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1 Abstract

Food as the body’s fuel have an enormous impact on the body. The way of eating and type of
food triggers inflammatory pathways. Restrictive diets gained interest for its promising impact
on health- and lifespan. Many beneficial effects such as a decrease in obesity, a reduction of
inflammation and diseases, longevity, improvements in mood and cognitive tasks, as well as
neuroprotective effects have been described already. Mouse studies showed the great impact
of restrictive diets on the health status. However, most of the studies were conducted on sick
mice and did not compare the effects of the diets together in one experiment on healthy
individuals to figure out which diet has the greatest potential to decrease inflammation and
increase health- and lifespan.

For the examination of different restrictive diets on inflammation markers and morphological
changes in the gastrointestinal tract, healthy male C57BI6 mice were divided into seven groups
of eight mice receiving following diets: control diet (CTL), caloric restriction (CR), intermittent
fasting (IF), fasting mimicking diet (FMD), ketogenic diet 1 (Keto-1), ketogenic diet 2 (Keto-2)
and ketogenic control diet (Keto-CTL). In addition to histological examinations, the focus was
also placed on the microbiota composition, autophagy processes and the antioxidative and
immune response. Included in the study design were the examination of nuclear factor kappa
B inhibitor a (IkBa), the cytokine expression, the glutathione S-transferase 3 (GSTA3) and
microsomal glutathione S-transferase 1 (MGST1) and the autophagy related genes 7 and 12
(ATG7 and ATG12) expression in the small intestine epithelium tissue. Furthermore, the
relative abundance of Lactobacillus, Bacteroidetes, Firmicutes, Streptococcus and
Deferribacter in the feces were determined, as well as the changes in the morphology in the
small intestine and colon.

The results showed that restrictive diets had an anti-inflammatory impact on the
gastrointestinal tract of mice. Thereby, CR, IF, FMD and Keto-1 group were associated with
the greatest reduction in inflammation markers.

Overall, restrictive diets showed promise in improving gastrointestinal health by altering the
composition of the microbiota as well as gastrointestinal tissue and its cell function in an anti-
inflammatory way. Nutrition works on many different levels in the body. Optimizing daily
dietary composition and patterns could have a long-term and health-promoting impact on
optimizing health span and preventing diseases.



Zusammenfassung

Die Nahrung als Treibstoff des Korpers hat einen enormen Einfluss auf den Kérper. Die Art des
Essens und die Art der Nahrung l6sen Entziindungsprozesse aus. Restriktive Didten haben
aufgrund ihrer vielversprechenden Auswirkungen auf die Gesundheit und die
Lebenserwartung an Interesse gewonnen. Viele vorteilhafte Effekte wie eine Abnahme der
Fettleibigkeit, eine Reduzierung von Entzindungen und Krankheiten, Langlebigkeit,
Verbesserungen der Stimmung und kognitiver Aufgaben sowie neuroprotektive Effekte
wurden bereits beschrieben. Studien an Mdusen zeigten den groRen Einfluss von restriktiven
Diaten auf den Gesundheitszustand. Die meisten Studien wurden jedoch an kranken Mausen
durchgefiihrt und verglichen nicht die Auswirkungen der Didten in einem Experiment an
gesunden Individuen, um herauszufinden, welche Didt das groflte Potenzial hat,
Entziindungen zu verringern und die Gesundheits- und Lebenserwartung zu erhdhen.

Fir die Untersuchung verschiedener restriktiver Didten auf Entziindungsmarker und
morphologische Veranderungen im Gastrointestinaltrakt wurden gesunde mannliche C57BI6-
Mause in sieben Gruppen zu je acht Mausen aufgeteilt, die folgende Didten erhielten:
Kontrolldiat (CTL), kalorische Restriktion (CR), intermittierendes Fasten (IF), Fasten mimicking
diet (FMD), ketogene Diat 1 (Keto-1), ketogene Didt 2 (Keto-2) und ketogene Kontrolldiat
(Keto-CTL). Neben histologischen Untersuchungen standen auch die Zusammensetzung der
Mikrobiota, Autophagie-Prozesse sowie die antioxidative und Immunantwort im Fokus. In das
Studiendesign eingeschlossen waren die Untersuchung des Nuclear Factor Kappa B Inhibitor
o (IkBa), der Zytokinexpression, der Glutathion-S-Transferase 3 (GSTA3) und der
mikrosomalen Glutathion-S-Transferase 1 (MGST1) sowie der Expression der Autophagie-
bezogenen Gene 7 und 12 (ATG7 und ATG12) im Dinndarmepithelgewebe. Darliber hinaus
wurden die relative Haufigkeit von Lactobacillus, Bacteroidetes, Firmicutes, Streptococcus und
Deferribacter im Kot sowie die Verdanderungen der Morphologie im Dinn- und Dickdarm
bestimmt.

Die Ergebnisse zeigten, dass die restriktive Didt eine entziindungshemmende Wirkung auf den
Gastrointestinaltrakt der Mause hatte. Dabei waren CR, IF, FMD und die Keto-1-Gruppe mit
der groRten Reduktion der Entziindungsmarker verbunden.

Insgesamt zeigten restriktive Didten ein vielversprechendes Ergebnis bei der Verbesserung der
gastrointestinalen Gesundheit, indem sie die Zusammensetzung der Mikrobiota sowie das
gastrointestinale Gewebe und seine Zellfunktion auf entziindungshemmende Weise
veranderten. Die Erndhrung wirkt auf vielen verschiedenen Ebenen im Koérper. Die
Optimierung der taglichen Nahrungszusammensetzung und -muster koénnte einen
langfristigen und gesundheitsférdernden Einfluss auf die Optimierung der Gesundheitsspanne
und die Pravention von Krankheiten haben.



2 Introduction

2.1 Restrictive diets

Depending on the diet, the metabolism changes. One way of changing it is through food
restriction. Food restriction enables the organism to develop alternative metabolic phases,
which rely more on fat and ketone bodies and less on glucose [77]. Under normal physiological
conditions, glucose is the primary substrate for energy. However, when glucose is sparse, for
example during restrictive diets, fat and ketone bodies can serve as energy source. Ketone
bodies are mainly produced out of fat and proteins and depend on low insulin levels for their
production, which enhance lipolysis, the breakdown of fats. The produced ketone bodies
acetoacetate, R-hydroxybutyric acid and acetone are transported through the bloodstream to
the peripheral cells, where they are converted to acetyl-CoA and metabolized into energy in
the mitochondria [13, 64]. Ketones show a neuroprotective effect by enhancing the brain’s
energy metabolism. These effects were already proved in neurodegenerative diseases, where
the glucose metabolism in the brain was declined [54].

Fasting can be defined as a voluntary reduction of or abstinence from some or all food, drinks,
or both for a certain period lasting generally between 12 hours and 3 weeks. This could be
executed in form of short term, long term or an intermittent fasting pattern [100]. Fasting is
not only known in the religious context but also for its health benefits and its potential for
longevity. At this point it is important to separate fasting from starvation. Starvation is a
chronic and strong caloric deficiency below the level needed for maintaining a healthy life
[69]. Fasting however is based on a negative energy balance, that results in achieving weight
loss, as well as many other health benefits [69].

Another way to enhance the metabolic pathway of ketone bodies is through ketogenic diets.
The ketogenic diet is based on a high fat and low-carbohydrate diet which mimics the
metabolic state of long-term fasting by forcing the body to use fat instead of carbohydrates
as its major source of energy [32].

In the following chapters, different restrictive diets are listed.

2.1.1 Caloric restriction

CRis based on a reduction of daily calorie intake. Common are restrictions between 20 to 40%,
but also stricter ones, higher than 50% are performed [7]. CR was associated with a reduction
in oxidative and inflammatory stress [5]. Previous studies showed that CR prevented several
inflammatory [84] and chronic degenerative diseases, prolonged life in primitive species
including yeast and Escherichia coli [93] and had positive effects on the mood [83]. The high
life expectancy in the Okinawan population in Japan was associated at least in part with a
lower calorie intake compared to the mainland [126]. Currently, CR is regarded as the gold
standard for many aging intervention methods. Although it is well researched that CR has



many positive effects in counteracting aging processes, the exact mechanisms are still
controversial [16].

2.1.2 Intermittent fasting

Intermittent fasting (IF) is a form of fasting that consists of cycles between fasting and non-
fasting periods. It is an umbrella term including alternate-day-fasting (ADF), time restricted
feeding (TRF), and periodic fasting (PF). ADF means fasting on one day and eating ad libitum
on the next day. TRF is based on a restriction of the time where the individual can eat during
a day. An example of periodic fasting is the 5:2 diet, meaning two fast days during a week. In
previous studies IF showed already a great impact on health. It was associated with a
reduction of inflammation and diseases, an increase in stress resistance, longevity, and a
reduction of obesity. Moreover, previous studies showed IF affected directly the composition
of the gastrointestinal microbiota, their function and the interaction with the host [11, 58, 73].

2.1.3 Fasting mimicking diet

Through the understanding of some connections between nutrients, fasting and the benefits
for the metabolism, the development of compounds that mimic the effects of CR are of great
interest [113]. Prof. Longo developed a method, namely fasting mimicking diet (FMD), which
achieves similar changes to those caused by fasting. FMD is characterized by undergoing
periodic cycles of fasting. Compared to IF and CR, FMD provides a relatively high calorie
content. It mimics the beneficial effects of fasting by decreasing the proportion of visceral fat,
reducing inflammatory diseases, decreasing bone mineral density loss and leading to
improvements in cognitive tasks [77].

2.1.4 Ketogenic diets

Ketogenic diets were developed in the 1920s, as a treatment for epilepsy, based on
observations on the positive impact of this diet on the anti-seizure effect of epileptic attacks
[63]. The interest in ketogenic diets and other ketogenic treatments has proliferated during
the last decade. Ketone bodies are now used not only for epileptic treatments but also as a
potential therapeutic strategy in several diseases such as diabetes, cardiovascular diseases,
cancer and neurodegeneration [38, 87].

The classic ketogenic diet comprises a 4:1 ketogenic ratio of fat compared to combined
carbohydrates and protein. Most dietary fat consists of so called long-chain triacylglycerol
(LCTs). However, medium-chain triacylglycerol (MCTs) are more ketogenic, meaning they
produce more ketone bodies per unit of energy compared to LCTs [48, 140]. LCTs require a
transporter for entry into the mitochondrial matrix, where they are converted into acetyl-CoA.
That is a limiting step for the ketosis during ketogenic diets. Compared to LCTs, MCTs do not
rely on a transporter protein for entry into the mitochondria [33].



Ketogenic diets showed a positive impact on neurological diseases like epilepsy [89, 140],
Alzheimer’s disease [19], Huntington disease [96], amyotrophic lateral sclerosis [121] and
Parkinson’s disease [139]. One common feature in neurodegenerative diseases is the
disruption of the energy metabolism in the brain, meaning a hypometabolism of glucose in
affected brain regions which correlates to the severity of the disease [19, 96, 121, 139].
Ketogenic diets support the brain's energy supply via an additional pathway besides glucose
and can slow down the progression of diseases or even prevent the onset of diseases if the
diet is started early enough [20].

2.2 The gastrointestinal microbiota

Hippocrates said 2500 years ago what the science is proving nowadays “all disease begins in
the gut”. The microbiome plays an important role in maintaining health. Relations between
the gastrointestinal microbiota and human health are being increasingly recognized. The
gastrointestinal microbiome has a substantial functional plasticity and an extensive metabolic
capability [78]. It consists of estimated 2,000 different species and corresponds to
approximately a weight of 1.5 kilograms. The intestinal microbiome plays an essential part in
the digestion. Not only are important micronutrients and vitamins produced there, but the
microbiome also influences the motility of the colon [114]. It maintains a symbiotic
relationship with the gastrointestinal mucosa by imparting substantial immunological,
metabolic, and gastrointestinal protective functions in the individual. The maintenance of the
structural integrity of the mucosal barrier protects the individual from pathogen colonization
[52, 134]. One of the major activities of the microbiota is to break down substrates such as
resistant starch and dietary fiber, which are incompletely hydrolyzed by host enzymes in the
small intestine. The primary fermentation products resulting from fiber breakdown are the
short-chain fatty acids (SCFAs) acetate, propionate and butyrate, which provide an additional
source of energy for the body [110]. Disruptions of the gastrointestinal microbiota, referred
to as gut dysbiosis, is commonly observed in human diseases ranging from obesity and
diabetes [26] to colorectal cancer [134], neurodevelopmental ilinesses, as well as allergic [56]
and inflammatory gastrointestinal diseases [47, 71]. Since non-communicable diseases (NCDs)
show a strong increase nowadays, more and more studies are focusing on the role and
changes in the composition of microbiota in the gastrointestinal tract.

The healthy human gastrointestinal microbiota comprises two major phyla, namely Firmicutes
and Bacteroidetes [52, 131]. Bacteroidetes is a primary degrader of polysaccharides in the
gastrointestinal tract [66]. A decrease in the population was in previous studies associated
with obesity [72] and chronic inflammatory skin diseases [118]. An abundance of
Bacteroidetes was associated with a decrease in LDL-Cholesterol [92].

The bacteria Firmicutes supports fat absorption. Previous studies associated an increase of
Firmicutes population with obesity [50, 81, 105]. Therefore, these two bacteria were
combined to form the Firmicutes/Bacteroidetes ratio as a biomarker for obesity. However,
due to significant variability even in healthy individuals, the relationship is not completely
reliable so far [50, 81].

Another core microbe is Parasutterella. Same as Bacteroidetes and Firmicutes, it has been



identified as a healthy fecal core microbiome member in the human gastrointestinal tract
[127]. Parasutterella produces succinate as fermentative end product [94]. Results using a
germ-free mouse model showed that bacterially produced succinate stimulated the
colonization of anaerobic bacteria, which protected mice from infection [61]. Therefore,
Parasutterella may play an important role in microbial interactions and resistance of
infections.

The abundance of Deferribacter was in previous studies associated with inflammatory
metabolic pathways. An increase of these bacteria has been linked to type 2 diabetes [92] and
higher expression of interleukin (IL)-18. An increase of Deferribacter could therefore
contribute to an overexpression of inflammatory cytokines, especially in the colonic mucosa
[68].

The bacteria Lactobacillus is best understood and known for its essential role in food
fermentation and probiotic applications. Although the bacteria are only minor members of
the colonic microbiota, they have a great impact on health. Several animal studies showed a
connection between Lactobacillus and the prevention of infectious diseases and recovery of
immune homeostasis [30, 43, 57, 133]. A depletion of the amount of Lactobacillus in the
intestine was associated with prenatal stress [35, 138], type 1 diabetes [1, 34], multiple
sclerosis [15, 115], irritable bowel syndrome [75], and human deficiency virus (HIV) [122, 130].
Enriched levels were associated with Crohn’s disease [70, 124] and rheumatoid arthritis [76,
136]. In obesity [24, 46, 49, 67, 105], type 2 diabetes [31, 59], and colorectal cancer [10, 41]
the levels of Lactobacillus were either enriched or depleted.

Another member of the gastrointestinal microbiome is Streptococcus. An abundance of these
bacteria was in previous studies associated with low grade inflammation in the knee [9] and
chronic skin diseases [99].

2.3 Structure of the gastrointestinal barrier

One way to study the effects of different restrictive diets on the gastrointestinal tract is to
examine the morphology of the intestine. The intestinal barrier is the separation of the body
and its environment. To keep the body healthy, one needs a well-functioning intestinal barrier
to prevent penetrations of foreign substances and pathogens. The intestinal mucosa is also
the central lock for nutrients, vitamins, electrolytes, and trace elements. These substances
must be able to pass through the intestinal barrier to reach the interior of the body and supply
all body cells.

From the outside looking in, the intestinal barrier consists of the following components:

2.3.1 The mucus

The mucus consists of two layers: an inner layer, which adheres firmly to the epithelial cells,
and an outer layer, which is about twice as thick, much looser, and less adherent. The inner,
dense layer keeps bacteria away from the epithelial layer, while the upper layer provides a
habitat for the intestinal microbiome. The function of the mucus goes far beyond a simple



barrier. It contains glycans, which serve as food for the bacteria and are probably also involved
in the selection of specific microbial species essential for maintaining integrity, homeostasis
and digestion [95].

2.3.2 The intestinal mucosa

The intestinal mucosa consists of a single layer of different polarized cell types which form a
physical barrier between body and the environment. The small intestinal mucosa is organized
in many crypt-villus units. Villi are finger like protrusions of the gastrointestinal wall which
project into the gastrointestinal lumen to maximize the absorptive surface area. A villus is
covered by an epithelium, and underneath are capillaries and lymph vessels that mediate the
transport of absorbed nutrients into the body. The villus is surrounded by epithelial
invaginations, called crypts of Lieberkiihn. The crypts contain proliferating epithelial cells, that
fuel the active process of self-renewal of the epithelium.

The intestinal mucosal epithelium is built of different cell types. The most populous cells are
enterocytes. Enterocytes handle the absorption of different substances from the food. They
are tall cells with an apical surface with microvilli called luminal brush border that further
increases the absorptive area of a villus. Another common cell type in the mucosal barrier are
goblet cells. These cells are rounded at the end and secret mucus, which builds a protective
layer for the mucosal epithelium. Neuroendocrine (enteroendocrine) cells secrete various
hormones and Paneth cells secrete bactericidal peptides such as defensins and lysozymes.
Compared to goblet cells and neuroendocrine cells which both occur on the villi intestinalis
and in crypts, Paneth cells are placed only on the bottom in the crypts. Microfold (M) cells are
cell of the immune system. They reside in the Peyer's patches, a lymphoid accumulation,
which plays a key role in the mucosal immunity [18, 107].

All the cells of the intestinal mucosa are connected via tight junctions. Tight junctions are
protein connection between the epithelial cells of the intestinal mucosa. They are crucial for
the tightness of the intestinal barrier. Besides their barrier function, the tight junctions form
a kind of fence between the apical and basolateral proteins of the cell membrane. In this way,
the fence strictly separates the proteins on the top and bottom of the cell and thus maintains
the polarity of the epithelial cells [108].

Below the intestinal mucosa there are also several other cells of the innate and adaptive
immune systems stationed, which are involved in integrity on the one hand and in
inflammatory reactions on the other. The intestinal mucosa-associated lymphoid tissue
contains up to 70 percent of the immune cells of the entire human body. Here it is decided
which bacteria are tolerated and which are classified as dangerous and subsequently
combated. This happens through the contact of the bacteria with specific immune cells such
as the dendritic cells and the M-cells within the Peyer's patches [101].

Under the mucosa is the submucosa, the muscularis externa and the adventitia.

The cross-sectional structure of small intestine epithelium tissue and its major cell
constituents is shown in the figure below.
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Figure 1:Cross-sectional structure of small intestine epithelium tissue and its major cell constituents [62]

Small intestine epithelium tissue consists of villi intestinalis and crypts, while epithelium tissue
in the colon only of crypts. The schematic illustration shows the differences between these
two tissues.
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Figure 2:The structure of the small intestine and colon epithelium [27]



In the mid-1990s, scientists discovered that the epithelial cells of the intestine can adapt their
phenotype under changing conditions and produce proinflammatory mediators such as
cytokines [25]. This happens, for example, when pathogenic bacteria cross the mucus layers
and encounter the epithelial cells.

2.3.3 Restrictive diets and their impact on the goblet cells

Similar to the increasing number of microbiota in the intestine, the proportion of goblet cells
raises from duodenum (4%) to distal colon (16%) [60]. In a previous study it was shown, that
fasting increased the number of duodenal goblet cells by 25%, but did not change the number
of these cells in the other gut segments. In fasted-refed rats, the number of goblet cells in
duodenum and colon was increased [28].

2.3.4 Restrictive diets and their impact on the villi intestinalis and crypts

Fasting shows an effect on the cell proliferation in the intestine. The nutrient availability
affects the intestinal epithelial stem cell proliferation and tissue growth. Previous studies
showed, that an increase in food amount resulted in a greater number of epithelial cells,
height of villi intestinalis and depth of crypts [6]. In another study, a decrease of 30% in mitosis
in the crypts during fasting was observed [37]. Inflammation in the gastrointestinal tract is
characterized by reduced villous length and crypt depth, atrophy and disruption [17, 104, 123,
129].

2.3.5 Restrictive diets and their impact on the muscularis externa

The muscularis externa comprises two layers of smooth muscle, the inner layer called
circularly oriented layer and the outer layer called longitudinally oriented layer. Between the
connective tissue is the myenteric plexus, also called Auerbach’s plexus. This plexus contains
ganglion cells, a kind of nerve cells and lymphatic vessels and blood vessels [107]. Alteration
in the muscularis externa may be caused by an activation of macrophages and a following
release of chemokines and cytokines that causes an inflammatory cell influx of neutrophilic
granulocytes and mononuclear cells. In further consequence, the morphology and the
homeostatic functionality of the muscularis externa changes [125]. An irreversible thickening
of the muscularis externa was shown in induced Crohn’s like disease in the colon in a rat model
[116].
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Figure 3: Generalized cross-section of intestinal villus along the crypt to villus tip axis [39]

2.4 Inflammation markers with emphasis on the gastrointestinal tract

2.4.1 NF-kB and its inhibitor IkBa

The family of nuclear factor kappa B (NF-kB) transcription factors comprises five members,
namely NF-kB1 (p50), NF-kB2 (p52), RelA (p65), RelB and c-Rel, which form homo- and
heterodimers. In the absence of specific stimuli, these dimers are bound to IkB, the inhibitor
of NF-kB and kept transcriptionally inactive. The NF-kB signaling pathway responds to
different patterns, from growth factor signaling and cytokines to the recognition of DNA
damages and pathogen products. To activate NF-kB, it induces the formation of IkB kinase
(IKK) protein complex. IKK leads to a phosphorylation of IkBa and consequently to its
detachment from NF-kB and degradation. The NF-kB dimers can now enter the nucleus where
they regulate the transcription of their target genes [44, 45]. NF-kB is involved in activating
inflammatory and immune responses but also in regulating autophagy, adhesion,
angiogenesis, energy metabolism, senescence, as well as inducing cell proliferation and
survival [42, 51, 119]. Previous studies described an increase of NF-kB, a decrease in IkBa, and
an increase in the expression of proinflammatory cytokines by diverse inflammatory processes
[5, 21, 86].

Also in the gastrointestinal tract, gut inflammation is associated with an increased production
of proinflammatory cytokines, such as TNF-a, IL-1, and IL-18, that activate the NF-kB pathway
in the gastrointestinal wall [29]. Previous studies described NF-kB as a key player in the
inflammatory bowel disease (IBD) development. The level of activation of this transcription
factor correlated with the severity of intestinal inflammation [2, 90, 91, 109]. A current study
from Mikuda et al. showed that a deficiency in IkBa in the intestinal epithelium leaded to
spontaneous inflammation and mediated apoptosis in the gastrointestinal tract [85].



2.4.2 Cytokines

Cytokines are small proteins which play a crucial role in innate immunity, angiogenesis, cell
growth, differentiation, and apoptosis. They are important in physiology and in most diseases,
especially inimmune responses, inflammation, trauma, cancer, reproduction, sepsis, and host
responses of infections. They are produced by endothelial cells and immune cells like
macrophages in the muscularis externa [128]. Previous studies described a correlation
between a decrease in IkBa and an increase in the expression of proinflammatory cytokines
such as TNF-a, IL-1R, IL-12 and IL-18 [5, 21, 86, 135].

2.4.3 GSTs

Glutathione S-transferases (GSTs) are enzymes which conjugate glutathione (GSH) to toxic
metabolites or xenobiotics (18). The thiol-containing tripeptide GSH plays a major role in the
anti-oxidative system in cells [82]. Increases in the oxidized form (GSSG) and decreases in the
reduced form (GSH) are associated with an increase in oxidative stress [36, 53]. Formed
conjugates of GSH and metabolites or xenobiotics can be removed from the metabolism by
transport out of the cell and excretion or degradation. Therefore, GSTs play a central role in
the detoxification of organic substances. GSTs are a diverse family of microsomal,
mitochondrial, and cytosolic enzymes that prevent cellular damage from noxious stimuli of
xenobiotic metabolites. These enzymes are widely present throughout the body and are
abundantin liver, kidney, and lungs [40, 65, 102]. Accumulating evidence shows that GSTs also
influence many biological mechanisms, such as signal transduction, redox homeostasis, cell
proliferation, and cell death. These regulatory functions are exerted by activating or inhibiting
the target molecules of pathways, such as c-Jun N-terminal kinases (JNK), apoptosis signal-
regulating kinase 1 (ASK1), and NF-kB [8, 55, 117, 120].

Two members of GSTs are glutathione S-transferase 3 (GSTA3) and microsomal glutathione S-
transferase 1 (MGST1). Genes of the alpha class, such as GSTA3, encode enzymes with
glutathione peroxidase activity and are also involved in progesterone and testosterone
biosynthesis. MGST1 is a representative of the MAPEG family. These proteins are found at the
outer mitochondrial membrane and the endoplasmic reticulum (ER) to protect the
membranes from oxidative stress [3, 4].

2.5 Autophagy with emphasis on ATG7 and ATG12

Autophagy is a well-defined process to either restore cellular homeostasis or initiate cell death
through breaking down and utilizing components [137]. Under stress conditions, such as
nutrient deficiency, autophagy is activated to promote cell survival and maintain well-working
cell function. Previous studies associated the beneficial effects of CR with enhanced
autophagy processes [80, 106], a dysregulation was associated with age-related diseases [16,
22, 23]. Two markers of autophagy are autophagy related gene 7 and 12 (ATG7 and ATG12).
These two genes encode proteins that increase the activity. Therefore, they are conducive to
cell homeostasis and cell survival [14, 132].



This master thesis was designed to give answer to the questions below.

Which impact have restrictive diets on the inflammation levels in the immune status in healthy
mice? Can these diets lead to a reduction in inflammation? If yes, which diet is most effective
in minimizing inflammation and therefore improving health?



3 Materials and Reagents

3.1 General materials

Centrifuge 5418R, 100 rpm — 14 000 rpm, 0°C to 40°C, Eppendorf Ltd. (Hamburg, Germany)
Centrifuge tubes; 15 ml, 50ml, Corning Ltd. (Corning, New York, USA)
Microcentrifuge tubes, 1.5 ml and 2.0 ml, Eppendorf Austria Ltd. (Vienna, Austria)

Pipette, Research plus; 2.5ul, 10ul, 20ul, 100, 200ul, 1000ul, Eppendorf Austria Ltd. (Vienna,
Austria)

Tips TipOne®; 10ul, 200ul, 1000ul, STARLAB International Ltd. (Hamburg, Germany)

Vortex mixer, lab dancer, VWR® International Ltd. (Radnor, USA)

3.2 Materials for histological cuts

3.2.1 Equipment

Axiocam ERc 5s, Carl Zeiss Microscopy Ltd. (Gottingen, Germany)

Embedding station AP 250 W, Microm Ltd. (Walldorf, Germany)

GFL Paraffin stretching bath (1052), Lauda-GFL Ltd. (Burgwedel, Germany)
Microscope Axio Lab 5x H SF 22, Carl Zeiss Microscopy Ltd. (Gottingen, Germany)
Peltier-cooled incubator IPP110, VWR® International Ltd. (Radnor, USA)

Semi-motorized rotary microtome (RM2245), Leica Biosystems Ltd (Nussloch, Germany)

3.2.2 Softwares

Excel 2013 software
Imagel processing program

Zeiss efficient Navigation Software Program (ZEN)

3.2.3 Accessories

Dyeing troughs for manual dyers (12 pieces), VWR® International Ltd. (Radnor, USA)

Histology cassettes, VWR® International Ltd. (Radnor, USA)



Low Profile Microtome Blades DB80 LS, Leica Biosystems Ltd. (Nussloch, Germany)
Micro cover glasses (20x20 mm)

Microscope slides (pre-cleaned/ready-to-use/ground edges) Superfrost® Plus, Thermo
Scientific Ltd. (Braunschweig, Germany)

Slide holders, VWR® International Ltd. (Radnor, USA)
Slideboxes (100 lames), VWR® International Ltd. (Radnor, USA)

Stainless steel caps for dyeing troughs (12 pieces), VWR® International Ltd. (Radnor, USA)

3.3 Materials for western blot

3.3.1 Equipment

Analysing system ChemiDoc XRS+, Bio-Rad Laboratories Ltd. (Hercules, USA)

Color Sprout centrifuge Biozym Biotech Trading Ltd. (Vienna, Austria)

EU power cable IEC coupler C13/C14 220V, Bio-Rad Laboratories Ltd. (Hercules, USA)
Impulse welding machine PM-FS-200-S, Rotek Ltd. (Hagenbrunn, Austria)

MINI-P TETCOMP SYS10W1.0MM, Bio-Rad Laboratories Ltd. (Hercules, USA)

Mini Rocker-Shaker PMR-30, Grant-Instruments Ltd. (Shepreth, UK)

Power Pac HC Power Supply, Bio-Rad Laboratories Ltd. (Hercules, USA)

SpectraMax Me, Refurbished, Molecular Devices Ltd. (San Jose, USA)

Thermomixer 5436, Eppendorf Austria Ltd. (Vienna, Austria)

10 TGX Stain-Free Fast Cast Starter Kit, Bio-Rad Laboratories Ltd. (Hercules, USA)

Trans-Blot® TurboTM Transfer System, Bio-Rad Laboratories Ltd. (Hercules, USA)

3.3.2 Softwares

Image Lab™ software (5.0)

SoftMax Pro 7.0

3.3.3 Accessories

Filter paper 415, VWR® International Ltd. (Radnor, USA)

Immun-Blot® PVDF membranes for protein blotting, Bio-Rad Laboratories Ltd. (Hercules, USA)



Omnifix-F, 1 ml, Braun Melsungen Ltd. (Bad Arolsen, Germany)
Sterican (size 14), 0,60x30 mm, Braun Melsungen Ltd. (Bad Arolsen, Germany)
TC plate 96 well, suspension, Sarstedt Ltd. (NiUmbrecht, Germany)

Tubular cover film, ALLPAX Ltd. & co. (Papenburg, Germany)

3.4 Materials for qRT-PCR

3.4.1 Equipment

CFX Connect Real-Time PCR Detection System, Bio-Rad Laboratories Ltd. (Hercules, USA)

3.4.2 Software

QuantStudio (TM) 6 Flex System

3.4.3 Accessories

384-well PCR plates, Thermo Scientific Ltd. (Rockford, USA)
innuPREP Stool DNA Kit from Analytik Jena Ltd. (Jena, Germany)
Omnifix-F, 1 ml, Braun Melsungen Ltd. (Bad Arolsen, Germany)
gPCR seal, 4titdue (Surrey, UK)

Sterican (size 14), 0,60x30 mm, Braun Melsungen Ltd. (Bad Arolsen, Germany)

3.5 Materials for protein array

3.5.1 Accessories

Omnifix-F, 1 ml, Braun Melsungen Ltd. (Bad Arolsen, Germany)

Quantibody® Mouse TH17 Array 1, quantitative measurement of 18 mouse TH1-TH2-TH17
cytokines, RayBiotech Ltd. (Norcross, USA)

Sterican (size 14), 0,60x30 mm, Braun Melsungen Ltd. (Bad Arolsen, Germany)



3.6 Reagents for histological cuts

3.6.1 Chemicals

Alcian Blue solution, 1% in 3% acetic acid, ph 2,5, Sigma Aldrich Ltd. (Steinheim, Germany)
ddH0, produced in the lab with Arium®pro

Eosin Y disodium salt 285%, Sigma Aldrich Ltd. (Steinheim, Germany)

Ethanol 296%

Eukitt® Quick-hardening mounting medium for microscopy, Sigma Aldrich Ltd. (Steinheim,
Germany)

Formalin solution, neutral buffered, 10% histological tissue fixative, Sigma Aldrich Ltd.
(Steinheim, Germany)

Mayer’s hematoxylin solution (Gill No.2), Sigma Aldrich Ltd. (Steinheim, Germany)
Paraffin Wax, Sigma Aldrich Ltd. (Steinheim, Germany)

Periodic acid 299,0%, Sigma Aldrich Ltd. (Steinheim, Germany)

Schiff’s reagent for aldehydes for microscopy, Sigma Aldrich Ltd. (Steinheim, Germany)

Xylene, histological grade, Sigma Aldrich Ltd. (Steinheim, Germany)

3.6.2 Preparation of solutions

Eosin
Stock solution: 2.0 g in 40 ml ddH20 and 160 ml 95% EtOH
Working solution: add 200ml stock solution to 600ml of 80% EtOH

Periodic acid (1%)
0,5 g periodic acid and 50 ml ddH20

3.7 Reagents for western blot

3.7.1 Chemicals

2-B-Mercaptoethanol, Sigma Aldrich Ltd. (Steinheim, Germany)
Acetic acid, 100%, Carl Roth Ltd. (Karlsruhe, Germany)
Ammoniumperoxodisulfat (APS), 298%, Carl Roth Ltd. (Karlsruhe, Germany)

Anti-mouse 1gG, HRP-linked Antibody (#7076), Cell Signaling Technology Ltd. (Danvers, USA)



Anti-rabbit IgG, HRP-linked Antibody (#7074), Cell Signaling Technology Ltd. (Danvers, USA)
B-Actin (13E5) Rabbit mAb (#4970), Cell Signaling Technology Ltd. (Danvers, USA)
Bovine Serum Albumin (BSA) fraction V, Hoffmann-La Roche Ltd. (Basel, Switzerland)
Bromphenol blue sodium salt, Carl Roth Ltd. (Karlsruhe, Germany)

DTT (D-Dithiothreitol solution), 1 M in H20, Sigma Aldrich Ltd. (Steinheim, Germany)
Ethanol, 70%

Glycerol, 298%, waterfree, Carl Roth Ltd. (Karlsruhe, Germany)

Glycine, 299% blotting grade, Carl Roth Ltd. (Karlsruhe, Germany)

HCI (Hydrochloric acid), 25%, Carl Roth Ltd.. (Karlsruhe, Germany)

IkBa Antibody Rabbit (#9242), Cell Signaling Technology Ltd. (Danvers, USA)
Methanol ROTISOLV® HPLC Gradient Grade, Carl Roth Ltd. (Karlsruhe, Germany)
Nonfat dried milk powder PanReac Applichem Ltd. (Barcelona, Spain)

Phospho-lkBa (Ser32/36) (5A5) Mouse mAb (#9246), Cell Signaling Technology Ltd. (Danvers,
USA)

Pierce Phosphatase Inhibitor, Mini Tablets, Thermo Scientific Ltd. (Rockford, USA)
PierceTM BCA Protein Assay Kit, Thermo Scientific Ltd. (Rockford, USA)

Ponceau S, Sigma Aldrich Ltd. (Steinheim, Germany)

Precision Plus ProteinTM Dual Color Standards, Bio Rad Ltd. (Carlsbad, USA)
Precision Plus ProteinTM Standards, Dual color, Bio Rad (Hercules, USA)

Protease inhibitor cocktail tablets, cOmplete Mini, EDTA-free, Roche Diagnostics Ltd.
(Mannheim, Germany)

RIPA Lysis Buffer, 10x, EMD Millipore Corp. (Billerica MA, USA)
Rotiphorese® Acrylamide/Bis-solution 30 (29:1), Carl Roth Ltd. (Karlsruhe, Germany)
SDS (sodium laurylsulfat), 299%, Carl Roth Ltd.. (Karlsruhe, Germany)

SuperSignalTM West Dura Extended Duration Substrate, Thermo Scientific Ltd. (Rockford,
USA)

TEMED (N, N, N’, N’-Tetramethylenediamine), 299%, Carl Roth Ltd. (Karlsruhe, Germany)
Tris 299,3% buffer grade, Carl Roth Ltd.. (Karlsruhe, Germany)

Tween®20 (Polyethylene glycol sorbitan monolaurate), Sigma Aldrich Ltd. (Steinheim,
Germany)



3.7.2 Preparation of solutions

10x electrophorese buffer
30,28 g Tris (base), 144,13 g Glycin and 10 g SDS were dissolved in 1000 ml ddH20 (ph between
8,5 and 8,7). (storage at room temperature)

1x electrophorese buffer (TBS)
100ml of 10x Elektrophoresis buffer was diluted with 900 ml ddH20. (storage at room
temperature)

4x SDS-loading buffer

5,217 ml 1,5 M Tris was set to ph 6,8. 2,5 g SDS, 12,5 ml Glycerol, 5 ml 2-B-Mercaptoethanol
and 12,5 mg Bromphenolblue were added. The mixture was filled up with ddH20 up to 25 ml.
Aliquots were wrapped in aluminum foil. (storage at -20°C)

APS (10%)
0,1 g APS was dissolved in 1 ml ddH20O, always freshly prepared.

Blocking solution with bovine serum albumin (BSA)
1,25 g BSA was dissolved in 50 ml TBST. Blocking solutions were always freshly prepared for
each run.

Blocking solution with non-fat dry milk powder
2,5 g milk powder was dissolved in 50 ml TBST. Blocking solutions were always freshly
prepared for each run.

Detecting solution
1 ml of 1:1 dilution of SuperSignal™ West Dura Extended Duration Substrate was always
prepared fresh and before the use stored in a dark room.

DTT (100mM)
30,85 mg DTT was dissolved in 2 ml ddH20 on ice and aliquoted. (stored at -20°C)

6,05 g Tris (base) was dissolved in 90 ml ddH20. Then the pH was set by 6,8 with HCl and filled
up to 100 ml with ddH20. (storage at 4°C)

Ponceau-solution
0,1 g Ponceau S was dissolved in 500 pl acetic acid and 50 ml ddH20)

RIPA buffer mix
1ml RIPA Lysis Buffer (10x, EMD Millipore, Billerica MA, USA), 9ml ddH20, 1 tablet Pierce
Phosphatase Inhibitor and 1 tablet Protease inhibitor cocktail were mixed

SDS (10%)
10 g SDS was dissolved in 100 ml ddH20 and heatened up to 45°C for better solubility. (storage
at room temperature)

Towbin Transferbuffer
20 ml Methanol was mixed with 80 ml 1x Elektrophoresis buffer. (Storage at room
temperature)



Washingbuffer (TBST)
1 ml Tween was mixed with 999 ml 1x-Elektophoresebuffer. (Storage at room temperature)

Separating gel (amount for two gels)
4170 ul ddH20, 2600 pl 1,5 M Tris, 3330 pl 30% Acryl/Bis, 100ul 10% SDS, 100 ul 10% APS, 6
ul TEMED, always freshly prepared

Collecting gel (amount for two gels)
1512,5 pl ddH20, 625 ul 0,5M Tris, 312,5 ul 30% Acryl/Bis, 25 ul 10% SDS, 25 ul 10% APS, 3 ul
TEMED, always freshly prepared

3.7.2.1 Primary antibody solutions

B-Actin - 3 pl B-Actin Rabbit mAb was mixed with 2997 ul BSA blocking solution (1:1000).
IkBa - 3 pl IkBa Antibody Rabbit was mixed with 2997 ul BSA blocking solution (1:1000).

Phospho-lkBa - 3 pul Phospho-lkBa Mouse mAb was mixed with 2997 ul milk powder blocking
solution (1:1000).

3.7.2.2 Secondary antibody solutions

B-Actin - 1 ul Anti-rabbit IgG, HRP-linked Antibody was mixed with 2999 ul BSA blocking
solution (1:3000).

IkBa - 1 ul Anti-rabbit IgG, HRP-linked Antibody was mixed with 2999 ul BSA blocking solution
(1:3000).

Phospho-lkBa - 1 pl Anti-mouse IgG, HRP-linked Antibody was mixed with 2999 ul milk powder
blocking solution (1:3000).

3.8 Reagents for gRT-PCR

3.8.1 Chemicals

PerfeCTa® SYBR® Green FastMix®, Quanta bio (Beverly, USA)



Table 1: Primer sequences for qRT-PCR analysis of markers in small intestine epithelium tissues

Gene Sequence
ATG7 fw 5/ GTTCGCCCCCTTTAATAGTGC 3¢
rv 5 TGAACTCCAACGTCAAGCGG 3°
ATG12 fw 5 TAGAGCGAACACGAACCATCC 3/
rv 5‘ CACTGCCAAAACACTCATAGAGA 3’
Eeflal fw 5’ CCTGGCAAGCCCATGTGT 3’
rv 5’ TCATGTCACGAACAGCAAAGC 3’
GSTA3 fw 5 GAATGGAGCCTATCCGGTGG 3f
rv 5 GCATGGCGGTACAAGCCTTT 3/
MGST1 fw 5 CCTTCTCCCTGGATTCAGTCAT 3/
rv 5’ TCGGCCATGCTTCCAATCTT 3¢

forward (fw), reverse (rv), quantitative real-time polymerase chainreaction (qRT-PCR), autophagy-related protein 7 (ATG7),
autophagy-related protein 12 (ATG12), eukaryotic translation elongation factor 1 al (Eeflal), glutathione S-transferase3
(GSTA3), microsomal glutathione S-transferase 1 (MGST1)

Table 2: Primer sequences for qRT-PCR analysis of fecal bacteria

Gene Sequence
Bacteroidetes fw 5‘GTTTAATTCGATGATACGCGAG 3*

rv 5‘TTAASCCGACACCTCACGG 3°
Deferribacter fw 5‘CTATTTCCAGTTGCTAACGG 3/

rv 5‘GAGATGCTTCCCTCTGATTATG 3°
Firmicutes fw 5‘TGAAACGTGAAGGAATTGACG 3*

rv 5‘ACCATGCACCACCTGTC 3*
Lactobacillus fw 5‘AGCAGTAGGGAATCTTCCA 3°

rv 5 CACCGCTACACATGGAG 3f
Streptococcus fw 5" GAAGAATTGCTTGAATTGGTTGAA 3’

rv 5" GGACGGTAGTTGTTGAAGAATGG 3’
Parasutterella fw 5 AACGTGTCCGCTCGTGGGGAC 3*

rv 5’ CGGAATAGCTGGATCAGGCTTG 3’
16sRNA fw 5‘ TCCTACGGGAGGCAGCAGT 3*

rv 5" GGACTACCAGGGTATCTAATCCTGTT 3’

3.8.2 Preparation of solutions

Master mix (amount per reaction)
2,4 ul ddH20, 5 ul SYBR® Green FastMix®, 0,3 ul primer forward and 0,3 pul primer reverse.



3.9 Reagents for protein array

3.9.1 Chemicals

Phenylmethylsulfonyl fluoride (PMSF), Sigma Aldrich Ltd. (Steinheim, Germany)

RIPA Lysis Buffer, 10x, EMD Millipore Corp. (Billerica MA, USA)

3.9.2 Preparation of solutions

1x wash buffer I:
30ml of 20x wash buffer | were diluted with 570 ml ddH20

1x wash buffer II:
30ml of 20x wash buffer Il were diluted with 570 ml ddH20



4 Methods

4.1 Animals intervention experimental protocol

To verify if different fasting diets may have a beneficial impact on the inflammation in the
gastrointestinal tract, 56 male C57BL/6NRj mice were divided into seven groups of eight mice
receiving following diets: control diet (CTL), caloric restriction (CR), intermittent fasting (IF),
fasting mimicking diet (FMD), ketogenic diet 1 (Keto-1), ketogenic diet 2 (Keto-2) and
ketogenic control diet (Keto-CTL).

The CTL diet comprised of 58% carbohydrates, 33% protein and 9% fat and was fed ad libitum.
For CR and IF the same diets were used as for the control, but with restricted amounts or time
periods of feeding. The CR diet involved 25% daily calorie reduction compared to average
voluntarily food intake. The amount of chow which ad libitum mice ate was measured and
calculated preceding CR. The rodents were fed once a day at five p.m. The IF group ate food
ad libitum every second day. On the other day they had to fast. The FMD diet comprised of
alternating periods of fasting and standard chow in between. The FMD diet started with a
fasting cycle of four days, followed by seven days food ad libitum. The first fasting day
comprised a 50% calorie reduction of the energy intake, the second 90%. The supplements
given on these four days were extra virgin olive oil, essential fatty acids, and a vegetable mix.
In total, three fasting cycles were performed.

Mice fed the three ketogenic diets had free access to food. The Keto CTL diet comprised 57%
carbohydrates, 16% proteins, and 7% long-chain triacylglycerol (LCT). The Keto-1 included 75%
LCT, 1% carbohydrates, and 8% protein. Keto-2 diet contained 50% LCT and 25% middle-chain
triacylglycerol (MCT) as fat sources. A characterization of the diet composition of each group
is listed in the table below.

Table 3: Animal intervention experimental protocol

Groups Food composition and dietary regime Time of
intervention

Control 58% carbohydrates, 33% protein and 9% fat ad libitum 5 weeks

CR Control diet with 25% caloric reduction each day 2 weeks

IF Control diet ad libitum every second day 2 weeks

FMD Fasting day 1: 6% broth powder, 13% extra olive oil, 0,2% | 3,5 weeks

essential FA, 15% vegetable mix mixed in 66% hydrogel
Fasting day 2-4: 5% broth powder, 1% glycerol in 94% hydrogel

During fasting days, 7 days control diet ad libitum

Keto-1 8% protein, 75% LCT, 1% sugar, 10% crude fibre and 4% crude | 5 weeks
ash ad libitum
Keto-2 8% Protein, 50% LCT, 25% MCT (15% C8 and 10% C10), 1% sugar, | 5 weeks

10% crude fibre and 4% crude ash ad libitum
Keto-CTL 16% protein, 7% LCT, 6% sugar, 51% starch, 10% crude fibre and | 5 weeks
4% crude ash ad libitum
Control diet (CTL), caloric restriction (CR), intermittent fasting (IF), fasting mimicking diet (FMD), ketogenic diet 1 (Keto-1) and
ketogenic diet 2 (Keto-2), ketogenic control diet (Keto-CTL), long-chain triacylglycerol (LCT), middle-chain triacylglycerol (MCT),
caprylic acid (C8), capric acid (C10)




4.1.1 Tissue collection

After the food interventions, the mice were euthanized (isoflurane in oxygen), heart-
punctured and dissected. All mice were killed at the same age. The tissue samples for the
histological cuts were collected from the early ileum and colon. The tissue for histology was
fixed in 4% buffered paraformaldehyde (PFA) directly after dissection. For protein and gene
expression analysis small intestine epithelium tissues were collected and for bacteria
guantification additionally the feces. Both were stored in -80°C till usage.

4.2 Histological stains: sample harvesting, cutting and staining

The tissue was fixed in 4% buffered paraformaldehyde (PFA) for 24h at 4 °C. After rinsing the
samples in phosphate-buffered-saline (PBS) they were dehydrated in ethanol (EtOH) and
incubated in xylene prior embedding in paraffin. The dehydration steps included the
incubation of the tissue in 80% EtOH for 45 minutes, followed by an incubation in 95% EtOH
mixed with 5% MeOH for 45 minutes. Afterwards the samples were incubated 3 times in 100%
EtOH for 1 hour each, followed by the incubation in xylene 2 times for 45 min and 2 times in
paraffin for 1 hour.

For the cutting step, the FFPE tissue blocks were cut into 4 um sections using a microtome and
affixed on a microscope glass. The glasses were dried in the incubator at 37°C for three days.

4.2.1 H&E stains experimental protocol for colon and small intestine

To examine histological differences between the diet groups hematoxylin and eosin staining
(H&E) was performed. Before the tissue could be stained, it was dewaxed and dehydrated.
For the dewaxing step xylene was used and for the dehydration step different concentrations
of EtOH. Afterwards the tissue was rinsed in double distilled water (ddH20), stained in
hematoxylin solution for two minutes, rinsed again in tap water and ddH20, dehydrated,
counter stained in eosin for 2 seconds, dehydrated and cleaned with xylene before cover
slipping. The exact steps of the protocol are shown in figure 4.
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Figure 4: H&E staining protocol. Ethanol (EtOH), double distilled water (ddH20), hematoxylin (hematox.), 10 minutes (10°), 10
seconds (10s; The yellow rectangles show the incubation time of the solvents.

Microscopic pictures from the histological cuts were taken with a camera and a ZEN software.
The thickness of the muscularis externa, the length of the villi intestinalis and the depth of the
crypts were analyzed with the scale-bar tool from Imagel software. The averages were
calculated in excel. The statistical significance was verified using the t-test in consideration of

the a error accumulation.



4.2.2 Goblet cell stains experimental protocol for colon

Goblet cell staining was performed to differentiate the goblet cells from the epithelial cells in
the colon and observe the amount of this cell population. The staining components are alcian
blue, periodic acid and Schiff’s reagent.

For the staining step, the tissue was dewaxed in xylene and dehydrated in decreasing
concentrations of EtOH. Afterwards the tissue was rinsed in ddH20 before alcian blue solution
(1%) was pipetted directly on the samples. The microscopy glasses were incubated in a wet
room for 30 minutes. Then the samples were rinsed in tap water for 3 minutes and 10 seconds
in ddH20. Next, periodic acid (1%) was pipetted on the tissue, incubated for 10 minutes in the
wet room and rinsed again in tap water for 3 minutes and ddH20 for 10 seconds. Afterwards,
Schiff’s reagent was pipetted on the tissue, incubated for 15 minutes, rinsed again in tap water
and ddH20 as before. After that, the tissue was counter stained with hematoxylin for 2
minutes, followed by rinsing in tap water for 20 seconds and ddH20 for 10 seconds. The last
steps were dehydrating the tissue in ascending concentrations in EtOH and cleaning it with
xylene for 4 minutes before cover slipping. The steps of the protocol are shown in figure 5.
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Figure 5: Goblet cell staining protocol

Microscopic pictures from the stained tissue were taken using the ZEN software.




4.3 Western blot experimental protocol

To further examine differences in the gastrointestinal tract, the concentration of IkBa was
examined in the small intestine. As a reference B-Actin was used.

Western blot is an analytical technique to detect specific proteins in a solution. The proteins
in the examined solution are separated using a gel electrophoreses. Afterwards the protein
bands are blotted on a PVDF membrane, incubated with a primary and secondary antibody,
and detected with a special analyzing system[88].

In this experiment small intestine epithelium tissue was lysed in RIPA buffer mixed with
phosphatase and protease inhibitors. The extracted proteins were quantified using the
PierceTM BCA protein determination method (Thermo Scientific, Rockford, USA).

For the gels, a separating and a collecting gel were produced. The composition of the gels is
shown in the table below.

Table 4: Composition of the separating and collecting gel

SEPERATING GEL COLLECTING GEL

substances mass substances mass
ddH20 4170 ddH20 1512 pl
1,5M Tris 3330 pl 0,5M Tris 625 pl
30% Acryl/Bis 3330 30% Acryl/Bis 312 ul
10% SDS 100 pl 10% SDS 25 pl
10% APS 100 pl 10% APS 25 pl
TEMED 6 pl TEMED 3l

Acrylamide/bis-solution 30 (Acryl/Bis), ammoniumperoxodisulfat (APS), sodium laurylsulfat (SDS), N, N, N’, N’-
tetramethylenediamine (TEMED)

All the substances were mixed in the listed order. First, the separating gel was pipetted in the
glass brackets, followed by 500 ul 70% EtOH to get rid of the bubbles. After 45 minutes the
abundant EtOH was soaked up with a filter paper and the collecting gel was pipetted on the
already polymerized separating gel. A 15 pocket comb was put straight up in the gel. After 30
minutes the space between the two glass brackets was filled up with cooled down (4°C) 1x
concentrated electrophoresis buffer and the combs were removed.

The protein concentration was 1 pg/ul for B-Actin and 3 pg/ul for 1kBa. 2,5 pl loading buffer
were added to each sample and the difference to 10 ul was filled up with RIPA-buffer. 1,5 ul
DTT was added to each sample on the thermomixer and the whole solution was incubated at
300 RPM, at 95°C for five minutes. Then the samples were directly placed again on ice. 2 ul of
Precision Plus ProteinTM Standard was pipetted in the first pocket on the gel, followed by 10
ul of each sample mix in the following pockets. After pipetting the sample mixes, the container
with the gels was filled up with cooled down (4°C) 1x electrophoresis buffer. The gel
electrophoresis was run in the cold room (4°C) at 80 Volt for 10 minutes and then 2 hours at
90 Volt.



After the gel electrophoresis, the gels were removed carefully from the glass brackets and
incubated in towbin transfer buffer gently shaking for 10 minutes. In the meantime, the
membranes were activated in methanol for 20 seconds and soaked in towbin transfer buffer
on the shaker. The filters were also shortly immersed in towbin buffer before placing them
together with the membrane, the gel and another filter on the top in the cassette of the Trans-
Blot® Turbo Transfer System. With a roller the bubbles were pressed out. The protein bonds
were electro-blotted onto PVDF membranes using the Trans-Blot® Turbo Transfer System. The
membranes dried then for one hour.

Subsequently, the successful transfer was verified with the ponceau solution. For that step,
the membranes were reactivated in methanol for 20 seconds and incubated in ponceau
solution by gentle shaking for 3 minutes. Afterward the membranes were washed in ddH20
and incubated in the blocking solutions on the shaker for one hour. The composition of the
blocking- and primary antibody solution is shown in table 5.

Table 5: Composition of primary antibody solution

prim. antibody  blocking solution dilution
B-Actin TBST, 2.5% BSA 1:1000
IkBa TBST, 5% BSA 1:1000

Bovine serum albumin (BSA), milk powder (MP), NF-»-B inhibitor a (IkBa), 0.1% Tween-20 in 1x TBS (TBST), 1x electrophorese
buffer (TBS).

Protein bands were detected on the membrane using Phospho-lkBa primary antibody, IkBa
primary antibody and B-Actin primary antibody as a reference. B-Actin and |kBa were
incubated in BSA blocking solution and Phospho-lkBa in the milk powder blocking solution.

After incubating in the blocking solution for one hour, the membranes were placed in the
respective antibody solutions and incubated over night by 4°C. On the next day, the
membranes were washed in TBST for 5, 10 and 15 minutes gently shaking before they were
placed in the secondary antibody solution. The composition of the secondary antibody
solution is shown in the table below.

Table 6: Composition of secondary antibody solution

protein sec. antibody blocking solution dilution
B-Actin anti-rabbit IgG AB TBST, 2.5% BSA 1:3000
IkBa anti-rabbit IgG AB TBST, 5% BSA 1:3000

Antibody (AB), bovine serum albumin (BSA), milk powder (MP), NF-x-B inhibitor a (IkBa), 0.1% Tween-20 in 1x TBS (TBST), 1x
electrophorese buffer (TBS), immunoglobulin G (IgG).

After one hour of incubation in the secondary antibody, the membranes were washed again
in TBST for 5, 10 and 15 minutes.

For detection, the membranes were placed in the ChemiDoc XRS+ system. Before starting the
machine, 1 ml of the detection solution was pipetted on the membrane. Quantitative analysis
of the photographed bands was carried out using Imagel software. Density of all three
proteins were quantified and normalized. Then IkBa and Phospho- IkBa protein bands were
put in proportion with B-Actin values.



4.4 qRT-PCR experimental protocol

The qRT-PCR was used to examine differences in the messenger ribonucleic acid (mMRNA) gene
expression of the autophagy-related proteins 7 and 12 (ATG7 and ATG12), microsomal
glutathione S-transferase 3 (MGST1) and glutathione S-transferase 3 (GSTA3) in the small
intestine epithelium tissue and the DNA level of Lactobacillus, Deferribacter, Bacteroidetes,
Firmicutes, Streptococcus and Parasutterella in the feces. The fecal DNA was isolated using the
innuPREP Stool DNA kit (Analytik Jena) according to the manufacturer’s instructions.

The primers used for the qRT-PCR are listed in chapter 4.8.1. 2 ul of the DNA solution and 8 pl
of the respectively master mix were pipetted on the 384-well PCR plate. The composition of
the used master mixes is listed in the table below.

Table 7: Composition of the master mixes for qRT-PCR

substance amount per sample
SYBR Green SuperMix 5ul
ddH20 2,4 4l

Primer forward from the respective primer | 0,3 pl

Primer reverse from the respective primer 0,3 ul
Quantitative real-time polymerase chain reaction (qRT-PCR)

All PCR reactions were performed in triplicates. The program of the PCR thermocycler is listed
in table below.

Table 8: Cycling conditions for gRT-PCR in the thermocycler

Initial Denaturatio Annealing, Melting
Genes . . Cycles
denaturation n elongation curve
ATG7, ATG12,
GSTAS3, 95°C, 15 s
MGST1, 95°C,20's 95°C,1s 60°C,20s 60°C, 60 s 40
Eeflal, 95°C, 15 s
Deferribacter
Lactobacillus,
ZZZ:rZiZZtes 95°C, 155
’ 95°C,20s 95°C, 15 62°C,20s 62°C, 60 s 40
Parasutterella, .
95°C, 15 s
Streptococcus
16sRNA

Quantitative real-time polymerase chain reaction (qRT-PCR), autophagy-related protein 7 (ATG7), autophagy-related protein
12 (ATG12), eukaryotic translation elongation factor 1 a 1 (Eeflal), glutathione S-transferase 3 (GSTA3), microsomal
glutathione S-transferase 3 (MGST3)

The expression of the target genes was normalized to the stably expressed reference genes
Eeflal and 16sRNA. The relative gene expression was calculated with the A-A-Ci-method
using excel.



4.5 Protein array experimental protocol

Protein arrays enable determining multiple cytokine concentrations at the same time. It is a
combination of the high detection sensitivity and specificity of enzyme-linked immunosorbent
assays (ELISAs) and the high throughput of arrays. The method is based on two cytokine-
specific antibodies for detection, a capture antibody that binds to the glass surface and a
secondary antibody that binds on the specific cytokine. During the incubation with the sample,
the target cytokines are trapped on the antibodies on the glass surface on which the secondary
biotin-labeled antibody binds afterwards. The cytokine-antibody-biotin complex can be
visualized by adding a streptavidin-conjugated equivalent dye with a laser scanner.
Streptavidin binds to biotin with a high affinity [97, 103].

A standard glass slide comprises 16 wells with 18 identical cytokine antibodies bound to the
glass surface. The two positive controls (POS1 and POS2) and each antibody are arrayed in
guadruplicates. The figure below depicts the steps explained above.

Samples
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Figure 6: Flowchart of the protein array [103]

For the sample preparation, 10 mg of frozen small intestine epithelium tissue was cut and
dissolved in 100 pl 1x RIPA-mix with PMSF on ice. Then the samples were centrifuged for 20
minutes, at 10 000 g, at 4°C. The pellet was left behind and the liquid part was transferred to
a new tube. The sample concentration was measured photometrically according to the
manual of the PierceTM BCA Protein Assay Kit (Thermo Scientific). For the protein array, a
concentration of 1 pg/ul was used. The samples were stored at -80°C.

First, the cytokine standard dilutions were prepared. In the first vial, 500 pl of the Quantibody®
sample diluent was pipetted. 200 ul water was added to the vials two to seven. Then 100 ul



were added of Std1 to tube Std2 and mixed gently. Five more serial dilutions were performed
by adding 100 ul of Std2 to tube Std3 and so on. 100 ul sample diluent was pipetted in an
empty tube for the negative control (CNTRL). The pipette scheme explained above is shown
in figure 7.

100ul 100ul 100ul 100ul 100ul  100ul

s A0S O 0N 7 7

Add 500pl
Sample Diluent g ‘ g @ g g

200pl 200pl 200pl 200pl 200ul  200pl 100ul
Vial Labels Std1 Std2 Std3  Std4  Std5  Stdé Std7 CNTRL

Figure 7: Pipetting scheme of the standards and the negative control.Standard 1 to 7 (Std 1-7), negative control (CNTRL)

100 ul sample diluent was pipetted into each well and incubated for 30 minutes to block the
slides. After removing the diluent, 100 ul of sample or standards were pipetted in each well.
Because of a limitation of 32 wells (two glass plates), two to three samples were merged and
pipetted as one replicate on the protein array. The layout of the pipetted samples on the slides
is shown in table 9.

Table 9: Layout of the samples on the Mouse Th12 array

Glass 1 Glass 2

Std1 IF1 CTL1 Keto-21
Std2 IF2 CTL2 Keto-22
Std3 IF3 CTL3 Keto-23
Std4 FMD1 CTL4 Keto-CTL1
Std6 FMD?2 CR1 Keto-CTL2
Std7 FMD3 CR2 Keto-CTL3
CNTRL Keto-11 CR3 CNTRL
Keto-13 Keto-12 CR4 Std4

Standard 1 to 7 (Std 1-7), negative control (CNTRL), intermittent fasting sample 1 (IF1), intermittent fasting sample 2 (IF2),
intermittent fasting sample 3 (IF3), ketogenic diet 1 sample 1 (Keto-11), ketogenic diet 1 sample 2 (Keto-12), ketogenic diet 1
sample 3 (Keto-13), control diet sample 1 (CTL1), control diet sample 2 (CTL2), control diet sample 3 (CTL3), control diet sample
4 (CTL4), caloric restriction sample 1 (CR1), caloric restriction sample 2 (CR2), caloric restriction sample 3 (CR3), caloric
restriction sample 4 (CR4), ketogenic diet 2 sample 1 (Keto-21), ketogenic diet 2 sample 2 (Keto-22), ketogenic diet 2 sample
3 (Keto-23), ketogenic control diet sample 1 (Keto-CTL1), ketogenic control diet sample 2 (Keto-CTL2), ketogenic control diet
sample 3 (Keto-CTL3)



After incubation, the glasses were washed by decanting the solutions from each well and
washing the wells 5 times for 5 minutes each with 150 ul 1x wash buffer | gently shaking. After
decanting 1x wash buffer | from each well, the glasses were washed two times for five minutes
each with 150 pl of 1x Wash Buffer Il gently shaking.

To reconstitute the detection antibody, 1,4 ml of sample diluent was added to the Mouse
TH17 Array 1 Biotinylated Antibody Cocktail tube. 80 pl of this detection antibody cocktail was
pipetted in each well. After incubation, the solutions were decanted and washed five times
for five minutes each with 150 pl of 1x wash buffer | and the 2 times with 150 pl of 1x wash
buffer Il gently shaking. Then the wash buffer was completely removed.

For the incubation with Cy equivalent dye-streptavidin, 1,4 ml of sample diluent was pipetted
into the Cy3 equivalent dye-conjugated streptavidin tube. 80 ul of the mixture was added to
each well and covered with aluminum foil. After one hour of incubating in the dark room, the
samples were decanted, and the wells were washed five times for five minutes each with 150
pl of 1x wash buffer | gently shaking. After removing the wash buffer, the clips were
disassembled by pushing the clips outward from the slide.

The two glasses were carefully placed in the slide washer/dryer (a slide holder centrifuge
tube). 30 ml of 1x wash buffer | was added to the tube to cover the whole slides. After gently
shaking for 15 minutes the buffer was decanted and the same procedure was made with 1x
wash buffer Il for 5 minutes.

The glasses were sent for fluorescence detection using a laser scanner. The results data sent
back was analyzed using excel. Statistically significant differences between the averages of the
groups were calculated with the t-test in consideration of the a error accumulation.



5 Results

5.1. H&E staining in the small intestine and colon

To visualize the impact of different diets on the intestinal morphology, H&E staining was
performed. The staining was used for quantification of the length of villi intestinalis, the depth
of crypts and the thickness of muscularis externa. The photomicrograph below shows how the
measurement was executed.

Figure 8: Measurement of the length of villi intestinalis (1) and thickness of muscularis externa (2) in intestinal tissue samples.
Magnification, 100

5.1.1 Results of H&E staining in the colon

Regarding the crypt depth in the colon, the Keto-2 mice showed a decrease in the depth
compared to all other groups. The crypt depth was statistically significantly reduced in this
group compared to the Keto-1, FMD and IF (p < 0,0071) groups. The difference between the
Keto-2 mice and the Keto-CTL (p = 0,016) and CTL mice (p=0,022) showed a strong trend of a
decrease.
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Figure 9: depth of crypts in the colon. # depicts strong trends (p=0,0071 to p=0,05), asterisk (*) depicts statistically significant
differences (p>0,0071).

The photomicrographs below show excerpts of the crypts in the colon.

Figure 10: Photomicrographs of crypts in the colon. Magnification, 100



The figure below shows the results of measuring the thickness of the muscularis externa in
the colon. Some values in the CTL group were higher, but no significant differences could be
measured.
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Figure 11: Thickness of muscularis externa in colon

Figure 12 shows the colon cross-sections in all diet groups. A tendency of a thicker muscularis
externa in the CTL group was visible.

CTL CR IF FMD

Figure 12: Photomicrographs of colon cross-sections. Magnification, 50



5.1.2 Results of H&E staining in the small intestine

Regarding the length of the villi intestinalis in the small intestine, the Keto-1 and Keto-2 mice
had the longest villi compared to all other groups. A strong trend was measured for the
increase of the Keto-1 and Keto-2 groups compared to the FMD group (p=0,038 and p=0,041)
and the CR group compared to the IF (p=0,035) and Keto-CTL groups (p=0,039).
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Figure 13: Length of villi intestinalis in early ileum

Regarding the thickness of muscularis externa in the small intestine, the ketogenic diets
showed the thinnest muscle cross-sections. The thickness of muscularis externa in the Keto-
1, Keto-2 and Keto-CTL mice was statistically significantly lower compared to the FMD mice (p
< 0,0071). The difference between the IF mice and the FMD (p=0,010), Keto-1 (p=0,022) and
Keto-2 mice (p=0,018) was almost statistically significant. The IF (p=0,045), Keto-1 (p=0,014),
Keto-2 (p=0,018) and Keto-CTL mice (p=0,023) showed a strong trend for a reduction of the
thickness of the muscularis externa.
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Photomicrographs of small intestinal cross-sections are shown in the figure below. Clearly
visible is that the CTL-mice had the thickest muscularis externa. Contrary, the Keto-1, Keto-2,
Keto-CTL and IF mice had the thinnest one.
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Figure 15: Photomicrographs of the muscularis externa in early ileum. Magnification, 200

These data from the H&E staining show that the intestinal morphology was statistically
significantly altered in mice fed with different diets.



5.2 Goblet cell staining in the colon

To visualize the number of goblet cells in the colon, goblet cell staining was performed. A look
at the images in figure 16 shows, that Keto-1 mice tended to have a lower number of goblet
cells in the colonic mucosa compared to the other diets. No strong differences, however, were
seen between the rest of the restrictive diet groups.
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Figure 16: Photomicrographs of the goblet cells in the crypts in the colon. Magnification, 200



5.3 Western Blots in the small intestine epithelium tissue

To examine the expression of IkBa in the small intestine epithelium tissue, western blots were
performed. The IF group had the highest IkBa concentration and the CTL group in contrast the
lowest. The elevated IkBa levels from IF (p=0,035), Keto-1 (p=0,016) and Keto-2 groups
(p=0,021) showed a strong trend of increase compared to the CTL mice as well as the increased
expression in the FMD group compared to the Keto-1 group (p=0,033).
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Figure 17: Relative protein levels of IkBa

The protein expression from Actin and IkBa is shown in figure 18. Actin was used as the
reference protein.
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Figure 18: Actin and IkBo expression



5.4 gRT-PCR analysis in the small intestine epithelium tissue

The mRNA expression of GSTA3, MGST1, ATG7 and ATG12 in the small intestine epithelium
tissue was measured via qRT-PCR. The results of the relative gene expression are shown in the
figures below.

5.4.1 mRNA expression of GSTA3 in the small intestine epithelium tissue

Some values of the mRNA expression of GSTA3 in the Keto-1 mice were higher compared to
all other groups, but no significances could be measured. A statistically significant increase
was measured between the FMD and CTL group (p < 0,0071). A strong trend was measured
between the Keto-2 (p = 0,013) and CR mice (p = 0,016) compared to the CTL mice.
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Figure 19: GSTA3 gene expression in small intestine epithelium tissue. Glutathione S-transferase 3 (GSTA3).

5.4.2 mRNA expression of MGST1 in the small intestine epithelium tissue

As shown in figure 20, the Keto-1 mice had the highest expression of MGST1, followed by the
Keto-CTL and IF mice. Contrary, the CTL mice had the lowest mRNA expression. Statistically
significant differences were measured between the CTL mice compared to the IF, FMD, Keto-
1 and Keto-2 mice (p < 0,0071) and between the CR mice compared to IF, FMD and Keto-1
mice (p < 0,0071). Although some values were higher in the Keto-1 group compared to the
Keto-2 group, no significant differences were measured between these two groups.
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Figure 20: MGST1 gene expression in small intestine epithelium tissue. Microsomal glutathione S-transferase 1 (MGST1).

5.4.3 mRNA expression of ATG7 and ATG12 in the small intestine epithelium tissue

Regarding the mRNA expression of ATG7 in the small intestine epithelium tissue, the FMD
mice had the highest gene expression, ATG12 was most strongly expressed in the Keto-1
group. However, no statistically significant differences were measured in both gene
expressions.
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Figure 21: ATG7 and ATG12 gene expression in small intestine epithelium tissue. Autophagy-related 7 gene (ATG7),
autophagy-related gene 12 (ATG12).

5.5 gRT-PCR analysis of fecal bacteria

To determine the DNA abundance of several bacteria in the different diet groups, qRT-PCRs
from feces samples were performed. The following figures show the DNA abundance of
Parasutterella, Deferribacter, Bacteroidetes, Lactobacillus, Firmicutes and Streptococcus.



5.5.1 DNA analysis of Parasutterella in the feces

This experiment showed a decrease of the Parasutterella abundance by ketogenic diets,
especially by the Keto-2 and Keto-CTL diets. The reduction of the Keto-2 and Keto-CTL mice
compared to CR mice was statistically significant (p < 0,0071). A strong trend between the
Keto-2 and Keto-CTL mice compared to CTL (p = 0,015) and IF mice (p = 0,008) was measured.
The increase of the CR mice compared to Keto-1 mice was almost statistically significant (p =
0,013) as well as the difference between the higher expressed levels in the IF mice compared
to Keto-2 and Keto-CTL mice. Some values in the FMD group were higher, but nonetheless, no
significant differences were measured.
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Figure 22: Gene analysis of Parasutterella in small intestine epithelium tissue

5.5.2 DNA analysis of Deferribacter in the feces

The gene analysis of Deferribacter showed the greatest differences from all bacteria. The Keto-
1 and Keto-2 mice had the highest numbers of these bacteria. But because of the high
deviations in these groups, statistically significant differences were only measured between
the Keto-CTL group compared to the CR, IF and FMD groups (p < 0,0071).
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Figure 23: Gene analysis of Deferribacter in small intestine epithelium tissue

5.5.3 DNA analysis of Bacteroidetes in the feces

The three Keto diets showed lower levels of Bacteroidetes compared to the other groups.
Statistically significant differences were measured between the Keto-CTL and CR mice (p <
0,0071), strong trends were measured between the Keto-CTL and FMD mice (p = 0,011) as
well as between the Keto-2 and CR mice (p = 0,014).
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Figure 24: Gene analysis of Bacteroidetes in small intestine epithelium tissue.



5.5.4 DNA analysis of Lactobacillus in the feces

The CR and IF mice showed the highest amounts of Lactobacillus in the feces. The difference
between these two groups compared to the lowest expressed groups, namely the Keto-1 and
Keto-2 groups, was statistically significant (p < 0,0071) as well as the difference between the
CR diet compared to the FMD and CTL diets (p < 0,0071). Moreover, the IF mice showed a
strong trend of an increased level of Lactobacillus in the feces compared to the CTL (p=0,024),
FMD (p=0,021) and Keto-CTL mice (p=0,040) as well as the CR mice compared to Keto-CTL
mice (p=0,010). A strong trend of a decrease was also measured in the Keto-1 (p=0,042) and
Keto-2 groups (p=0,010) compared to the FMD group. The difference of the bacteria number
between these two ketogenic diets compared to the CTL group was significant (p < 0,0071).
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Figure 25: Gene analysis of Lactobacillus in small intestine epithelium tissue

5.5.5 DNA analysis of Firmicutes in the feces

Regarding the DNA analysis of Firmicutes in the feces, the Keto-1 mice showed by far the
lowest number of these bacteria. The difference of this group compared to the CR, IF and FMD
groups was statistically significant (p <0,0071) and a strong trend was measured between the
Keto-1 group compared to the Keto-2 (p = 0,010) and Keto-CTL (p=0,043) groups. The increase
of the bacteria number in the IF group compared to the Keto-2 (p=0,017) and Keto-CTL groups
(p = 0,013) showed a strong trend as well as the increase in the IF (p=0,021) and FMD mice
(p=0,023) compared to the CR mice. Last, the stronger expressed Firmicutes population in the
FMD group showed a strong trend compared to the Keto-2 (p=0,021) and Keto-CTL groups
(p=0,016).
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Figure 26: Gene analysis of Firmicutes in small intestine epithelium tissue

5.5.6 DNA analysis of Streptococcus in the feces

By analysis of the bacteria Streptococcus, the Keto-CTL mice had the highest bacteria number
in the feces, followed by Keto-2 mice. The difference between the Keto-CTL mice compared
to the CTL, CR, IF, FMD and Keto-1 mice was statistically significant (p < 0,0071). Although the
Keto-2 mice showed also a high abundance, the deviations were too high for any significances.
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Figure 27: Gene analysis of Streptococcus in small intestine epithelium tissue



5.6 Protein arrays for the small intestine epithelium tissue

To investigate the effect of different diets on the immune response, the expression of 16

cytokines were measured with a protein array. No statistically significant differences were

measured.
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6. Discussion

This study showed that restrictive diets had a positive impact on different inflammation
markers in the gastrointestinal tract.

A higher Parasutterella number in the gastrointestinal tract was associated with protection
from infections due to the metabolic end product succinate, which is produced by these
bacteria. In a previous study it was shown, that succinate stimulated the colonization of
anaerobic bacteria that in further consequence improved the immune function in mice [61].
Therefore, an increased number of Parasutterella in the feces, as it was measured for the CR
mice, could have a positive impact on microbial interactions and the immune response. The
Keto-2 and Keto-CTL mice showed compared to the other diets a low number of
Parasutterella. Some values of the bacteria from the FMD group were higher compared to the
other diet groups, but because of the small sample number of eight mice, no significant
differences could be measured. Further experiments for the FMD group regarding the
Parasutterella abundance in the gastrointestinal tract are suggested.

Like Parasutterella, also Streptococcus showed a better impact of the bacteria composition in
the FMD, CR, IF and Keto-1 groups compared to the Keto-2 and Keto-CTL groups. These last
two diet groups showed by far the highest abundance of these bacteria in the feces. Previous
studies associated an abundance of this population with low grade inflammation [9] and
chronic skin diseases [99].

And also the investigation of Deferribacter, Bacteroidetes and Lactobacillus support the theory
that the CR, IF and FMD diets have a better impact on the microbiota composition compared
to the ketogenic diets, especially the Keto-2 group.

In this study, higher numbers of Deferribacter were measured for some values of the Keto-1
and Keto-2 mice compared to the CR, IF and FMD mice. In a recent study from Ledn et al. an
increase of Deferribacter population in the gastrointestinal tract was associated with
inflammatory metabolic pathways such as higher expressions of proinflammatory cytokines,
especially in the colonic mucosa [68].

Having a look at the Bacteroidetes levels in the feces, some values of the ketogenic diets were
lower compared to the FMD, CR and IF diets. Especially the decrease of the Keto-2 mice
compared to the CR mice showed a strong trend. In previous experiments, an abundance of
Bacteroidetes in the gastrointestinal tract was associated with a decrease in LDL-Cholesterol
[92]. A decrease of the population, however, was associated with obesity [72] and chronic
inflammatory skin diseases. In this study, the CR mice showed the most beneficial impact on
the Bacteroidetes population in the feces.

The caloric restricted but carbohydrate rich diets CR and IF showed the highest Lactobacillus
expression in the feces, the Keto-2 diet the lowest. A depletion of Lactobacillus was in previous
studies associated with diverse inflammatory diseases [1, 15, 34, 75, 115, 122, 130]. Contrary
to our findings, Ma et al. showed that 12- to 14-week-old healthy mice fed with a ketogenic
diet had a significant increase in Lactobacillus levels compared to the control group [79]. This
effect could not be observed in this study.

Regarding Firmicutes, statistically significantly lower levels of these bacteria in the feces were
observed in the Keto-1 diet. The Keto-2 diet however, had a similar abundance like the other



carbohydrate rich restrictive diets, although it had the same fat percentage as the Keto-1 diet,
just another composition. This study showed that a diet consisting of LCTs with a simultaneous
decrease of carbohydrates resulted in the lowest fecal Firmicutes levels. Previous
examinations associated a lower number of Firmicutes in the gastrointestinal tract with the
prevention of weight gain and obesity [50, 81, 105]. Based on these findings, the Keto-1 mice
showed the most positive impact on the Firmicutes population in this study. Changing the fat
composition from LCTs to LCTs and MCTs, the positive impact vanished. It is known that
Firmicutes are well suited to grow on carbohydrates [112]. In this experiment the
carbohydrate rich diets CTL, CR, IF, FMD, Keto-CTL as well as Keto-2 diet showed a higher
number of Firmicutes in the feces compared to the Keto-1 diet. Consequently, the fat source
as well as the carbohydrate content played a crucial role in the abundance of these bacteria.

To summarize the results of the fecal bacteria, this experiment indicated, that the FMD, CR
and IF diets had the best impact on the bacteria composition in the feces, the Keto-2 diet
however the worst, especially regarding Parasutterella, Lactobacillus and Streptococcus
expression. Consequently, the food composition played a crucial role in the number of
different gastrointestinal microbiota. Due to the fact, that the bacteria mainly use
components in carbohydrates as food sources, the biggest differences are apparent between
carbohydrate-rich and carbohydrate-low diets. Based on this data, the carbohydrate rich
restrictive diets FMD, CR and IF had a stronger positive impact on the gastrointestinal
microbiota compared to the ketogenic diets, whereby the Keto-1 group with LCTs as fat source
showed better results than the Keto-2 group with LCTs and MCTs. A study from Paoli et al.
supports our findings that the fat constitution plays a crucial role in the composition of the
microbiota [98].

Having a look at the cross-sections of small intestine and colon, the biggest differences were
measured between the ketogenic diets and the other restrictive diets. The results of the crypt
examinations in the colon showed a strong trend of a decrease in crypt depth in the Keto-2
mice compared to the other diet groups. In previous studies, inflammatory processes in the
gastrointestinal tract were characterized by reduced villous length and crypt depth, atrophy
and disruption [17, 104, 123]. These results in the Keto-2 group may be due to the more
inflammatory bacterial composition compared to the other diet groups. In contrast, in cross-
sections of the small intestine, the Keto-1 and Keto-2 mice showed a strong trend towards an
increase in villous length. The shorter crypt depth in the colon on the one hand, and increased
villous length in the small intestine on the other, could be explained by the different
microbiota colonization in the intestine. Bacteria reach the highest cell density in the colon
[111]. Therefore, changes in the microbiota could have the greatest effects in the colon.
Compared to Blackmore et al., this thesis did not show that a higher food intake resulted in
increased villous height and crypt depth [6]. In this experiment, no increased villous length
and crypt depth were measured between the CTL mice and the other groups. Only the Keto-1
and Keto-2 groups showed higher values of the villous length in the small intestine.



Like the results of Fernandez-Estivariz et al., no visible changes in goblet cell numbers in the
colon were measured by restrictive diets in this study [28]. Only in the Keto-2 group with
mixed LCTs and MCTs was a lower number of mucin-secreting cells found. Further research in
this area is needed to substantiate these findings.

If you pass the first epithelial layer and look at the muscularis externa, lower values for the
thickness of the muscularis externa were measured in both the small intestine and colon on
all restrictive diets, especially the ketogenic diets. Changes in the muscularis externa have
been explained in previous experiments by an activation of macrophages and a subsequent
release of chemokines and cytokines, which cause an inflammatory cell influx of immune cells
such as neutrophil granulocytes and mononuclear cells. Subsequently, the morphology and
homeostatic functionality of the muscularis externa changes [125]. The thicker the muscle,
the more immune cells are activated.

Regarding the expression of IkBa in the small intestine epithelium tissue, a strong trend of an
increase was measured for the IF, FMD, Keto-1 and Keto-2 mice. Higher kBa levels have an
anti-inflammatory effect because of the inhibition of the proinflammatory transcription factor
NF-kB [74]. Previous studies described a decrease in IkBa and an increase of NF-kB and
proinflammatory cytokines by diverse inflammatory processes [5, 21, 86]. This study showed
that restrictive diets had a beneficial impact on the IkBa expression in the small intestine
epithelium tissue and therefore on the immune regulation in the body. This theory is also
supported by a study from Zhang et al. which represented, that CR was associated with a
reduction in oxidative and inflammatory stress and retarded cell senescence through the
suppressing of NF-kB pathway [5, 135]. This experiment serves as a fundament for further
investigations to concretize and specify these findings.

Contrary to previous studies, no alterations in cytokine levels were measured in our
experiment. Zhang et al. showed a lower IL-1R expression in CR [135]. Other studies described
the correlation between a decrease in |kBa and an increase in the expression of
proinflammatory cytokines such as TNF-a, IL-12 and IL-18 [5, 21, 86]. In this experiment,
however, no associations between increased IkBa levels and decreased proinflammatory
cytokine levels in the small intestine epithelium tissue were measured. Notably is, that the
Peyer’s patches were removed before the measurement. Therefore, most of the immune cells
from the small intestine epithelium tissue were not included. Another experiment with Peyer’s
patches included is suggested.

Both antioxidative enzymes GSTA3 and MGST1 showed an increase in mRNA expression in the
small intestine epithelium tissue upon the restrictive diets, especially in the Keto-1 diet. A
higher GSTA3 and MGST1 expression in the small intestine epithelium tissue leads to a higher
concentration of antioxidants, less oxidative stress and a reduction of gastrointestinal
inflammation [3, 4]. Because of the greatest expression observed in the Keto-1 mice intestine,
these results show that a high concentration of LCTs with a simultaneous decrease of
carbohydrates boosts the gene expression of GSTA3 and MGST1 the most. Modifications in
the fatty acid composition change membrane fluidity and cell signaling what consequently
leads to an altered gene expression [12]. Also, in this experiment, a change in fatty acid
composition between the Keto-1 and Keto-2 mice led to changes in gene expression in the
epithelium in the small intestine.



No changes in the gene expression of the two autophagy markers ATG7 and ATG12 were
measured in the small intestine epithelium tissue in this study. Especially CR was described as
a strong physiologically autophagy inducer [80, 106]. One explanation for our contrary results
could be a statement from Chung et al., who said that it is challenging to implement
autophagy, even by short-term CR [16]. A study from Derous et al. showed that a four-months
CR intervention resulted in a significant increase in autophagy by male C57BL/6 mice [22].
Based on these findings, a longer CR intervention on male C57BL/6 mice is suggested.

7. Conclusion

This study showed that restrictive diets have an anti-inflammatory impact on the
gastrointestinal tract in mice. Especially the diets CR, IF, FMD and Keto-1 were associated with
a reduction in inflammation markers in the small intestine epithelium tissue.

Furthermore, the FMD, CR and IF mice showed a better impact on the microbiota composition
in the feces compared to the ketogenic diets. Particularly in the Keto-2 group the microbiota
composition altered in a more proinflammatory way compared to the other restrictive diets.
By measurements of inflammation markers in the small intestine epithelium tissue and
histological investigations of early ileum and colon, however, these differences vanished,
except the decreased crypt depth in the colon in the Keto-2 mice. Therefore, based on this
data, it cannot be concluded, which of the diets had the best effect on the microbiota
composition and the inflammation markers in the intestine. Differences and indications
regarding a reduction of inflammation levels in the intestine can only be formulated for the
Keto-1 and Keto-2 mice. The Keto-1 mice showed thereby better results regarding the
microbiota composition, several inflammation markers as well as morphological alterations
compared to the Keto-2 mice. Therefore, in this experiment LCTs had a greater anti-
inflammatory impact on the intestine than LCTs mixed with MCTs.

Restrictive diets promote coordinated effects on the organism instead of inhibiting just
specific enzymes, as it is the case in most drugs for example. The range of restrictive diets goes
from a daily calorie reduction (CR) to defined time slots of feeding during a day or feeding
every other day (IF), undergoing periodic cycles of diets which can mimic several positive
effects of fasting (FMD) or changing the food composition in a way of increasing the fat intake
and decreasing the carbohydrate intake (Keto-diets). As the gastrointestinal tract is a key point
for overall health, further investigations on what makes up diets which reduce gastrointestinal
inflammation and optimize health span should be executed. There is a great potential in
restrictive diets to counteract the development of chronic metabolic diseases like NCD and
increase health and longevity. Additionally, these diets can be easily integrated into the
medical care system as a cheap and simple way for improving health.

Therefore, this thesis is a great fundament for further investigations in gastrointestinal health.
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