM. n=13-16. **p<0.01 one-way ANOVA.

3.2.10.2 Hepatic PME and PDE concentrations

The effect of HFD feeding on PME and PDE concentrations in the liver was assessed in female
prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice. For these measurements, the
voxel was positioned in coronal (left) and axial (right) direction in the liver (Figure 77A) and
hepatic PME and PDE content were measured by *'P MRS (Figure 77B). NOD TLR4"* and
NOD TLR4" mice on SD and HFD showed comparable PME (SD: TLR4**: 1.13+0.08; TLR4
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»'1.08+0.07 mmol/l; HFD: TLR4**: 1.11£0.06; TLR4™": 1.04+0.07 mmol/l) content in the liver
(Figure 77C). Interestingly, NOD TLR4** mice on HFD showed higher PDE content than NOD
TLR4*"* mice on SD (SD: 0.20+0.04; HFD: 0.42+0.07 mmol/l) (p<0.05) (Figure 77D).
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Figure 77: Similar PME and PDE levels in the liver of female prediabetic NOD TLR4** and NOD TLR4” mice
on SD or HFD. Voxel positioning in coronal (left) and axial (right) direction in the liver to measure PME and PDE
concentrations in female prediabetic NOD TLR4** and NOD TLR4”- mice on SD or HFD (A) and a representative
3P MRS liver spectrum (B). Hepatic PME (C) and PDE (D) contents were analyzed in NOD TLR4** and NOD
TLR4” mice. Data are given as means + SEM. n=11-13. *p<0.05 by one-way ANOVA.

3P measurements were performed before and after intraperitoneal injection of 2g/kg glucose
and the PME and PDE contents in the liver were determined in the identical liver area before
and 15 minutes after the glucose injection in female prediabetic 70-90 days old NOD TLR4*"*
and NOD TLR4” mice on SD or HFD. Similar amounts of hepatic PME were measured in NOD
TLR4** and NOD TLR4” mice on SD and HFD before and after glucose injection (Figure 78A).
Calculation of the differences of PMA concentrations showed no alterations in NOD TLR4*"*
and NOD TLR4” mice on SD and HFD (SD: TLR4**: 0.31+0.18; TLR4": 0.19+0.09 mmol/;
HFD: TLR4**: 0.08+0.08; TLR4": 0.27+0.39 mmol/l) (Figure 78B). NOD TLR4** and NOD
TLR4" mice on SD and HFD showed comparable concentrations of PDE in the liver before
and after glucose injection (Figure 78C). Additionally, the difference of PDE concentrations

measured before and after glucose injection showed no alterations of PDE levels between the
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genotypes (SD: TLR4**: 0.01+0.05; TLR4": -0.04+0.03 mmol/l; HFD: TLR4**: -0.04+0.07;

TLR4”-: -0.06+0.05 mmol/l) (Figure 78D).
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Figure 78: Hepatic PME and PDE concentrations before and after glucose injection in female prediabetic
NOD TLR4** and NOD TLR4" mice fed with SD or HFD. The hepatic PME (A) concentration in female prediabetic
NOD TLR4** and TLR4” mice fed with SD or HFD before and after glucose injection were analyzed and their
differences calculated (B). The hepatic PDE concentration (C) and their differences (D) in NOD TLR4** and TLR4-
" mice was determined. A= PME and PDE levels after — before glucose injection in mmol/l. Data are given as means

+ SEM. n=10-13.
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4 Discussion

4.1 Metabolic phenotyping of the NOD TLR4” mouse, as a model of
accelerated development of insulin-deficient diabetes

In recent years, the incidence of T1D in young children is increasing. However, the
mechanisms underlying this development are still unknown. The manifestation of T1D is
frequently preceded by metabolic disorders, which might contribute to accelerated disease
development. However, the metabolic factors controlling diabetes progression in the
prediabetic phase are not fully understood. To identify the potential mechanisms underlying
this accelerated disease development, an animal model was developed based on the NOD
mouse, the currently best characterized and most widely used model of T1D. The NOD mouse
lacking TLR4 is known for an accelerated development of insulin-deficient diabetes. Because
of the comparability with the increasing incidence of T1D in younger children, the NOD TLR4"
" mouse represents an adequate model for detailed analyses of the glucose, lipid and energy
metabolism before diabetes manifestation and for identifying possible mechanisms underlying
the accelerated development of insulin-deficient diabetes/T1D.

Earlier findings in the NOD TLR4" mouse model and indications from the literature led to the
hypothesis that accelerated diabetes development in NOD TLR4” mice is associated with
impaired glucose, lipid and energy metabolism as well as decreased intestinal and peripheral

SCFA levels before the age of diabetes onset.

41.1 Effect of TLR4-deficiency in NOD mice on manifestation of insulin-
deficient diabetes

The diabetes incidence in the NOD mouse is variable and depends on the NOD colony. Until
the age of 200 days, around 60-90 % of female and 10-30 % of male NOD mice develop
insulin-deficient diabetes [162, 215, 216]. In the current study, diabetes manifestation of NOD
mice was monitored as well as the blood glucose levels at diabetes onset were determined.
NOD mice developed diabetes at an age of about 170 days with mean blood glucose
concentrations of 437 mg/d| at diabetes onset.

To test if TLR4 is involved in metabolic and inflammatory processes in the pathogenesis of
insulin-deficient diabetes/T1D an NOD mouse line with TLR4-deficiency was generated. The
NOD TLR4" mouse line was established by backcrossing NOD mice with C57BL/10ScCr mice,
a line that carries a spontaneous deletion of 74723 base pairs of the TLR4 encoding region on
chromosome 4 [217-219]. To proof the successful transfer of the TLR4-deficiency onto the
NOD mouse background, macrophage-enriched spleen cells from NOD TLR4** and NOD
TLR4” mice were exposed to the TLR4 ligand LPS. NOD TLR4** mice cells released large
amounts of TNFa and IL-6, in contrast, NOD TLR4" mice cells were entirely unresponsive to

LPS [30].
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In the present study, the diabetes incidence of NOD TLR4** and NOD TLR4’ mice was
monitored for more than 10 generations and revealed that female NOD TLR4** and NOD
TLR4" mice developed diabetes more frequently in their life span (70 % and 76 %,
respectively) compared to male NOD TLR4** and NOD TLR4" mice (21 % and 31 %). The
finding of sex-dependent diabetes development was also seen previously in the NOD TLR4**
and NOD TLR4” mouse model and also corresponds to findings in the wildtype NOD mouse
strain [30, 220]. Other studies showed different outcomes of diabetes development in
association with TLR4. A recent study showed, that TLR4 inhibition protects NOD mice from
developing autoimmune diabetes [221]. In this approach TLR4-deficiency was achieved by
intraperitoneal treatment of 8-week old NOD mice with CLI-095, a selective inhibitor of TLR4
[221]. Another group showed that TLR4-deficiency reduces the proinflammatory state of
diabetes in C57BL/6 mice after induction of diabetes by administration of STZ [222]. However,
these studies used models with TLR4-deficiencies induced by inhibitors or chemicals, which
might have side effects on the metabolism of the animals and cannot be compared to the
deletion of TLR4 in the model used in the present study. Furthermore, one of the studies used
a mouse model without a diabetes background and therefore can also not be compared to the
NOD TLR47 mouse. Additionally, female NOD TLR4** and NOD TLR4" mice developed
diabetes much earlier (166 and 151 days, respectively) than male NOD TLR4** and NOD
TLR4” mice (191 and 187 days, respectively), which was also observed previously in the same
model and in the wildtype NOD mice [30, 220].

Because of these findings, all further experiments of this thesis were performed exclusively
with female NOD TLR4** and NOD TLR4™ mice. Interestingly, as shown in the present thesis,
NOD TLR4” mice developed diabetes even earlier than NOD TLR4** mice. NOD TLR4" mice
manifested the disease at about 151 days of age, two weeks earlier than NOD TLR4** mice
which developed diabetes at a mean age of 166 days. The accelerated diabetes development
of NOD mice lacking TLR4 confirms the findings of an earlier study, in which NOD TLR4" mice
developed diabetes at a mean age of 118 days and NOD TLR4*"* mice 59 days later at a mean
age of 177 days [30].

Previous studies in animal models of the BB rat and the NOD mouse showed that the incidence
of insulin-deficient diabetes is associated with the hygienic conditions of the housing [223]. As
a result, the diabetes incidence in female NOD mice housed under specific pathogen-free
conditions adds up to 80 %. In contrast, NOD mice that were infected with various bacteria,
parasites and viruses were mostly protected against the development of insulin-deficient
diabetes [30, 224]. The animals in the present study were kept under specific-pathogen free
conditions and had a diabetes incidence of 70-76 %. These findings suggest that early
stimulation of the immune system via the TLR4 by microbial pathogens is necessary for the

development of an intact immune system along with the establishment of a stable
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immunological tolerance to reliably differentiate between autologous and exogenous antigenic
structures. Mice lacking TLR4 obviously suffer from impaired tolerance induction.

Further studies showed that T.g cells are important for the limitation of immune responses and
the inhibition of the development of autoreactivity. Adequate T.g cell activation requires the
presence of TLR4, which is expressed on their surface [155, 225]. Lack of TLR4 on T4 could
lead to decreased inhibitory activity resulting in a reduced suppression of autoimmune
responses and potentially in an accelerated development of insulin-deficient diabetes in NOD
TLR47 mice.

Taken together, the female NOD TLR4” mouse model represents an adequate model for
analyzing metabolic and inflammatory processes involved in the pathogenesis of insulin-
deficient diabetes/T1D.

Besides the accelerated development of insulin-deficient diabetes, the blood glucose levels at
diabetes onset were analyzed and showed similar concentrations between the two genotypes.
These findings are in contrast to earlier studies which revealed increased blood glucose levels
at diabetes onset in NOD TLR4” mice compared to NOD TLR4** mice [1]. These contrasting
results may be explained by shifts in the observed mouse colony over generations, which might
result from subtle alterations in housing conditions.

To analyze possible metabolic changes occurring before disease onset, all further experiments
of this study were performed as comparative analyses of female NOD TLR4** and NOD TLR4"
" mice during the prediabetic phase at the age of 70-90 days, before diabetes manifestation at
the age of 151-166 days.

4.1.2 Effect of TLR4-deficiency on body- and tissue weight of NOD mice

Lately, obesity is diagnosed at an increasingly early age and the numbers are reaching
alarming levels. Worldwide, more than 340 million children and adolescents were overweight
or obese in 2016 [187]. It is assumed that the body weight development has an impact on the
progression of T1D. Because earlier findings in mouse models showed an impact of the TLR4-
expression status on the body weight development [226], female prediabetic 70-90 days old
NOD TLR4** and NOD TLR4" mice were analyzed with regard to their body weight and whole-
body fat mass. NOD TLR4" mice showed higher body weights than NOD TLR4** mice, but
similar whole-body fat mass. In a previous study, NOD TLR4" mice also showed higher body
weight but also a higher whole-body fat mass [1]. These discrepancies can result from shifts
in the animal colonies due to alterations in housing conditions. In humans, one of the main
causes of overweight and obesity is an unbalanced nutrition from hypercaloric diets [187].

The observations in the present study and in humans correspond to the findings in the
C57BL/6J mouse model, where a TLR4-deficiency combined with an application of a HFD led

to an increase of body weight [226]. Another study showed contrasting results, demonstrating
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that HFD-feeding protects TLR4-deficient C57BL/10 mice against the development of adiposity
[227]. These contradictory findings in the literature can be explained by the use of different
mouse models, which are metabolically and immunologically normal and showed no genetic
predisposition for the development of insulin-deficient diabetes like the NOD mouse model
used in this thesis. Despite the contrasting results as compared to the NOD TLR4” mouse,
the findings in this thesis support the view that the TLR4-expression status controls the body
weight development in the NOD mouse model. The higher body weight was observed after
feeding a SD to both NOD TLR4** and NOD TLR4" mice. Findings from the literature suggest
that under HFD conditions, NOD TLR4” mice could show an even larger increase of the body
weight.

Investigations of weights and volumes of various tissues such as liver and different fat depots
which are particularly important for glucose and lipid metabolism were performed to determine
the impact of the TLR4-expression status on fat depot and liver development of female
prediabetic NOD TLR4** and NOD TLR4’ mice. The tissue weight and volume of the liver,
VAT, BAT, NAT and WAT was similar between NOD TLR4** and NOD TLR4" mice suggesting
that the TLR4-expression status has no impact on the weight and volume of these organs. This
observation corresponds to a previous study, which showed, that a TLR4-deficiency in
hepatocytes of C57BL/6 mice did not affect their liver weight [228].

Taken together, the finding of an increased body weight in NOD TLR4” mice suggest that the
TLR4 controls basic metabolic processes involved in the pathogenesis of insulin-deficient
diabetes/T1D.

4.1.3 Effect of TLR4-deficiency on metabolic parameters of NOD mice

Because of the observation that higher body weight is often accompanied by the development
of adiposity, a broad spectrum of metabolic parameters with a focus on variables of the glucose
and lipid metabolism was analyzed in female prediabetic NOD TLR4** and NOD TLR4" mice.
In an initial approach, the water and food intake, as well as the physical activity and the RQ
were measured over two light- and two dark-phases. The water and food intake of NOD
TLR4** and NOD TLR4" mice was comparable in the light- and in the dark-phases. The
increased water and food intake during the dark-phases can be explained by the circadian
rhythm of the nocturnal animals. These findings further match recent findings in the NOD TLR4"
" mouse model [1].

As expected, the physical activity of both genotypes was higher in the dark-phases than in the
light-phases which can be explained by the typical circadian rhythm of these nocturnal animals.
However, the physical activity of NOD TLR4** and NOD TLR4” mice showed no differences

between the two strains in the light- and dark-phases.
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Because the CO; production and the O, consumption provide important, basic information for
the substrate preference in energy production and therefore for the glucose- and lipid-
metabolism, these parameters were determined in female prediabetic NOD TLR4** and NOD
TLR4”- mice. The CO: production and the O, consumption were similar in NOD TLR4** and
NOD TLR4” mice during the light-phases and the dark-phases. The RQ and the energy
expenditure were determined via the CO; production and the O, consumption (VCO./VO,). In
the dark-phases, the RQ was higher compared to the light-phases in both genotypes. The
energy expenditure also was higher in the dark-phases than in the light-phases in both NOD
TLR4** and NOD TLR4” mice. The enhanced RQ and energy expenditure can also be
explained by the circadian rhythm of the nocturnal animals and their higher physical activity in
the dark-phases.

Additionally, the whole-body CHO and FAO rates were calculated from the VO, and VCO,
parameters during two light- and two dark-phases in NOD TLR4** and NOD TLR4” mice. In
the dark phases, whole-body CHO levels were higher and whole-body FAO rates were lower
in the dark-phases than in the light-phases in NOD TLR4** and NOD TLR4” mice. Higher
CHO rates and lower FAO rates in the dark-phases can also be explained by the circadian
rhythm of the nocturnal animals and furthermore by the higher physical activity, higher RQ and
higher energy expenditure in the dark-phases in NOD TLR4** and NOD TLR4" mice. The
different results in energy expenditure, physical activity and RQ of the present study compared
to the earlier findings can result from changes in the animal populations due to changes in
housing conditions [1]. The comparable results from NOD TLR4** and NOD TLR4” mice
regarding the energy expenditure, the RQ, CHO and FAO rates indicate a balanced substrate
utilization for energy production in NOD TLR4" mice.

Taken together, NOD TLR4** and NOD TLR4" mice showed similar levels of the measured
metabolic parameters indicating no impact of the TLR4-expression status on glucose
utilization. In addition, water- and food intake as well as physical activity may not have an
impact on the accelerated development of insulin-deficient diabetes and increased body weight
observed in NOD TLR4" mice.

4.1.4 Effect of TLR4-deficiency in NOD mice on islet inflammation

In an approach complementary to the study on the impact of the TLR4-expression status on
metabolic parameters, the islet inflammation in NOD TLR4”- mice was analyzed by determining
the development of insulitis in pancreatic islets. By using histological analyses, the total islet
area, insulin-positive area and infiltrated islet area were determined in female prediabetic 70-
90 days old NOD TLR4** and NOD TLR4” mice. Interestingly, NOD TLR4” mice showed an
enhanced islet area compared to NOD TLR4** mice. It can be assumed that NOD TLR4” mice

reveal higher islet areas to compensate the increased insulin requirement caused by an
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increased IR resulting from elevated FA levels in the periphery. Matching results were
described in a study, in which non-diabetic patients suffering from IR revealed increased islet
sizes compared to insulin-sensitive individuals [229]. There was no difference between the two
genotypes in insulin-positive area and infiltrated islet area. In addition, pancreatic islets were
categorized into one of four insulitis-scores and their proportion of the total islet number. There
was also no difference in each score between the two genotypes. Most of the islets showed
no insulitis and about 40-50 % of the islets accounted for score 2 and 3. These findings indicate
that the TLR4-expression status has no impact on the development of insulitis in pancreatic
islets of NOD mice. Previous findings revealed that 120 days old NOD TLR4" mice showed
an enhanced islet infiltration of immune cells and a reduction of insulin-producing beta cells in
the islets [30]. These results, which are in contrast to the findings in the present thesis, might
result from the age difference in the investigated animals. It could be assumed that the
accelerated progression of infiltration in the islets of NOD TLR4" mice starts later than at the
age of 70-90 days but earlier than 120 days.

Another factor of systemic inflammation is the plasma levels of CRP. The CRP concentrations
were measured in the plasma of NOD TLR4** and NOD TLR4” mice and were found
comparable in both genotypes around 0.13 mg/dl. A study in C57BL/6 mice showed that the
baseline level of CRP in these mice is around 0.2 mg/dl and in humans between 0.1-0.3 mg/dI
[230]. These findings demonstrate that the blood samples of the animals used in the current
study are in the normal range and do not indicate elevated systemic inflammatory conditions.
Taken together, the finding of comparable degrees of insulitis in NOD TLR4” mice and NOD
TLR4** mice indicates that the accelerated progression of the immune cell infiltration starts
later as assumed in the prediabetic phase of NOD TLR4” mice. In the context of the previous
findings in 120 days old NOD TLR4" mice, the observations of the current study suggest that
the TLR4 controls not only metabolic but also immunologic processes involved in the

pathogenesis of insulin-deficient diabetes/T1D.

4.1.5 Effect of TLR4-deficiency in NOD mice on glucose metabolism

Earlier studies in the NOD mouse model showed, that diabetes development is not only
associated with the deletion of insulin-producing beta cells but might also be associated with
the development of IR [231]. To support the assumption that NOD TLR4" mice develop an
impaired insulin sensitivity, an ipGTT was performed and the insulin levels were measured at
two different time points. The random blood glucose concentrations were elevated in NOD
TLR4” mice compared to NOD TLR4** mice [1]. Additionally, NOD TLR4” mice showed higher
blood glucose levels during the ipGTT than NOD TLR4** mice [1]. The peak blood glucose
levels at 15 minutes after glucose injection were 157 mg/dl in NOD TLR4*"* mice but were 33

% higher in NOD TLR4”- mice with 202 mg/dI. The reduced glucose tolerance in NOD TLR4"
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mice might be a sign for an impaired insulin sensitivity and/or an impaired glucose-induced
insulin secretory capacity in these mice.

To clarify if the beta cells are still able to produce and release insulin, pancreatic islets of NOD
mice were isolated and exposed to different glucose concentrations. The insulin release of
islets treated with high glucose concentrations was higher than islets treated with low glucose
concentrations. Previous findings showed, that NOD TLR4** and NOD TLR4" mice revealed
comparable glucose-stimulated insulin release from isolated cultivated pancreatic islets [1].
Furthermore, prediabetic NOD mice showed an impaired glucose-stimulated insulin secretion
during an ipITT, where their blood glucose concentrations did not return to their initial levels
but stayed lower from 60 minutes until 120 minutes. This finding is in line with the results of an
ipITT in NOD TLR4** and NOD TLR4” mice [1]. NOD TLR4" mice revealed a higher HOMA-
IR than NOD TLR4** mice published earlier, which could not be reproduced in the present
study [1]. These results prove that NOD mice, independent of the TLR4-expression status,
suffer from an impaired glucose-stimulated insulin secretion but their pancreatic islets are still
able to produce insulin. These findings further support the suggestion that NOD TLR4” mice
show an even more severe impairment of glucose-induced insulin secretory capacity than
NOD TLR4*"* mice.

As an additional finding supporting the impairment of glucose tolerance and/or glucose-
induced insulin secretion in NOD TLR4”- mice, NOD TLR4** and NOD TLR4" mice revealed
comparable levels of insulin in the plasma under fasting conditions, but after glucose injection
NOD TLR4" mice showed lower plasma levels of insulin than NOD TLR4** mice.

Taken together, the findings support the notion that impaired insulin-sensitivity and/or impaired
glucose-induced insulin secretion might contribute to the accelerated diabetes development in
NOD TLR47 mice.

4.1.6 Effect of TLR4-deficiency in NOD mice on lipid metabolism

Besides an impaired glucose metabolism, patients with T1D frequently also suffer from
abnormalities in lipid metabolism such as higher plasma TG and LDL cholesterol levels,
especially under poor glycemic control [232]. In addition, insulin stimulates the FA uptake into
the adipose tissue and inhibits lipolysis, which depends on the levels of insulin in the periphery
[16, 17, 94]. Based on this close association between lipid metabolism and whole-body glucose
homeostasis, it could be speculated that the TLR4-expression status controls diabetes
development in NOD mice also via affecting the lipid metabolism.
To follow up on this assumption and considering the impaired lipid metabolism but the similar
fat depot weights and volumes, the fat depot composition of female prediabetic NOD TLR4**
and NOD TLR4" mice was analyzed to identify possible changes due to the TLR4-expression
status. In the VAT, NAT and BAT, the SFA, MUFA and PUFA content was analyzed in both
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genotypes. NOD TLR47 mice showed lower PUFA levels in the VAT, but the levels of SFA
and MUFA in VAT, NAT and BAT were comparable to NOD TLR4** mice. Both genotypes
were on the same SD and showed similar food intake and physical activity. Therefore, less
PUFA in the VAT of NOD TLR4" mice could neither result from different food intake or
composition nor altered physical activity. It might be speculated that NOD TLR4” mice exhibit
an altered absorption of nutrients, especially PUFA, and/or as implicated by a previous study
by an impaired gut barrier, which might lead to an altered absorption of FA from the gut to the
periphery [1].

Another explanation for the lower PUFA concentrations in the VAT of NOD TLR4” mice could
also result from increased ectopic storage of PUFA in tissues such as the liver.

To further investigate the lipid metabolism in NOD TLR4** and NOD TLR4” mice, peripheral
levels of FFA, TG, cholesterol, LDL and HDL were analyzed in plasma samples. However,
there was no difference in FFA, TG, cholesterol, LDL and HDL concentrations between the
two genotypes. These findings were in contrast to the findings published previously, showing
higher FFA and TG levels in the plasma of NOD TLR4” mice [1]. These changes could result
from shifts in the animal colony over time due to alterations in housing conditions.

The previous findings of higher FFA and TG levels in NOD TLR4” mice match with results
from studies in humans and in animal models, describing higher FFA and TG levels in the
plasma as a consequence of reduced insulin-sensitivity resulting in enhanced lipolysis. Less
insulin binds to the insulin receptor; consequently, less suppression of the lipolysis by insulin
can occur resulting in an increased release of FFA and TG from the tissues into the periphery
[233-235].

Taken together, NOD TLR4” mice showed an altered lipid metabolism, which might be the

result of reduced insulin-sensitivity and/or an impaired gut barrier.

4.1.7 Effect of TLR4-deficiency in NOD mice on SCFA levels

Because of the suggested gut barrier impairment, altered lipid metabolism and known impaired
gut morphology and microbiome composition [1] in NOD TLR4” mice, products of the gut
microbiome were further analyzed to identify a possible link between gut microbiome and
metabolism. Intestinal bacteria are known to release SCFA, which exit the gut and enter the
circulation thereby providing a possible link between gut microbiome and host metabolism
[236, 237]. Because of the above-mentioned evidence of an altered lipid metabolism before
diabetes onset in NOD TLR4” mice, SCFA levels were determined in three different gut
segments (small intestine, cecum and colon) and in plasma samples of female prediabetic
NOD TLR4** and NOD TLR4” mice. The SCFA concentrations in small intestine, cecum and
colon were comparable in NOD TLR4** and NOD TLR4” mice supporting the view that the
TLR4-expression status does not affect intestinal SCFA concentrations. Interestingly, when
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compared to NOD TLR4"* mice, NOD TLR4" mice showed changes in gut bacteria
composition, especially a decrease in the abundance of Firmicutes and an increase of
Bacteroidetes [1]. Nevertheless, this change did not result in alterations of the SCFA content
in the gut of these animals.

Interestingly, NOD TLR4" mice showed lower SCFA levels in the plasma than NOD TLR4**
mice, with a most pronounced reduction in butyrate. Butyrate is known for its ability to stabilize
tight junctions in gastrointestinal epithelia [238]. Less butyrate might further destabilize the gut
barrier in NOD TLR4” mice, which would lead to an impaired transition of small molecules
from the gut lumen to the periphery.

Decreased SCFA in plasma but not in the gut segments of NOD TLR4”- mice might result from
altered peripheral consumption of SCFA. These findings in the NOD TLR4” mouse model
suggest that SCFA in the plasma and not in the gut lumen are relevant for the more rapid
progression of insulin-deficient diabetes/T1D. Recently, a study confirmed the relevance of
SCFA in the plasma but not in the gut for the regulation of insulin sensitivity and lipolysis in
humans. Circulating concentrations of the three most abundant SCFA acetate, propionate and
butyrate were associated with the body mass index, FFA levels, triacylglycerol levels, GLP-1
concentrations, fasting plasma glucose and insulin sensitivity. These findings suggest that
SCFA in plasma are more closely linked to a healthy metabolism than intestinal SCFA and
should be determined in probiotic intervention studies and as biomarkers of the effects on
metabolism [194]. Additionally, the observations in this thesis are in line with findings of a gut
metagenome analysis in children on the protective effect of SCFA in early-onset T1D. In this
study, SCFA such as acetate, propionate and butyrate were increased in healthy controls
compared to children developing T1D/ with T1D [239].

Taken together, by using the NOD TLR4” mouse model, the association between alterations
of gut morphology [1] and microbiome composition could be identified in the context of
metabolic disorders potentially involved in the progression of insulin-deficient diabetes/T1D.
SCFA might serve as important mediators in the metabolic processes involved in accelerated

diabetes progression in NOD TLR4” mice.

4.1.8 Effect of TLR4-deficiency in NOD mice on hepatic lipid, glucose and
energy metabolism

Because of an assumed ectopic fat accumulation in NOD TLR4" mice, HCL were determined
in female prediabetic 70-90 days old NOD TLR4** and NOD TLR4” mice via MRS. In (young)
prediabetic patients, no information on hepatic lipid contents are available. However, multiple
studies point to impaired lipid metabolism before the appearance of beta cell-directed
autoimmune processes. Impaired levels of TG in children were observed months before

seroconversion to autoantibody positivity as an indicator of emerging beta cell-directed
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immunity [240]. Another study using lipidomics revealed lipid signatures that characterize
children who develop islet autoimmunity or even T1D later in life [241].

Interestingly, NOD TLR4” mice showed lower levels of HCL compared to NOD TLR4** mice
before the age of diabetes onset. While NOD TLR4** mice showed HCL levels in the normal
range of metabolically healthy mice [242], NOD TLR4" mice showed almost 50 % lower HCL
levels.

Human studies showed, that patients with long-standing T1D revealed lower HCL compared
to healthy individuals [243-245]. A study in mice with a hepatocyte-selective TLR4-deletion
showed that animals with an alcohol intake over 4 weeks are protected from triglyceride
accumulation in the liver, partly due to increased expression of genes involved in FA oxidation
and decreased expression of endogenous lipogenic genes [228]. There are no data available
on HCL content in the prediabetic phase of T1D.

The HCL could not be separated into SFA, MUFA and PUFA due to the low amounts of fat in
the liver. Not only the lipid metabolism but also the hepatic energy metabolism was analyzed
in NOD TLR4** and NOD TLR4" mice. The livers showed similar concentrations of
phosphorous metabolites such as y-ATP, Pi, PME and PDE, indicating that the hepatic ATP
content and consequential energy metabolism are not affected by the TLR4-deficieny. These
findings are in line with a study in long-standing T1D patients, who revealed the same amounts
of hepatic y-ATP and Pi as healthy individuals [243].

The observation on the reduced HCL content in NOD TLR4” mice expands the finding of a
marked dyslipidemia in female prediabetic NOD TLR4” mice, which was described previously
[1]. The amount of HCL might differ in the two genotypes because of mechanisms involved in
hepatic lipid acquisition and disposal [100]. As the cellular FA uptake depends on FA receptors
such as CD36 and FFARZ2, the hepatic protein expression of these receptors was analyzed.
However, as revealed by Western Blot analyses, female prediabetic 70-90 days old NOD
TLR4** and NOD TLR4" mice showed similar levels of CD36 and FFAR2 expression in the
liver. Based on these findings, it appears unlikely that the lower HCL content is caused by an
impaired FA uptake in NOD TLR4™ mice.

Another explanation for the decreased HCL levels in NOD TLR4” mice might be an increased
FA consumption in the liver due to increased rates of FA oxidation. Recently, it was
demonstrated that hepatic lipid content is controlled by lipid consumption and disposal,
specifically by FA oxidation and export of lipids in VLDL [242]. Previous findings showed higher
mitochondrial respiration in the liver of NOD TLR4”" mice than NOD TLR4** mice [1]. An
increased hepatic mitochondrial respiration rate leads to more ATP production in the
mitochondria, thereby possibly increasing the FA oxidation, which in turn results in decreased
HCL levels in NOD TLR4” mice. This assumption might be supported by an earlier study in

diabetic NOD mice describing an increase in mRNA levels for enzymes involved in FA
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oxidation specifically in the liver leading to liver-specific upregulation of these enzymes [246].
Taken together, based on these earlier findings and the findings of the present study, it might
be speculated that because of the impaired lipid metabolism observed in prediabetic NOD
TLR4”" mice, increased FA oxidative enzymatic activity results in higher degradation of lipids
in the liver leading to decreased HCL.

Additionally, the impaired glucose metabolism could also play a role in the decrease of HCL in
prediabetic NOD TLR4” mice. Insulin is known to stimulate lipogenesis and to suppress
lipolysis in the liver [94]. Decreased insulin levels in NOD TLR4” mice as described in the
current study might lead to reduced insulin-induced suppression of hepatic lipolysis resulting
in higher conversion of TG to FA and to a higher release of FA subsequently leading to
decreased HCL content.

Furthermore, insulin stimulates the hepatic TG synthesis resulting in the conversion of FA to
TG and subsequently in the release of hepatic TG into the periphery [92]. Consequently, less
insulin in NOD TLR4” mice might result in lower rates of insulin-stimulated TG synthesis in the
liver leading to reduced generation of TG and fewer release of TG into the periphery. Reduced
TG synthesis rates might be associated with higher rates of hepatic lipolysis leading to an
enhanced release of FA from the liver into the blood stream resulting in lower HCL content in
these animals. To follow up on this issue, the TG content in the liver was measured and
revealed comparable levels in NOD TLR4** and NOD TLR4” mice. This finding further implies

that NOD TLR4” mice have a lower hepatic TG synthesis rate but increased hepatic lipolytic

activity (Figure 79).
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Figure 79: Hypothetical processes associated with lower HCL in NOD TLR4”- mice. NOD TLR4"- mice showed
lower levels of short-chain fatty acids (SCFA) in plasma but no change in free fatty acid (FFA) receptor expression
in visceral adipose tissue (VAT). Additionally, NOD TLR4"- mice revealed lower insulin levels suggesting less insulin
signaling. NOD TLR4"- mice showed higher levels of FFA in the plasma, leading to the assumption of lower rates
of FA oxidation and/or a decreased insulin-suppression of lipolysis in the VAT. In the liver of NOD TLR4" mice, the
FFA receptor expression was also not changed, but an elevated mitochondrial respiration was observed. It is
assumed that an increase in hepatic lipolysis and/or decrease of insulin-stimulated triglyceride (TG)-synthesis but
also the increase in mitochondrial respiration and/or FA oxidation contribute to the lower levels of HCL observed in
NOD TLR4” mice.
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Earlier findings of increased FFA and TG levels in plasma of NOD TLR4” mice indicate an
impaired hepatic lipid storage capacity possibly due to higher release of FA and TG
contributing to higher plasma FFA and TG levels.

Hepatic lipid metabolism plays an essential role in the maintenance of whole-body glucose
homeostasis [247]. Impairments of the HCL content in NOD TLR4” mice in the prediabetic
phase, preceding the manifestation of insulin-deficient diabetes/T1D, might have effects on the
pathogenesis and progression of the disease. A recent study in NOD mice showed that an
impaired regulation of hepatic lipid metabolism observed in the neonatal phase is an early
feature of insulin-deficient diabetes/T1D [248].

Hyperlipidemia might lead to alterations of whole-body insulin sensitivity resulting from
increased blood glucose levels in prediabetic NOD TLR4” mice. In prediabetic animals,
hyperglycemia associated with hyperlipidemia may lead to glucolipotoxic conditions which
result in impairments of beta cell functions [249]. Taken together, the damaging impact of
glucolipotoxicity on beta cell function, the stress of increased insulin secretion on demand
under conditions of impaired insulin sensitivity and the inflammatory stress resulting from the
progressing autoimmune process might accelerate the decline of insulin secretory capacity
and the manifestation of insulin-deficient diabetes/T1D in NOD TLR4" mice. In the context of
the literature, the findings of the present thesis support the assumption that impaired lipid
metabolism in the liver in the prediabetic phase contributes to the development of insulin-
deficient diabetes/T1D in NOD TLR4™ mice.

4.2 Effect of HFD on metabolic parameters in the prediabetic phase of
NOD TLR4’ mice, a model of accelerated development of insulin-
deficient diabetes

Lately, obesity is diagnosed at an increasingly early age and the numbers are still rising. In
2019, around 38 million children under the age of five were diagnosed as overweight or obese.
Suffering from obesity, these patients have an increased risk of developing chronic diseases
such as diabetes [187]. Overweight and obesity are mostly caused by lifestyle changes, such
as an unbalanced nutrition and/or a lack of physical activity [187].

These findings in early life led to the hypothesis that feeding NOD TLR4" mice a high caloric
diet before diabetes manifestation further promotes diabetes-accelerating metabolic changes
in these animals. NOD TLR4” mice were fed a HFD during the prediabetic phase from 30 to
70-90 days of age to test this hypothesis and to investigate metabolic changes evoked by a

high caloric diet.
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4.2.1 Effect of HFD on body- and tissue weight

Under SD conditions, NOD TLR4”- mice showed higher body weight compared to NOD TLR4**
mice. The findings from the literature suggested that under HFD condition, NOD TLR4" mice
might even have a more rapid increase in body weight [226]. Female NOD TLR4** and NOD
TLR4" mice were fed a HFD during the prediabetic phase from the age of 30 days to the age
of 70-90 days. NOD TLR4** and NOD TLR4” mice had higher body weights under HFD
condition than under SD condition, but no difference between the genotypes was observed.
Other studies confirmed these findings of higher body weight by feeding NOD mice a HFD for
6-8 weeks [250, 251]. Another study using TLR4 knockout mice on a C57BL/6J background
showed, that TLR4-deficiency protected these mice from body weight gain induced by feeding
a HFD for 18 weeks [252]. These contrasting results can be explained by using different mouse
models with TLR4-deficiency on a genetic background that does not predispose to diabetes
development.
Interestingly, when comparing the kinetics of body weight development of the two genotypes,
NOD TLR4" mice fed with HFD showed an even higher body weight gain than HFD fed NOD
TLR4** mice. These observations suggest that the TLR4-expression status has an impact on
the body weight development under hypercaloric conditions in NOD mice.
The whole-body fat mass was analyzed using NMR in NOD TLR4** and NOD TLR4” mice fed
with HFD which revealed higher fat mass at the age of 70 days in animals fed with HFD
compared to animals fed with SD. There were again no differences between the genotypes in
whole-body fat mass content. The increased body weight in NOD TLR4** and NOD TLR4™"
mice fed with HFD was found to be associated with enhanced whole-body fat mass. Based on
the findings of higher whole-body fat mass, weights and volumes of the liver, VAT, NAT, BAT
and WAT were determined. The liver weight and volume was the same for both genotypes
under both conditions, suggesting that neither the TLR4-expression status nor the hypercaloric
diet have an impact on the liver size. These findings could be confirmed by a study with NOD
mice, showing comparable liver weight in animals fed with SD and HFD [250]. The VAT weight
and volume were higher in animals fed with HFD compared to animals fed with SD.
Interestingly, NOD TLR4~” mice showed lower VAT weight than NOD TLR4** mice after HFD
feeding. This finding may lead to the assumption that NOD TLR4” mice have increased rates
of lipolysis and/or FA oxidation in the VAT resulting in higher rates of fat-degradation/fat-
release from the VAT into the periphery. In contrast, a previous study in TLR4-deficient mice
on the C57BL/6J background showed no effect of HFD-feeding on VAT weight [252]. These
different findings could also be explained by a different mouse model, which has no genetic
predisposition for the development of insulin-deficient diabetes like the NOD mouse model.
The NAT, BAT and WAT weights and volumes were increased in NOD TLR4** and NOD TLR4-
" mice fed with HFD compared to animals fed with SD.

142



Discussion

Taken together, the higher body weight of NOD TLR4** and NOD TLR4™ mice is associated
with increased whole-body fat mass during HFD-feeding in the prediabetic phase. The
increased whole-body fat mass results from higher fat intake and enhanced fat storage in the
different fat depots. Interestingly, while on HFD, the TLR4-expression status seems to have

an effect on the body weight development and the fat storage.

4.2.2 Effect of HFD on metabolic parameters

Because of the HFD-effect on body weight and inflammation in NOD TLR4** and NOD TLR4-
"' mice, central parameters of energy metabolism were investigated. The water and food intake
of NOD TLR4** and NOD TLR4" mice were determined under HFD conditions. Interestingly,
both genotypes showed a lower water and food intake under HFD conditions compared to SD.
NOD TLR4** and NOD TLR4" mice revealed no difference in water intake during the light-
and the dark-phases. These findings suggest that mice under HFD condition drink and eat less
than mice under SD conditions, which could be explained by a faster feeling of satiety because
of more fat and perhaps less thirst due to the texture of the HFD. Findings in the literature
confirm the results of the present thesis regarding less water and food intake during HFD
feeding. In a previous study, C57BL6/J mice fed a HFD also showed lower water intake
compared to animals fed a SD [253]. In addition, another study showed that C57BL/6 mice on
HFD revealed lower food intake compared to mice on SD [254].

The physical activity in animals fed with HFD was similar to animals fed with SD. In the dark-
phases, animals showed higher physical activity compared to the light-phases, which can be
explained by the circadian rhythm of the nocturnal animals. These findings suggest that neither
HFD-feeding nor the TLR4-expression status have an impact on the diurnal rhythm of physical
activity of NOD mice. The energy expenditure was measured in NOD TLR4** and NOD TLR4
" mice on HFD. Mice on HFD showed lower energy expenditure during the dark-phases than
mice fed with SD. Additionally, mice on HFD showed higher energy expenditure in the dark-
phases compared to the light-phases, which also can be explained by the circadian rhythm of
the nocturnal animals.

The CO. production and the O, consumption as well as the RQ were determined in mice fed
with HFD. Interestingly, NOD TLR4** and NOD TLR4’ mice on HFD showed lower CO;
production in the dark phases than animals on SD. Additionally, when compared to NOD TLR4-
" mice, NOD TLR4** mice revealed higher CO- production in the dark-phases than during the
light-phases. The O, consumption was higher in the dark-phases than in the light-phases in
animals fed with HFD, but comparable to animals fed with SD except for NOD TLR4** mice in
the light-phases. The RQ was similar between the genotypes and the phases in animals fed
with HFD but lower than in animals fed with SD. In HFD fed animals, low RQ during dark-

phases indicates continuous preference of the utilization of fat and proteins. Similar findings in
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human studies revealed, that patients with T1D show an impaired substrate utilization which
might result from an increased metabolic inflexibility resulting in a decreased RQ because of a
reduced ability to oxidize carbohydrates [235, 255].

Taken together, the decreased RQ and energy consumption in animals fed with HFD could
result from lower glucose utilization resulting from IR. Furthermore, the TLR4-expression
status during HFD feeding does not seem to have an impact on energy expenditure and RQ.
The issue of impaired carbohydrate oxidation and higher protein and fat oxidation was further
investigated by determining the whole-body CHO and whole-body FAO rates in NOD TLR4*"*
and NOD TLR4” mice on HFD. Mice on HFD showed lower CHO rates compared to animals
on SD. Furthermore, mice on HFD revealed higher FAO rates than animals on SD. These
findings confirm the assumption that under HFD conditions, NOD TLR4** and NOD TLR4"
mice decrease glucose utilization. For compensation, they increase the utilization of proteins
and fat as energy substrates leading to lower energy consumption and RQ.

Taken together, under HFD condition, the TLR4-expression status does not seem to affect
basic parameters of substrate utilization in NOD mice, as HFD feeding of both genotypes
revealed comparable effects on water and food intake, RQ, energy expenditure and CHO and
FAO rates.

Because of impaired carbohydrate oxidation in NOD TLR4** and NOD TLR4” mice fed with
HFD, random blood glucose concentrations were determined. NOD TLR4** mice showed
higher blood glucose levels under HFD condition compared to SD condition. The increase of
blood glucose levels of NOD TLR4** mice fed with HFD was confirmed by other studies in
NOD mice [250, 251]. Interestingly, NOD TLR4” mice revealed lower blood glucose
concentrations than NOD TLR4*"* mice under HFD condition. The blood glucose levels of NOD
TLR4”- mice remained largely unaltered under HFD and SD conditions. The findings of lower
blood glucose levels in NOD TLR4” mice fed with HFD may allow the speculation that HFD
might have a protective effect on the glucose metabolism. However, these assumptions need

to be tested in further experiments.

4.2.3 Effect of HFD on islet inflammation

Because of the impact of the HFD on metabolic parameters and the plasma glucose
concentrations, the islet inflammation in NOD TLR4” mice was examined by determining the
development of insulitis in pancreatic islets. By using histological analyses, the total islet area,
insulin-positive area and infiltrated islet area were determined in pancreatic sections of female
prediabetic 70-90 days old NOD TLR4** and NOD TLR4" mice fed with SD or HFD. Pancreatic
islets of NOD TLR4** mice revealed larger islet areas under HFD than SD. There was neither
a difference in islet area between NOD TLR4” mice fed with SD or HFD nor between the two

genotypes. The larger islet areas in NOD TLR4** mice on HFD might result from the attempt
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to compensate for the increased insulin requirement caused by an elevated IR due to larger
fat mass after the prolonged uptake of a HFD. The findings in the present thesis match the
results from other studies showing that an increased fat cell mass leads to an increase of islet
size and contributes to IR [226, 256-258]. Moreover, various other studies in different animal
models found that HFD leads to enhanced beta cell mass [259-262].

The insulin-positive area of pancreatic islets of animals fed with HFD was determined and NOD
TLR4** mice were found to show lower proportions of insulin-positive areas compared to NOD
TLR4** mice on SD. There was no difference between the genotypes or NOD TLR4” mice fed
with SD or HFD regarding the proportions of the insulin-positive area of pancreatic islets. These
findings were unexpected, since other studies commonly report that as a result of HFD feeding,
IR develops and the beta cell mass consequentially increases [45, 259, 260, 262, 263]. Further
detailed studies and analysis of the islet structure of NOD TLR4** and NOD TLR4" mice fed
with SD and HFD are required to explain the unexpected finding of the lower insulin-positive
islet area in NOD TLR4** mice fed with HFD. In complementary analyses, the infiltrated islet
area was determined in pancreatic islets of NOD TLR4** and NOD TLR4” mice fed with SD
or HFD. The proportion of the infiltrated islet area from all affected islets was comparable
between the genotypes and the diets. In addition, the classification in insulitis-scores to assess
the degree of insulitis showed no differences within the experimental groups. Furthermore,
regardless of the TLR4 expression status, the HFD showed the highest proportion of large
islets being infiltrated compared to SD. This might be explained by the presence of higher
amounts of beta cell specific antigens, which attract increasing numbers of immune cells
thereby accelerating insulitis in larger islets. Previous studies showed that as a consequence
of the HFD-induced IR, the stress on beta-cells to synthesize higher amounts of insulin
increases and therefore their metabolic activity enhances, which consequently makes them a
more preferred target for the immune system [45, 264]. Another study found that beta-cells
with high activity showed increased antigen expression, which makes them more vulnerable
to inflammatory attacks [265].

As an indicator of systemic inflammation, the plasma levels of CRP were measured in NOD
TLR4** and NOD TLR4" mice on SD and HFD. The plasma concentrations of CRP were
similar in both genotypes and diets around 0.13-0.16 mg/dl. The findings in the present thesis
regarding the levels of CRP were similar to results in a study in C57BL/6 mice and healthy
individuals [230]. These findings confirmed that the plasma CRP levels of NOD TLR4** and
NOD TLR4”" mice on HFD are in normal range and do not indicate systemic inflammatory
conditions.

Taken together, under HFD NOD TLR4** mice showed higher islet areas and insulin-positive
areas, whereas islets of NOD TLR4” mice remained largely unchanged suggesting that HFD

has a rather protective effect on islets of NOD TLR4” mice. Under HFD condition, the highest
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proportion of large islets was infiltrated compared to SD conditions, indicating that the TLR4-
expression status has no impact on the immune cell infiltration of islets. The plasma CRP levels
were comparable between the two genotypes and diets suggesting that neither the TLR4-

expression status nor the diet has an effect on systemic inflammation.

4.2.4 Effect of HFD on lipid metabolism

Because of the impaired insulin secretion in NOD TLR4” mice on SD and the altered fat depot
weights and volumes, the lipid metabolism was analyzed in female prediabetic NOD TLR4**
and NOD TLR4” mice in order to investigate the potential impact of HFD-feeding on the fat
depot composition and parameters in the plasma. Regarding the fat depot composition, the
VAT, NAT and BAT were analyzed. Under HFD conditions, animals showed higher MUFA
content in the VAT than mice fed with SD. In addition, NOD TLR4** mice fed with HFD revealed
lower PUFA content compared to NOD TLR4** mice fed with SD. In the NAT, NOD TLR4*"*
mice showed higher MUFA content when fed with HFD than SD. The SFA, MUFA and PUFA
content in the BAT was comparable between the two genotypes and the diets. No difference
was observed between the genotypes on HFD. The differences in lipid composition between
SD and HFD fed mice could be a result of the different compositions of the diets. The SD
consists of 0.7 % SFA, 1.1 % MUFA and 2.7 % PUFA per 100 g meal whereas the HFD
contains much higher FA proportions and consist of 11.2 % SFA, 12.5 % MUFA and 11.2 %
PUFA. The ratio between HFD/SD amounted to 15.5 for SFA, 11.4 for MUFA and 4.1 for PUFA.
Animals on SD take up much more PUFA in comparison to SFA and MUFA than animals on
HFD which could contribute to the lower PUFA contents in the VAT of NOD TLR4** mice fed
with HFD. NOD TLR4** mice showed higher MUFA content in the VAT and NAT, which could
also result from the HFD composition. Interestingly, only NOD TLR4** mice revealed
differences in the FA content of fat depots under HFD condition. These observations lead to
the speculation that under HFD condition NOD TLR4” mice might be better protected from
changes in the lipid metabolism than NOD TLR4** mice. Additionally, FFA, TG, cholesterol,
HDL, and LDL levels were determined in the plasma. Surprisingly, the FFA and TG
concentrations showed no change under HFD conditions compared to SD condition and no
differences between the genotypes suggesting that HFD-feeding has no impact on peripheral
FA and TG levels. Based on these findings, the levels of other lipids in the periphery were
investigated such as cholesterol, HDL and LDL levels, which were found to be higher in
animals fed with HFD than in animals fed with SD.

Taken together, feeding a HFD to NOD TLR4** and NOD TLR4” mice led to higher lipid
concentrations in the plasma and to a partly different FA composition in fat depots, suggesting

that the HFD and the TLR4-expression status both have an effect on the lipid metabolism in
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these animals. Further studies are required to clarify the association between FA composition

in fat depots, high caloric diet and the TLR4-expression status in NOD mice.

4.2.5 Effect of HFD on hepatic lipid-, glucose- and energy metabolism

Because of the differences in the HCL content under SD condition and the alterations in lipid
metabolism in animals fed with HFD, HCL content was determined in female prediabetic NOD
TLR4** and NOD TLR4” mice using MRS. As expected, the HCL content in animals fed with
HFD was higher than in mice fed with SD. This increased ectopic fat storage could be
explained by reaching the limits of the fat storage capacity of the adipose tissue. These findings
match with results from the literature showing that C57BL/6J mice on HFD have higher liver
TG levels than mice on SD [266]. Interestingly, NOD TLR4” mice had even higher levels of
HCL than NOD TLR4** mice on HFD.

Not only the lipid metabolism but also the hepatic energy metabolism was analyzed in NOD
TLR4** and NOD TLR4" mice on HFD. Interestingly, the liver of animals fed with HFD showed
higher y-ATP concentrations, but similar Pi levels compared to animals fed with SD. There was
no difference between the genotypes in y-ATP and Pi concentrations. The PME levels in the
liver of NOD TLR4** and NOD TLR4" mice revealed no differences between the genotypes
and diets. In contrast, the PDE levels of NOD TLR4** mice were higher in animals fed with
HFD than SD. In summary, the hepatic energy metabolism is affected by the HFD, but not by
the TLR4-expression status of the animals. A previous study showed that after feeding a HFD
to C57BL/6J mice, the liver mitochondria have a higher respiratory capacity and increased
ATP levels compared to mitochondria of animals fed with SD [267].

The higher HCL levels in NOD TLR4”- mice on HFD could be explained by an assumed normal
glucose metabolism in these animals as indicated by their random blood glucose levels which
were in the normal range and lower than NOD TLR4** mice on HFD. This could lead to the
assumption that the HFD might protect NOD TLR4”- mice from hyperglycemia and alterations
of the glucose metabolism. The normal range of blood glucose levels in NOD TLR4” mice
could presumably result from normal insulin release of beta cells and/or unimpaired insulin
sensitivity of the liver and other tissues. The presumably normal insulin release into the
periphery and the assumed normal insulin sensitivity of the liver but the increased levels of
LDL, HDL and cholesterol measured in the periphery might lead to higher FA uptake into the
liver. Higher FA uptake but an assumed normal hepatic insulin-stimulated TG synthesis and
hepatic insulin-suppressed lipolysis might result in normal release of hepatic FA and TG into
the periphery which could explain the normal levels of FA and TG in the periphery of NOD
TLR4" mice. The excess of FA in the liver but the assumed regular hepatic FA degradation
might lead to the increased HCL content observed in NOD TLR4” mice fed with HFD.

147



Discussion

Taken together, NOD TLR4" mice on HFD showed higher HCL content than NOD TLR4**
mice on HFD, which could result from higher FA uptake into the liver while FA degradation is

in the normal range. However, these assumptions need to be further investigated.

4.3 Limitations of this study

Basic problems arising from animal studies, the heterogeneity of the mouse model and the

effects of isoflurane are seen as limitations of this study and are further outlined in this section.

4.3.1 Basic problem arising from animal studies

Evaluation of multiple parameters requires the use of animals over many generations. The
explanation for unexpected observations in the current study compared to previously published
findings in the model may be caused by marginal shifts in the metabolic phenotype of the
animals over generations. To minimize these shifts, the housing conditions were kept as stable
as possible. To further reduce variations by shifts of phenotype between generations, the NOD
TLR4 colony was maintained by following a breeding strategy that relied on a larger number
of breeding pairs over all generations. In addition, in all experiments, littermates were
compared with homozygous TLR4-expression or TLR4-deficiency. However, basic
parameters, particularly the accelerated diabetes development, were stable as shown by
monitoring diabetes manifestation over many generations. Because of the possible shift of
parameters over generations, the parameters of the SD group were always measured again

together with the groups receiving HFD.

4.3.2 Heterogeneity of NOD TLR4** and NOD TLR4" mice

The number of animals that actually have developed insulin-deficient diabetes can explain the
partially contrasting results to findings published earlier and the standard deviation of
measured data in the present thesis. Around 70-76 % of female NOD TLR4** and NOD TLR4"
" mice develop diabetes during their life span. At the time of the experiments, the mice are in
the prediabetic phase at the age of 70-90 days, but diabetes manifestation typically starts at
the age of 151-166 days. As a consequence, at the time point of the analyses it is not clear
which mouse will develop diabetes later in life. This leads to a heterogeneity of the examined
animals with regard to their “prediabetes” status. This heterogeneity may contribute to the
deviation of measured data. To address this problem, larger numbers of animals per group
were included and the blood glucose levels were measured before every experiment to ensure
the inclusion of normoglycemic animals. Despite the deviation of measured data, the NOD

TLR4” mouse model is still regarded as the best model to analyze the processes involved in

148



Discussion

the pathogenesis of T1D. Based on the model of the NOD mouse, the NOD TLR4” mouse
model used in this thesis represents an adequate model to analyze the energy and glucose
metabolism as well as the insulitis linked to the development of insulin-deficient diabetes/T1D.
Because of its comparability with the increased incidence of T1D in younger children, the
model of the NOD TLR4” mouse allows to study possible mechanisms underlying the
accelerated diabetes development and to identify possible strategies to counteract the

development of T1D.

4.3.3 Anesthesia effects

Isoflurane is a commonly used inhalation anesthetic, which has impacts on multiple cellular
processes including the glucose metabolism. To estimate possible isoflurane effects on
parameters determined in the present study, the plasma glucose and insulin levels in isoflurane
anesthetized female prediabetic NOD TLR4** and NOD TLR4” mice were extensively
analyzed in pilot studies. The plasma glucose levels were increased in both genotypes during
isoflurane anesthesia, but the plasma insulin levels were higher during anesthesia only in NOD
TLR4” mice. These findings confirm the elevation of blood glucose levels by isoflurane in
different animal models [268-271]. Regarding the effect of isoflurane on insulin secretion,
various studies showed that isoflurane has no impact on the insulin levels or insulin secretion
in different animal models, whereas other studies revealed decreased plasma insulin levels by
isoflurane [268-272]. Potential alternative anesthetics such as ketamine and xylazine (Ket/Xyl),
pentobarbital (PENTO), sevoflurane (SEVO), ketamine-medetomidine-atropine (KMA),
sufentanil-propofol-morphine  (SPM), fentanyl-ketamine-midazolam (FKM), fentanyl-
midazolam-haldol (FMH), fentanyl-fluanisone-midazolam (FFM), fentanyl-midazolam-
acepromazine (FMA), propofol-fentanyl-midazolam (PFM) and hypnorm and midazolam
(Hyp/Mid) were found to have similar adverse effects as isoflurane on plasma glucose and
insulin levels, but also partly on plasma FFA levels [268-271]. SPM, FFM, FMH and PFM
showed minor or no effects on the glucose metabolism of the investigated animals. Moreover,
these anesthetics have to be applied intraperitoneally, which takes longer to show an effect
than inhalation anesthetics and might increase the stress of the animals [269, 271]. In addition,
injecting anesthetics intraperitoneally several times during MRI/MRS would challenge the
protocols and their duration.

In summary, there is no optimal anesthesia for MRS experiments regarding the whole-body
metabolism in animals. Different anesthetics may be preferred in different animal models
selected on their physiological conditions and experimental protocols. There is no good
alternative for isoflurane for the experiments of the present thesis. However, most parameters
in the present study are largely unaffected by isoflurane effects except the 3'P-metabolite

measurements.
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5 Conclusion and outlook

The present thesis combines published data and unpublished experiments that provide new
insights into metabolic and immunologic alterations during the prediabetic phase in an animal
model of accelerated development of insulin-deficient diabetes/T1D. The newly described
metabolic and immunologic changes might contribute to the accelerated development of
insulin-deficient diabetes observed in the present mouse model and could explain the
accelerated T1D development in younger children.

The findings in the present thesis indicate that the accelerated development of diabetes in
prediabetic NOD TLR4” mice is associated with reduced plasma SCFA levels as well as an
impaired glucose tolerance and lipid metabolism. It was shown that lower HCL content
precedes the manifestation of accelerated diabetes development in NOD TLR4”- mice, which
might result from reduced activity of insulin-mediated TG synthesis or increased lipolysis. On
HFD, NOD TLR4” mice revealed less metabolic and immunologic changes than NOD TLR4*"*
mice, suggesting that HFD-feeding rather protects from unfavorable alterations of metabolic
and immunologic processes in NOD TLR4” mice. As expected, HFD-feeding led to higher
body weight and increased fat mass in both genotypes. In contrast, NOD TLR4" mice on HFD
revealed higher HCL than NOD TLR4** mice suggesting an increased FA uptake into the liver
while the rate of hepatic FA degradation remains unaffected.

Future experiments should include tissue or cell-type specific TLR4-knockout mouse models,
especially hepatocyte-specific, to further investigate the impact of the TLR4-deficiency on
distinct tissues. Furthermore, not only FA receptors on the surface but also proteins involved
in intracellular lipid metabolism such as ATGL and HSL should be examined in liver tissue of
NOD TLR4** and NOD TLR4" mice. Additionally, performing a hyperinsulinemic-euglycemic
clamp in NOD TLR4” mice would clarify the degree of insulin sensitivity and proof insulin
resistance in these animals. To investigate the impact of HFD on diabetes development and
incidence in NOD TLR4** and NOD TLR4” mice, these animals should be fed a HFD until the
age of 250 days. In addition, their glucose tolerance and insulin sensitivity should be
determined to further characterize a potential protective effect of the HFD in NOD TLR4” mice.
Taken together, the NOD TLR4” mouse is an adequate model to investigate the metabolic
processes underlying the accelerated development of T1D, as recently seen in younger
children. The present study reveals possible processes and mechanisms that might contribute
to and partly clarify the acceleration of T1D development. The findings further emphasize the
importance of studies in the prediabetic phase of animal models, in order to develop strategies

to prevent or delay the progression of T1D.
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