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Abstract

The impact of caloric restriction (CR) on life- and health-span is largely known, but its influence
on the gastrointestinal tract (GIT) remains undetermined. Macronutrient restriction has been
investigated in terms of ageing, but to the best of the current knowledge, this is a first study to
address its influence on the development of inflammation in the GIT. This project aims at

defining a nutritional approach in the prevention of GIT diseases.

Low-macronutrient ad libitum diets were designed to identify if their restriction could induce a
CR phenotype. Macronutrient increase during CR aims at recognizing if a certain
macronutrient would neutralize the benefits of CR. The investigation included markers of
antioxidation, inflammation, CR-related parameters in the intestine; microbiota; taurine and bile

acids (BAs) metabolites in intestine and liver and gut morphology.

The ad libitum low-carbohydrates diet mimicked a CR diet in terms of glutathione regulation,
longevity and fatty acid metabolism. It positively influenced taurine and BAs metabolism-
related genes and partly increased BAs levels in the ileum and liver, but did not reduce
inflammation markers in the gut or achieve a similar microbiota profile as CR in the cecum.
The high-macronutrient CR diets could not neutralize the CR phenotype, but influenced BAs
metabolism. The CR high-carbohydrates and CR high-fat diets reduced BAs content in ileum

and liver, whereas the CR high-protein increased taurine-conjugated BAs.

This investigation presents an illustration of the impact of macronutrient restriction on the gut

and sets the potential for further research to improve gut health.
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Zusammenfassung

Die Wirkung von kalorischer Restriktion (CR) auf die Gesundheit und die Lebenserwartung ist
weitgehend bekannt, aber deren Einfluss auf den Gastrointestinaltrakt (GIT) bleibt unbestimmt.
Makronahrstoffrestriktion wurde in Bezug auf den Alterungsprozess untersucht. Nach bestem
Wissen, ist diese die erste Studie, die Makronahrstoffrestriktion auf der Entwicklung von
Entzindung im GIT untersucht. Mit dem Projekt wurde versucht, einen

ernahrungsphysiologischen Ansatz zur Pravention von Erkrankungen des GIT zu definieren.

Makronahrstoffarme ad libitum Diaten wurden entwickelt, um zu identifizieren, ob
Makronahrstoffrestriktion einen CR-Phéanotyp verursachen kdnnte. Eine
Makronahrstofferhéhung wahrend CR zielt darauf ab zu erkennen, ob ein Makronahrstoff die
positive Wirkung von CR rickgangig machen koénnte. Die Untersuchung berlcksichtigt
Antioxidations-, Entziindungs- und CR-bezogenen Markern im Darm; Mikrobiota; Taurin- und

Gallensauren (BAs)-Metabolite im Darm und in der Leber und Darmmorphologie.

Die ad libitum kohlenhydratarme Diat imitiete CR in Bezug auf Glutathionregulation,
Lebensdauer und Fettsdurenmetabolismus. Sie hat die Taurin- und BAs-Metabolismus-
bezogene Gene positiv beeinflusst und teilweise zu erhéhnten BAs-Niveaus im lleum und in
der Leber geflhrt, aber konnte nicht die Entziindungsmarkern im Darm reduzieren oder ein
CR-anliches Mikrobiotaprofil im Blinddarm erzeugen. Die CR makronahrstoffreiche Diaten
waren nicht in der Lage einen CR-Phanotyp riickgangig zu machen, aber haben den BAs-
Metabolismus beeinflusst. Die CR kohlenhydratreiche und CR fettreiche Diaten reduzierten
den BAs-Spiegel, wohingegen die CR proteinreiche Diat die Taurin-konjugierte BAs in dem

lleum und in der Leber erhohte.

Diese Untersuchung stellt die Auswirkungen einer Makronahrstoffrestriktion auf den Darm dar

und legt das Potenzial fur weitere Forschung zur Verbesserung der Darmgesundheit fest.
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1 Introduction
1.1 Caloric restriction

Caloric restriction (CR) is a dietary approach that limits energy intake without resulting in
malnutrition. It is one of the main interventions for health promotion and weight
management [2—4]. The lowering of calories has been connected to a decrease in
inflammation and the prevalence of cancer and obesity, reduction of blood glucose, as well as
an increase in insulin sensitivity [5]. The caloric intake limitation can vary between 10-50 %
and the duration can be set at several weeks to a lifelong intervention [6]. The first experiments
to show that reduction of food intake leads to prolongation of lifespan stem from the beginning
of the 20™ century and were done on rats [7, 8]. Ever since then, numerous studies have been
conducted in many different animal species, which confirmed the life-extending, health-
promoting and anti-ageing effect of CR [9—11]. An increased lifespan during CR has also been
linked to a reduction in the development rate of age-associated and metabolic diseases, such
as cardiovascular diseases, neurodegeneration, cancer, obesity and type 2 diabetes [4, 6, 12,
13]. Although it cannot entirely be confirmed if CR in humans can increase lifespan, several
investigations have shown a positive effect on metabolic factors [12, 14].

The exact mechanism behind the beneficial impact of CR on the body is not known. However,
it is assumed that the health benefits of CR come from metabolic adaptation, which leads to a
decreased inflammatory state, reduction in metabolic rate and body temperature, as well as
changes in fat oxidation and insulin sensitivity [3]. Moreover, the reduction of energy intake is
probably responsible for the life-extending effect of CR [15]. The main factors discussed about
the way that CR influences the body are dependent on nutrient and energy availability and
include sirtuin 1 (Sirt1), mammalian target of rapamycin (mTOR), peroxisome proliferator-
activated receptors (PPARs), AMP-activated protein kinase (AMPK) and insulin-signaling
pathway. Correspondingly, an interaction with these mechanisms during CR leads to a
reduction of oxidative stress and inflammation, as well as an improved autophagy and
mitochondrial function [6, 16]. Autophagy and mitochondrial metabolism are some of the most
important physiological processes in the cell and therefore participate in the regulation of
longevity. A decline in their function contributes to inflammation and disruption of cellular
homeostasis [17]. As previously published, during CR an increase in the levels of taurine and
bile acids (BAs) have been observed, which could also contribute to the anti-inflammatory
effects of CR [3, 16]. In addition, an interaction of these metabolites with the gut microbiota
has been recognised, but the exact mechanism remains unknown [18].

Coming from this background, a few of the proposed benefits and biological pathways involved

with CR, including antioxidation, inflammation, metabolism, as well as the emerging field of the
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gut microbiome and the metabolism of taurine and BAs, will be discussed in detail in the

following paragraphs.

1.1.1 Macronutrient restriction

To date, restriction of selected macronutrients or single amino acids has been primarily studied
in the concept of ageing and life-span [19-22]. The effect that their reduction or exclusion
would have on other processes in the body has not really been investigated. An older study
indicated that a low-protein diet can lead to protein malnutrition, inflammation and oxidative
stress in the liver. This was observed in decreased weight, an increase in plasma levels of
inflammatory markers and a decrease in glutathione (GSH) content in the liver [23]. A further
investigation of the same working group showed that only reducing calories is not enough to
trigger an inflammatory response, suggesting a role of protein on inflammation [24]. However,
the impact of macronutrient limitation on inflammation of the gastrointestinal tract (GIT) has
not yet been investigated. To the best of the current knowledge, this is a first study to examine
the influence of the restriction of each macronutrient on gut health in mice and compare it to
CR.

1.1.2 Oxidative stress

Ageing is a process connected to an increased production of reactive oxygen species (ROS),
which leads to oxidative damage in the body [6]. Accumulation of ROS could negatively impact
molecules such as DNA, proteins and lipids, which, in reverse, makes oxidative stress the main
cause of ageing processes and the diseases related to them [6, 15]. Some of the major positive
effects of CR are the reduction of ROS levels and oxidative stress and, as a result, the slowing-
down of ageing [25]. There are three main mechanisms proposed for these outcomes of CR:
The first one implies that CR reduces metabolic rate which on its own has been connected to
the generation of ROS that causes oxidative damage. The second one is the
inactivation/detoxification of ROS and the third one proposed is the amelioration of ROS-
caused damage through stimulation of repair mechanisms [4, 6]. One of the primary non-
enzymatic factors to play a role in these mechanisms is reduced GSH, which is plentiful in the
GIT. On the one hand, its production is controlled by the nuclear factor erythroid-derived 2-like
2 (Nrf2) which is also one of the main transcription factors activated in response to oxidative
stress [3]. On the other hand, the glutathione transferases GSH S-transferase a 3 (Gsta3) and
microsomal GSH S-transferase 1 (Mgst1) are responsible for the conjugation of its reduced
state.

Another factor to consider when thinking about oxidative stress is mitochondria. Mitochondria’s

constant production of free radicals, oxygen and the related to it ROS makes them the main
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player in ageing and studies about mitochondria led to the development of the mitochondrial
hypothesis of ageing. In addition, defects in mitochondrial DNA and its function increase with
age and have been proposed to cause inflammation. The reason for this phenomenon is that
the dysfunctional mitochondria can still produce mitochondrial ROS and lead to their
accumulation, which on their terms activate the nuclear factor kappa of activated B-cells (NF-
kB) pathway that is responsible for the development of many inflammatory diseases [4, 6, 15,
26, 27]. There is also an increasing evidence connecting damaged mitochondria to intestinal
diseases such as irritable bowel disease (IBD) and colorectal cancer, which is probably based
on an interaction between the gut microbiota and the mitochondria. It has been indicated that
the mitochondrium is the most sensible organelle to bacteria’s signaling [28]. Investigations on
mitochondria of caloric restricted animals have shown a reduced mitochondrial ROS
production. This might be a consequence of reduced potential and better proton transport
along the mitochondrial inner membrane, resulting in the reduction of ROS generation and a
healthy mitochondria during CR [4].

Autophagy is another process to take into account when investigating mitochondria, since
there is a proven interplay between the two. They are crucial in the regulation of longevity and
therefore are tightly connected to CR. The main activators of autophagy are stress conditions
such as food deprivation and oxidative stress [29]. Autophagy is a process that is responsible
for the degradation of protein and faulty organelles, including mitochondria, through transport
to the lysosomes where they are being destroyed. As follows, a disturbance in autophagy
would lead to the accumulation of defective mitochondria [17]. Therefore, this destruction of
damaged particles is an important mechanism for cell survival and homeostasis. The proper
functionality of this process has been connected to the prevention of numerous illnesses like
cancer and diabetes; cardiovascular, liver, neurodegenerative and autoimmune diseases [29].
Autophagy is also linked to the functionality of the GIT through sustaining a healthy gut barrier
and mucosal immune function. Therefore it is considered to be a participant in the
pathogenesis of IBD [30]. In addition, investigations on autophagy related 7 (ATG7) knockout
mice in the intestine have indicated a disruption in Paneth cells and elevated expression of
inflammatory factors [31].

To summarize, CR acts positively on oxidative stress to a large extent through the promotion
of mitochondria‘s function and the stimulation of autophagy and can be used as a potential
treatment of various diseases, including those of the GIT [17]. To further investigate the
influence of CR and macronutrient restriction on antioxidation processes, NF-kB pathway,
mitochondrial function and autophagy, this investigation looked into the expression of several
genes connected to antioxidation (see Paragraph 3.1.1.1) and into the protein content of
inhibitor of nuclear factor kappa B (IkB), ATG7 and translocase of outer mitochondrial
membrane 20 (TOMM20) in the jejunum (see Paragraph 3.3.1.1).
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1.1.3 Inflammation

The increase of inflammation during ageing is a condition also known as “infammageing” and
led to the development of the “Inflammation hypothesis of ageing” [6, 27, 32]. The connected
to ageing upregulated inflammatory factors such as NF-kB, interleukin (IL)-B, IL-6, tumor
necrosis factor alpha (TNFa) and others can induce a pathological state and increase the risk
of numerous diseases. The reason for this shift in favor of inflammatory cytokines production
is very often, as already discussed in Paragraph 1.1.2, an elevated ROS production. Other
criteria like genetics, as well as environmental factors like obesity, chronic immune infections,
increased gut permeability and microbiota changes can also contribute to inflammageing [27].
The reduction in calories intake is not only one of the most successful interventions in
increasing life-span in animal models (as already mentioned in Paragraph 1.1), but it also helps
reduce levels of inflammatory cytokines and with this exerts a positive effect on inflammation
in the body and the associated morbidities, including those in the gut [27, 32].

The prevalence of intestinal inflammatory diseases and dysfunctions is generally growing in
the human population [2, 33]. Since the available information about the effects of nutritional
compounds on a present intestinal disease is scarce, the main treatment used to this point is
a mixture of drugs, which reduce inflammation but are not enough to provoke mucosal healing.
However, the existing research on animal models points out, that dietary protein might play a
very important role in the course of gastrointestinal diseases, depending on its quality and
quantity [34]. For example, a high-protein diet was found to decrease cytokine’s gene
expression in the ileum compared to a normal protein diet. Interestingly, the same diet did not
cause significant changes in the expression in the colon, suggesting that the impact of dietary
protein might be different depending on the organ [35]. Its consumption might also be able to
influence microbiota’s activity, which, on the other hand, can be dependent on the type of
protein digested. However, more studies are needed to define what contribution protein might
have to the development and treatment of IBD [34]. Although the cause of the disease is still
not quite clear, the proposed mechanism for the increasing prevalence of IBD is mostly a
Western diet, which is high in fat and sugar and low in fruits and vegetables. This typical
modern nutrition can negatively influence the gut’'s immune system and cause changes in its
barrier function, as well as its microbiome. In contrast, it has been implicated that certain
restrictive diets can actually contribute to the improvement of inflammation and are the most
common and effective way to treat disease. Considering the influence of CR on the GIT,
studies have shown that it diminishes cell proliferation in the duodenum and rectum’s crypt
cells, as well as that it influences the immunity of the gut and prevents reduction in nutrient

absorption during ageing [2].
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It has been previously observed that CR reduces the expression of inflammatory factors and
increases the one of metabolic genes along the GIT. In detail, in the small intestine of caloric
restricted mice, the expression of signal transducer and activator of transcription 1 (Stat1), toll
like receptor 3 (TIr3), interferon regulatory factor 1 (Irf1) and antimicrobial peptide regenerating
family member 3 gamma (Reg3g) was statistically significantly downregulated with the
strongest effect observed in the jejunum. Contrariwise, the acyl-CoA thioesterase 4 (Acot4),
stearoyl-coenzyme A desaturase 1 (Scd1) and acyl-CoA oxidase 2 (Acox2) were upregulated
compared to ad libitum mice (meaning animals are fed without restriction at all times) [16]. This
is in line with previous observations where CR had an impact on fat oxidation, although the
pathway was not entirely clear [36]. A more recent publication about other popular restrictive
diets also illustrated similar effects as CR on inflammatory genes in the jejunum mucosa, as
well as several other tissues [2]. However, there are still limited investigations concerning the
impact of CR and macronutrient restriction on the GIT. The work here further investigated the
effects of CR and how the specific macronutrients might influence the development of
inflammation in the gut. The research was specifically focused on mRNA expression profile of
infammatory and metabolic genes in the jejunum mucosa (see Paragraphs 3.1.1.2 and
3.1.1.3).

The influence of nutrition on the histological anatomy of the intestine has been a point of
interest in several investigations during the last few decades. Former studies have already
proven the importance of diet on the morphology and physiology of the gut in different life
stages [37]. The restriction of nutrients may exert its positive effects on the gut through an
increase in the ratio of villi's length to crypth‘s depth. Villi are a significant part of the small
intestine and are responsible for the absorption of nutrients. This elongation of the villi during
CR can therefore result in a possible enhanced nutrient intake due to enlargement of the
surface area [2, 38]. The large intestine, on the other hand, is the last part of the GIT and is
important for the resorption of water and electrolytes, as well as forming and excretion of feces.
Previous studies have indicated that the different structures of the colon change during food
restriction. However, investigations have shown conflicting results concerning the development
of the outer muscle layer of the colon during restriction [37, 39]. Considering this information,
the presented experiment looks into how the decrease of either protein, fat or carbohydrates
during an ad libitum diet might affect the length of the ileum’s villi, as well as the thickness of

the muscularis externa of the colon (see Paragraph 3.4).

1.1.4 Microbiome

The GIT is responsible for macronutrient and micronutrient digestion and absorption. It also

hosts around 100 trillion microorganisms including bacteria, fungi, viruses and protozoa called
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the microbiota [40]. The GIT, together with food intake, plays a major role in the microbial
shaping. Correspondingly, the gut microbiota and its metabolites influence the host's health,
suggesting a strong symbiotic relationship [16, 41]. As follows, through the regulation of satiety
and hunger hormones, as well as through the production of neurotransmitters and other
signaling molecules, bacteria impact the host's intestinal motility, absorption and
functionality [1, 2, 42]. Bacteria are also responsible for the fermentation of starches and
dietary fibers, which leads to the production of short-chain fatty acids (SCFA), that on their own
contribute to the maintenance of the intestinal barrier [27]. In addition, the microbiota plays a
major role in the metabolism of taurine and BAs, which will be further discussed in Paragraph
1.1.5. This relationship makes microbiota essential to the host‘s health and immune system. A
disruption in the bacterial population is connected to numerous diseases like IBD, coeliac
disease, immune cells imbalance, obesity, liver diseases, type 1 and 2 diabetes, neurological
diseases and others [1, 43]. There is also a rising evidence that links changes in the microbiota
and gut permeability with ageing [27].

The interest in microbiota research has risen drastically in the last few decades. The
accumulated studies have shown that the microbiome is versatile and that it is different
depending on the host. A numerous amount of aspects influences its development such as
child delivery, age, gender, lifestyle, and host‘s immune system [18, 42]. A human study from
the year 2018 also showed that environmental factors like diet, drugs and anthropometry are
responsible for over 20 % of the inter-person microbiome variability [44]. Namely, the diet has
a great capability of changing the gut microbiota. A mice study illustrated that food can be held
responsible for 57 % of changes in the microbiome, whereas genetics for only 12 % [45]. This
suggests that external factors play a bigger role than genetics and led to the rising of many
investigations focusing on the influence of nutrition on microbiota [41]. Accordingly, CR has
been proven to have a positive impact on microbiota‘s composition compared to an ad libitum
feeding. As already discussed, CR has also been connected to healthy ageing, which probably
results from the fact, that CR causes changes in the microbiome, decreases inflammation and
enhances gut barrier function [27]. Observations on caloric restricted mice have shown an
increase in bacteria correlated to life extension such as Lactobacillus and a decrease in
negatively correlated ones like Clostridium [46]. Although not entirely understood, the
microbiota vice versa participates in the influence of diet and therefore of CR on the body. It
has been reported that germ-free mice do not become obese in comparison to mice with gut
microbiota after being fed a Western-style high-fat-sugar-rich diet, suggesting that the
microbiome plays a major role in obesity’s development [47]. In recent publications, it has also
been discussed that gut bacteria take part in the reduction of body weight and that they mediate
metabolism and hormonal changes typically observed during CR [6, 18]. These findings imply

that the microbiome influences energy balance in both directions: it takes part in the gaining of
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energy from food, as well as that it exerts power in energy expenditure. Interestingly, in a
previous study from 2021, Gregor et al. observed that an antibiotic treatment of CR mice
reduces or completely neutralizes the effects of CR, whereas microbiota transplant of CR to
ad libitum fed mice only partly induced a typical CR phenotype. These results supported the
hypothesis that gut bacteria are crucial during CR but that they are not the only important factor
for achieving the beneficial effects of CR [18]. This information could be used for the
development of different microbiota-dependent dietary strategies to improve energy balance
and enhance host’s health and with this that of the GIT. Reflecting on the proven major role of
the microbiota in health, this work investigates the impact of macronutrient restriction and CR

on bacteria composition in the cecum (see Paragraph 3.1.2).
1.1.5 Taurine and BAs

Taurine is one of the most concentrated free essential amino acids in the mammalian body. It
is not used for protein synthesis, but it rather supports the development of the central nervous
system and the retina and plays a role in calcium metabolism, membrane stabilization,
reproduction and immunity. It is also known for its antioxidative and osmoprotective abilities [1,
48]. Namely, it upregulates the expression of thioredoxin (Trx) in the macrophages and inhibits
ROS through Nrf2 modulation. It also supports the mitochondrial stability and function. Taurine
works anti-inflammatory through action on the myeloid differentiation primary response 88
(MyD88)-NF-kB pathway [1]. It can also induce positive changes in the gut’'s microbiome
composition and promote SCFA production [49]. The main source of taurine is dietary protein,
however, it can be internally obtained in the liver (main synthesis site) from cysteine with the
help of cysteine dioxygenase (Cdo) enzyme or through deconjugation of taurine of BAs by the
gut microbiota. Taurine’s mechanisms are concentration-dependant and are mainly regulated
by the taurine transporter (TauT). After deconjugation from BAs, taurine creates several
secondary conjugates, which roles are still unclear [3, 18, 48]. A previous study observed
increased levels of taurine and its conjugates after CR along the different parts of the small
intestine. In the liver this was not reproduced. However, there was an elevated expression of
Cdo enzyme, indicating an increased internal synthesis [3].

Taurine interacts with GSH in different ways. On one hand, the two of them need cysteine to
be synthesized, which may result in a competition for the substrate. On the other hand, both
of them have antioxidative properties and stabilize mitochondria, and taurine has been found
to assert these effects partly through acting on GSH [1]. Interestingly, former results indicated
that during CR an increase in the building of GSH-taurine conjugates takes place, which

supports taurine reuptake from the intestine [3]. In a following study, it was demonstrated that
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this mechanism is microbiota-dependant [18]. This information confirmed and intensified the
strong influence of the gut microbiome on the organism.

Taurine is tightly connected to BAs. After formation, BAs are being conjugated to either glycine
or taurine to increase their solubility [1, 18]. Correspondingly, a CR-induced increase in taurine
levels resulted in observed elevated content of taurine-conjugated BAs in the duodenum [16]
and plasma [3] of mice. Interestingly, their levels were not that strongly influenced in the liver.
However, the expression of genes connected to the synthesis and metabolism of BAs in the
liver of the CR mice was elevated [3].

The primary pathway for the synthesis of BAs includes the enzyme cholesterol 7 a-hydroxylase
(Cyp7a1) that converts cholesterol to 7a-hydrocholesterol which is then being converted to
either chenodeoxycholic acid (CDCA) or cholic acid (CA) (both primary BAs). These are then
modified by bile acids CoA:amino acid N-acyltransferase (Bat) and bile acids CoA-ligase (Bal)
and bound to either taurine or glycine to create their conjugates [50]. After conjugation, BAs
are transported with the help of the bile salt export protein (Bsep) from the hepatocytes into
the bile and after ingestion, they are being secreted into the gut [1, 51]. After being released
into the small intestine via the ileal bile acid transporter (Ibat), BAs are responsible for lipid
digestion, as well as fat-soluble vitamins‘’ absorption and cholesterol metabolism. After that
~95 % are being reabsorbed. They enter the blood with the help of organic solute transporters
alpha and beta (Osta and Ostb) and are transported into the hepatic circulation by the Na*-
taurocholate cotransporting polypeptide (Ntcp). The little amount of BAs left in the gut is being
modified by enteric bacteria. It is either converted into secondary BAs (lithocholic acid (LCA),
deoxycholic acid (DCA), ursodeoxycholic acid (UDCA)) or deconjugated, which leads to
increased levels of free taurine and unconjugated BAs [1, 3, 18, 51].

Different conjugation state and bacterial changes define the function of BAs in the body and
contribute to their diversity. With that being said, BAs can have a versatile effect on microbiota
and health. They can differ in their solubility, toxicity and ability to activate or inhibit BAs
receptors [1]. The main receptors being induced by BAs are farnesoid X receptor (Fxr) and
Takeda G protein-coupled receptor (Tgr5) which can regulate metabolic profiles [51-53]. The
first one raises the expression of the small heterodimer partner (Shp), which on its own inhibits
the transcription of the Cyp7a1 enzyme and therefore reduces BAs’ synthesis [51]. It has also
been associated with the promotion of diet-induced obesity through interaction with the
microbiota [42, 52]. The activation of the ladder has been linked to an anti-inflammatory and a
metabolic role through the regulation of NF-kB and protein kinase B (Akt) pathways [51, 54].
Accordingly, problems with BAs’ metabolism can lead to diseases such as cholestasis,
gallstones, inflammation, lipid malabsorption, bacterial infections in the gut and others [51].

Figure 1 represents an overview of the metabolism of taurine and BAs and the included factors.
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Figure 1: Regulation of the metabolism of taurine and bile acids (BAs). Source: [1]

As already mentioned above, intestinal microbiota and BAs are tightly connected. Interestingly,
BAs (especially secondary BAs) have an antimicrobial property through their ability to
decompose bacterial membranes. As follows, they exert a major function in the gut metabolism
and microbiota’s shaping and serve as protection against pathogens. The amount of BAs in
the body is strongly influenced by the diet. For example, a high-fat diet, which was previously
found to raise BAs’ production and induce obesity, can therefore influence microbiota and lead
to inflammation. However, a reduction in BAs’ levels has also been linked to bacterial
imbalance and inflamed mucosa [1].

Microbial impact on BAs is also as equally important [1, 50]. Gut bacteria are primarily
responsible for the deconjugation of BAs of taurine and glycine, as well as their conversion
from primary to secondary BAs. The microbiome can also transform secondary BAs DCA and
LCA back to CA and CDCA. Gut bacteria can influence Fxr and Tgr5 expression, since
depending on their conjugation state, BAs can either be agonists or antagonists of the named
receptors [1]. Host’'s microbiota also impacts the expression of genes connected to BAs’
synthesis and metabolism [42]. These microbial modifications of BAs not only result in a
diversity in BAs’ pool but can also have an impact on the host’s health. Namely, a reduction in
deconjugation has been linked to gut diseases like ulcerative colitis, Crohn’s disease and
irritable bowel syndrome [55]. A study showed that LCA and UDCA, which are a result of
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bacterial modifications of primary BAs, can protect against colonic inflammation in mice [56].
A better intestinal barrier function and blocking of bacterial invasion has been observed to be
induced by UDCA. However, a long-term high dosage of UDCA can increase the risk of cancer
in colitis patients [1]. The conjugation of BAs generally makes them less toxic than
unconjugated BAs, which results in a few positive effects. Namely, tauroursodeoxycholic acid
(TUDCA) is more effective in the treatment of liver cirrhosis than the unconjugated UDCA [57].
It also positively influences metabolic problems and inflammation, as well as the functionality
of the intestine and its barrier function during a high-fat diet [58]. Moreover, further research
on TUDCA has proven its protective function on the central nervous system and the related
diseases. These observations only amplify the importance and benefits of taurine
supplementation since it can contribute to an increase in the pool of taurine-conjugated BAs [1,
59]. A few epidemiological studies in animals and humans also recognized LCA and DCA as
possible inducers of cancer. DCA has also been linked to cholesterol gallstone disease and
imbalance in the gut [1, 50]. With that being said, BAs have been a centre of numerous
investigations for a few centuries now. However, there is still a lot of room left for research
concerning the exact effects of BAs on general health, as well as their impact on the GIT. Their
interactions with taurine and microbiota and their role during CR still remain to a large extent

undetermined.

1.2 Objectives

Numerous investigations have proven that CR has a strong influence in promoting health and
increasing life-span. One of the most important parts of our body is the GIT since it is essential
for digestion, absorption of micronutrients and microbiota shaping. As already described,
Duszka et al. have previously reported a reduction in inflammatory factors along the GIT with
an increased expression of metabolic genes in mice after CR [16]. However, the results
concerning the exact impact of CR and its mechanisms on the GIT are contradictory and still
need to be further investigated.

The reduction of calories impacts the quality of life and can be hard to maintain long-term,
making it often an unsuitable therapy choice for patients with GIT problems. Moreover, CR
leads to a total decrease in the intake of all nutrients. This makes it difficult to define if CR or
a certain macronutrient influences the host’s health. A few studies have explored the impact
of limiting macronutrients on life-span, but the investigations on other outcomes of
macronutrient restriction are scarce. Accordingly, finding an alternative diet which mimics the
health-promoting and life-extending benefits of CR, but without a reduction in energy intake,
could lead to significant improvement in the way diseases are cured, especially those of the
GIT. For this reason, the current experiment was designed to compare chosen restrictive

dietary protocols (reduction in either protein/fat/carbohydrates) during an ad libitum diet to
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identify if the lowering of a single macronutrient could play a role in mimicking the effects of
CR. In addition, an increase of the previously mentioned macronutrients was applied during
CR. The aim is to find out if a general decrease in energy intake is the deciding factor for
positive changes in the gut or if the increase in one of the macronutrients could negatively
influence the pathways during a CR diet. The described experiment was conducted on healthy
animals and its goal was to identify which of the designed diets has the strongest effect on
maintaining a healthy intestinal function and can prevent the development of diseases of the
GIT. The project presented in this thesis introduces a deeper look into the molecular impact of
macronutrient restriction and CR on different factors in the GIT and liver. The expression of
genes connected to antioxidation, inflammation and metabolism in the intestine was measured.
The investigation further looked into the influence of the proposed diets on microbiota, markers
of autophagy and mitochondrial function, as well as on histology of the small intestine and
colon. It also puts focus on the impact of the different restrictions on taurine and BAs’
production and metabolism not only in the gut but also in the liver with the goal to develop a
better view of the connection between the three and to understand the impact of intestinal
microbiota on this relationship.

The objective of the designed investigation is to examine the molecular impact of macronutrient
restriction and CR on the immune system of the gut. The study aims at finding out if and what
macronutrient plays a major role in the typical pathways connected to CR. On the one hand,
by decreasing the chosen macronutrients during an ad libitum feeding, a possible CR-mimic
diet without the inconveniences of energy reduction could be recognised. An increase in the
amount of the selected macronutrients during CR, on the other hand, would allow to assess if
any of the macronutrients would neutralize the effects of CR. The current project aims at

identifying a possible nutritional, drug-free approach in the prevention of diseases of the GIT.
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2 Materials and methods
2.1 Animal experiments

For the experiments C57BL/6 male 4-weeks-old mice were purchased from Janvier Inc. Labs
(Le Genest, France). The animals were housed in standard specific-pathogen-free (SPF)
conditions, using Tecniplast open cages, under a 12h light/12h dark cycle, in the animal facility
of the Department of Nutritional Sciences and Division of Clinical Pharmacy and Diagnostics,
University of Vienna for 6 weeks before the interventions to adapt to the environment. At 10
weeks of age, the mice were randomly divided into experimental groups of eight animals with
one ad libitum control group (Ad lib) and three ad libitum groups low in the selected
macronutrients (low-protein (Ad lib LP), low-fat (Ad lib LF), low-carbohydrates (Ad lib LC)), as
well as one CR control group and three CR groups high in the selected macronutrients (high-
protein (HP), high-fat (HF), high-carbohydrates (CR HC)) (see Figure 2 and Figure 3). The
used diets were custom-made, produced by SSNIFF Spezialdiaten GmbH (Germany). All of
the diets were given for a total of 4 weeks. The CR groups received 80 % of their regular food
intake and were fed once a day. In the high-macronutrient diets, the selected macronutrient is
increased so that the 20 % restriction does not lead to a restriction of the given macronutrient.
The composition of the experimental diets is presented in Table 1 and Table 2. The animals
were sacrificed at 14 weeks and the collected tissues were snap frozen in liquid nitrogen and
stored at -80 °C.

/ Ad libitum control chow (Ad lib)
i ———| Low-protein (Ad lib LP)

— n=8/group
C57BL/6, male Low-fat (Ad lib LF)
4-weeks-old
Low-carbohydrates (Ad lib LC)
10 weeks 14 weeks

Figure 2: Experimental setup of the ad libitum low-macronutrient groups.
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Ad libitum control chow (Ad lib)

Caloric restriction control chow (CR)

i ~ | CR high-protein (CR HP) — n=8/group
- 20% CR
C57BL/6, male . *| CR high-fat (CR HF)
4-weeks-old
4 CR high-carbohydrate (CR HC)
10 weeks 14 weeks -
Figure 3: Experimental setup of the caloric restricted high-macronutrient groups.
Table 1: Composition of the ad libitum low-macronutrient diets.
Ad lib Adlib LP Adlib LF Adlib LC

Diet
Ingredients and energy
Carbohydrates (gm%) 65 79 74 36
Protein (gm%) 20 5 25 44
Fat (gm%) 7 7 35 11
Fibre (gm%) 5 5 5 5
Vitamins and minerals (gm%) 1 1 1 1
Choline 3 3 3 3
Total energy (kcal/g) 4 4.0 3.7 4.2
% energy from carbohydrates 65 80 74 35
% energy from protein 20 5 25 42
% energy from fat 15 15 1 23

Table 2: Composition of the caloric restricted high-macronutrient diets.

CR CRHP CR HF CRHC

Diet
Ingredients and energy
Carbohydrates (gm%) 65 29 40 85
Protein (gm%) 20 50 13 5
Fat (gm%) 7 4 35 2
Fiber (gm%) 5 5 5 5
Vitamins and minerals (gm%) 1 1 1 1
Choline 3 3 3 3
Total energy (kcal/g) 4 3.9 5.3 3.8
% energy from carbohydrates 65 30 30 90
% energy from protein 20 60 10 5
% energy from fat 15 10 60 5
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2.2 Sample preparation

For the mentioned experiments below (Paragraphs 2.2-2.4), the desired amount of tissue was
cut on dry ice with a scalpel. After that, it was further processed according to the different

methods protocol.

2.2 Real-time quantitative polymerase chain reaction (QRT-PCR)

Intestinal jejunum scrapings (£15 mg) were dissolved in lysis buffer using a syringe and a
needle. Liver samples (<15 mg) were transferred into Precellys homogenizing tubes with
1.4 mm ceramic beads and disrupted using Precellys®24 Tissue Homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France). RNA from both tissues was extracted using the
PeqGOLD Total RNA Kit (VWR International GmbH, Germany) following the manufacturer’s
protocol. SuperScript® Il Reverse Transcriptase (Quanta Biosciences, MA, USA) was used
for cDNA synthesis. The used steps for reverse transcription were: 22 °C for 5 min; 42 °C
for 30 min; 85 °C for 5 min. The cDNA samples were then stored at -20 °C until further use.
For the gRT-PCR measrements, 8 ul cDNA sample and 2 ul SYBR Green PCR Master Mix
were pipetted on ice on a gPCR plate in biological triplicates for each sample. The gRT-PCR
measurement was conducted using the QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems, Life Technologies, CA, USA). The results are presented as averaged
AACt values normalized to Eef1a1.

Bacterial DNA was extracted from cecum samples (~30 mg) according to manufacturer’s
protocol using the InnuPREP Stool DNA kit (Analytik Jena, Germany). The gRT-PCR
measurements were done in the same way as described above. The relative bacterial DNA

content was calculated using 16S RNA Ct value as a reference.

2.3 Liquid Chromatography-Mass Spectrometry (LCMS)

The ileum (7-10 mg) and liver (10-20 mg) tissues were put into Precellys homogenizing tubes
with 1.4 mm ceramic beads and 9x methanol (kept at at -20 °C) of the weight of the sample
was added. The tissues were homogenized twice at Precellys®24 Tissue Homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France) for 30 seconds at 4000 rpm. The samples were
transferred to 1.5 ml Eppendorf tubes and centrifuged for 5 min at 3500 xg, 4 °C. The
supenatant was collected into new 1.5 ml Eppendorf tubes, cetrifuged again at 15000 xg, 4 °C
for 5 min and transferred into HPLC vials (2 ml, Sigma-Aldrich Chemie GmbH). The analysis
was done using a LCMS-8040 Liquid Chromatograph Mass Spectrometer (Shimadzu
Corporation, Kyoto, Japan). The prepared samples were first measured for taurine and GSH
content in a negative modus, afterwards the same were analysed for the content of BAs in a

positive modus using an Atlantis T3 3 ym column (2.1x150 mm, Waters, Milford, MA, USA)
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with a set temperature at 30 °C. The mobile phase A consisted of 0.1 % formic acid and 20 mM
ammonium acetate solved in water. The mobile phase B contained 0.1 % formic acid and
acetonitrile:methanol (3:1) in water. Standard dilution series were prepared and included in the
measurement for all of the targeted metabolites (for taurine, taurine-conjugates, GSH a total
of 9 standards and for BAs a total of 11 standards was measured). The observed peaks of the
standards and samples were the measured retention times and presented as the area under
the curve (AUC) by the LabSolutions Software (Shimadzu Corporation, Kyoto, Japan). These
were integrated and the values of the samples were further analysed with Microsoft Excel®

according to the standard measurements using the y = mx + b equation.

2.4 Western blot (WB)

Jejunum mucosal tissue (7-10 mg) was dissolved using a syringe in RIPA buffer (10x, EMD
Millipore Billerica, MA, USA) with Pierce Phosphatase Inhibitor (Mini Tablets, Thermo
Scientific, Rockford, IL, SA) and Protease Inhibitor Cocktail (cOmplete Mini, EDTA-free,
Roche, Mannheim, Germany). For protein extraction the samples were incubated for 15 min
on ice, centrifuged for 10 min at 10.000 xg, 4 °C and then the supernatant was collected. The
protein concentration in the samples was determined using the Pierce™ BCA protein assay kit
(Thermo Scientific). The used protein concentration was 1 ug/ul for B-Actin and 3 ug/ul for IkB,
phosphorylated protein kinase B (pAKT), ATG7 and TOMM20. The SDS-PAGE gels consisted
of 10 % separating gel and 5 % stacking gel and were prepared one day prior to
electrophoresis. For each protein a new set of gels was made. For protein separation 10 pl
sample mixture (sample + RIPA-buffer + loading buffer + dithiothretiol (DTT)) was loaded into
the gel, as well as 2 pl of Precision Plus Protein ladder (Bio Rad, Carlsbad, CA, USA) on each
side of the gel and served as a molecular weight standard. The electrophoresis was run for
1.5-2h (depending on targeted protein) at 90 V in a cold room. Subsequently, the samples
were blotted onto PVDF membranes using the Trans-Blot Turbo Transfer System (Bio Rad).
The membranes were blocked in bovine serum albumin (BSA) for 1h at room temperature (RT)
and afterwards incubated with primary antibody at 4 °C overnight (B-Actin: 1:1000 in 2.5 %
BSA tris-buffered saline with Tween20 (TBST), IkB: 1:1000 in 5 % BSA TBST, pAKT: 1:1000
in 5 % BSA TBST, ATG7: 1:1000 in 5 % BSA TBST and TOMM20: 1:5000 in 5 % BSA TBST)
on a shaker. After 3 washing steps in TBST, the membranes were further incubated with
secondary antibody (anti-rabbit IgG, 1:3000) for 1h at RT. The membranes were afterwards
washed again 3x in TBST. Subsequently, they were covered with Pierce ECL Western Blotting
Substrate in dilution 1:1 (1 ml of total volume used on one whole membrane) in preparation for
the development. The detection of the proteins was conducted using the ChemiDoc XRS+
System (Bio Rad) and analysed with the ImageJ software (version 1.53) using B-Actin as a

reference.
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2.5 Histology
2.5.1 Sample preparation

During dissection, ileum and colon tissues were fixed in 4 % phosphate buffer saline (PBS)-
buffered formalin for 48 h. Following steps: washing for 15 min under running tap water, = 1h
75 % ethanol, = 1h 85 % ethanol and 95 % ethanol + 5 % methanol overnight. After that the
samples were embedded in paraffin and let to harden overnight. Next, they were cut into 5 ym
thick tissue sections using a microtome and placed on a microscope slide. The samples were
left to dry for 72h at 37 °C.

2.5.2 Hematoxylin & eosin staining

In preparation for staining, the sections were dewaxed with xylene, dehydrated using
decreasing concentration of ethanol and rinsed in double-distilled water in 10 min steps. The
tissue sections were then stained for 1 min in hematoxylin, shortly rinsed in tap water,
dehydrated with ethanol for 8 min and counterstained in eosin for 2 seconds. In the end, the
samples were dehydrated in ethanol (10-20 sec) and cleaned with xylene for 10 min. A cover
glass was fixed with a drop of Entellan and the samples left to dry for 24h. All reagents used

were purchased from Sigma Aldrich.

2.5.3 Imaging

Axiolab 5 microscope, Axiocam ERc 5s camera and ZEN Microscopy Software (ZEISS,
Oberkochen, Germany) were used for the capturing of the images. Only the ad libitum groups
were included in the histology examination. For each structure 5 images/sample were
captured, adding up to 40 images/structure for each diet group. The length of the ileum villi
and the thickness of the colon wall were measured using the ImageJ software (version 1.53)
and the mean was calculated. The villi length was measured as the distance between the end
of the crypt and the tip of the villi. The thickness of the colon wall (muscularis externa) was

defined as the outer layer observed in the colon sections.

2.6 Statistics

Results are presented as mean * standard error of mean (SEM). One-way ANOVA and post-
hoc analysis were used for the evaluation of the statistical significances. Differences between
two experimental groups were assessed using Excel Microsoft ® and Student’s t-test. Each of
the groups included 7-8 biological replicates. A p-value <0.05 was considered statistically

significant and a p-value < 0.01 was considered highly statistically significant.
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3 Results

To assess the impact of macronutrient restriction on the GIT during an ad libitum and a CR
diet, male 10-weeks-old C57BL/6 mice were randomly submitted to two types of dietary
interventions: ad libitum diets, restricted in selected macronutrients and 20 % CR diets, high
in the selected macronutrients for 4 weeks. A statistically significant reduction in body and liver
weight was observed in the CR group compared to Ad lib. The weight of the cecum was not
different between Ad lib and CR but was statistically significantly reduced after an Ad lib LF
and Ad lib LC diet. The length of the small intestine, as well as that of the colon did not change
significantly after the interventions. The only exception was the CR HF group which had

statistically significantly longer small intestine compared to CR (see Figure 4 and Figure 5).
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Figure 4: Body (A, B), liver (C, D) and cecum (E, F) weight measured during dissection of mice fed ad
libitum diets (A, C, E) and CR diets (B, D, F).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM. Ad libitium control chow (Ad lib), Low-Protein (LP), Low-Fat (LF), Low-
Carbohydrates (LC), Caloric Restriction (CR), High-Protein (HP), High-Fat (HF), High-Carbohydrates
(HC).
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Figure 5: Small intestine and colon length measured during dissection of mice fed ad libitum diets (A,
C) and CR diets (B, C).
One-way ANOVA was used to examine the statistical significance; n = 7-8;*p <0.05,**p < 0.01. Data are
presented as mean + SEM.
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3.1 gqRT-PCR
3.1.1 Jejunum

3.1.1.1 Antioxidative processes

Since one of the main impacts of CR is reduction of oxidative stress (see Paragraph 1.1.2),
the expression of genes connected with antioxidative processes was measured in the jejunum
mucosa of the mice. There was a decreased expression of thioredoxin 2 (Trx2), catalase, nitric
oxid synthase 2 (Nos2) and Nrf2 in the gut of the CR mice compared to Ad lib with a statistical
significance observed only for Trx2. On the other hand, the GSH transferases Gsta3 and Mgst1
were statistically significantly upregulated in the CR group compared to Ad lib, which coincides
well with the previously observed increased glutathione S-transferases (GST) activity
measured during CR [3]. The Ad lib LC diet led to the highest measurements of the
antioxidative enzymes Trx2 and Catalase and a reduced gene expression of Nrf2. However,
compared to the Ad lib group, it increased Gsta3 and Mgst1 expression, even with a statistical
difference detected for Gsta3, which was the same effect observed in the CR group (see
Figure 6 A).

None of the high-macronutrient diets was able to erase the antioxidative effect of CR. The Nrf2
gene was even statistically significantly downregulated in all of the high-macronutrient groups,
when compared to CR. In the CR HP, the effect of CR on the increased expression of the GST
enzymes seemed to be strengthened, since the Gsta3 gene even had a statistically
significantly higher expression compared to CR. An increase of carbohydrates during CR led
to a statistically significantly lower expression of Catalase and, as already mentioned, of Nrf2.
Out of the CR groups, the CR HC caused the strongest downregulation of Gsta3 and Mgst1,

although the difference was not statistically significant (see Figure 6 B).
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Figure 6: Relative mMRNA expression of antioxidative genes in the jejunum mucosa of mice fed ad libitum
diets (A) and CR diets (B).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM. Thioredoxin 2 (Trx2), Nitric oxid synthase 2 (Nos2), Nuclear factor erythroid-
derived 2-like 2 (Nrf2), Glutathione S-transferase a 3 (Gsta3), Microsomal glutathione S-transferase 1
(Mgst1).
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3.1.1.2 Inflammation

As already described, previous investigation on CR mice have shown a decrease in
inflammatory factors along the GIT [16]. This research further investigates inflammation in the
jejunum mucosa in response to macronutrient restriction and CR. All of the measured
inflammatory genes were downregulated in the CR group compared to Ad lib. The Irf1, TIr3
and radical S-adenosyl methionine domain containing 2 (Rsad2) showed a statistically
significant difference. The only exception was the antimicrobial peptide Reg3g, which was
highly upregulated after a standard CR diet, but this measurement was with a big SEM and no
statistical difference was found between the two control groups. Out of the low-macronutrient
groups, the Ad lib LP had the lowest expression for the measured inflammatory genes with
Reg3g, MyD88, TIr3 and Rsad2 making a statistically significant difference compared to
control. The Ad lib LC, on the other hand, was with a slightly higher expression than Ad lib for
Irf1, MyD88 and TI3, but this difference was not statistically significant (see Figure 7 A).

Generally, the high-macronutrient CR diets did not have a strong impact on the measured
inflammatory parameters. However, after administrating a CR HC diet, a slight upregulation of
Stat1, If1 and Rsad2 was observed, but the differences were not statistically significant

compared to control (see Figure 7 B).
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Figure 7: Relative mRNA expression of inflammatory genes in the jejunum mucosa of mice fed ad libitum
diets (A) and CR diets (B).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM. Signal transducer and activator of transcription 1 (Stat1), Interferon
regulatory factor 1 (Irf1), Regenerating family member 3 gamma (Reg3g), Myeloid differentiation primary
response 88 (MyD88), Toll like receptor 3 (TIr3), Radical S-adenosyl methionine domain containing 2
(Rsad2).

3.1.1.3 Metabolism

Sirtuins are a landmark of CR and a mediator of longevity [60]. The gene expression of Sirt1
in the jejunum mucosa of CR mice was highly statistically significantly upregulated compared
to Ad lib (p = 0.01). The Ad lib LC showed a similar effect as CR on this parameter. As already
mentioned, it has been previously shown that CR leads to an increase in metabolic genes in
different parts of the GIT [16]. This investigation further studies how the different restrictions
would influence genes linked to lipid metabolism in the jejunum mucosa. In the CR group there
was an increased expression of acyl-CoA synthetase long chain family member 3 (Acsl3),
Acot4, Scd1 and Acox2 with a statistical difference for Acot4 and Acox2 compared to Ad lib.
Out of the ad libitum diets, the Ad lib LC led to the highest measurement for Acsl3, Acot4 and
Acox2. These genes were statistically significantly upregulated in the Ad lib LC in comparison
to Ad lib (see Figure 8 A).
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The high-macronutrient CR diets sustained the positive effect of CR on the Sirt1 gene
expression. The CR HF showed the highest expression of AcslI3, Acot4 and Scd1 with the last
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Figure 8: Relative mRNA expression of metabolic genes in the jejunum mucosa of mice fed ad libitum
diets (A) and CR diets (B).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p <0.05,*p < 0.01. Data are
presented as mean + SEM. Sirtuin 1 (Sirt1), Fasting-induced adipose factor (Fiaf), Acyl-CoA synthetase
long chain family member 3 (Acsl3), Acyl-CoA thioesterase 4 (Acot4), Stearoyl-coenzyme A desaturase
1 (Scd1), Acyl-CoA oxidase 2 (Acox2).

3.1.1.4 Metabolism of taurine and BAs

The last gRT-PCR results in the jejunum mucosa present a measurement of the expression of
genes connected to taurine and BAs metabolism. As previously published, CR positively
regulates the expression of TauT in the mucosa of the ileum [3]. The same effect was
confirmed here in the jejunum mucosa, although the difference between CR and Ad lib was
not statistically significant. The Ad lib LC group had a similar expression as CR of TauT and a
statistical difference compared to Ad lib was identified (p < 0.01). This diet also induced the
highest expression of Tgr5, but with a big SEM observed. Moreover, the gene expression of
Tgr5 was statistically significantly higher in the CR and Ad lib LP groups compared to Ad lib.
The Fxr gene expression in the CR was lowered compared to Ad lib but with no statistical
difference observed. The bidirectional BAs transporters Osta and Ostb were both slightly
upregulated in the CR group and Ostb in the Ad lib LC group but there was no statistical
difference to Ad lib (see Figure 9 A).
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In the high-macronutrient CR groups the CR HP had the highest TauT gene expression, but
the impact was not statistically significant. A CR HF led to a statistically significantly higher
expression of Fxr in comparison to CR. In all of the the high-macronutrient diets the BAs
transporter Osta was statistically significantly downregulated in comparison to CR (see
Figure 9 B).
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Figure 9: Relative mMRNA expression of genes connected to taurine and BAs metabolism in the jejunum
mucosa of mice fed ad libitum diets (A) and CR diets (B).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM. Taurine transporter (TauT), G-protein-coupled bile acid receptor 5 (Tgr5),
Farnesoid X receptor (Fxr), lleal bile acid transporter (lbat), Organic solute transporter alpha (Osta),
Organic solute transporter beta (Ostb).
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3.1.2 Cecum

3.1.2.1 Microbiota

Considering the rising information about the importance of gut microbiota to human’s health
(see Paragraph 1.1.4), as well as well its role in the metabolism of taurine and BAs (see
Paragraph 1.1.5), cecal bacterial content was investigated next. As already described, the
cecum’s weight was not statistically significantly different between the Ad lib and CR group.
However, the Ad lib LF and Ad lib LC diets caused a statistically significant increase in the
cecum’s weight in comparison to Ad lib. In the CR groups, there was no difference
observed (see Figure 4 E and 4 F).

The highest content of Lactobacillus was found in the cecum of the CR mice with a statistical
difference compared to Ad lib. None of the low-macronutrient diets was able to cause a
significant increase in this bacterium’s content. All of the other investigated bacteria were with
a lower relative DNA content in the CR group in comparison to Ad lib with almost all of them

reaching a statistical significance (exception was Akkermansia mucinphila). In contrast, the Ad
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lib LP had the highest content of Akkermansia mucinphila, Bifidobacterium and Bacteroides
fragilis with the first bacterium’s amount being statistically significantly elevated compared to
Ad lib (see Figure 10 A).

On the other hand, none of the caloric restricted high-macronutrient diets was able to keep up
the increase in Lactobacillus content after a standard CR diet. The CR HC even led to a
statistically significant downregulation compared to CR. The CR HP, similar as CR, was with
the lowest content of Akkermansia mucinphila, Bifidobacterium and Bacteroides fragilis,
whereas the CR HF had the highest content of these three bacteria with the last two being

statistically significantly upregulated compared to CR (see Figure 10 B).
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Figure 10: Relative bacterial abundance in the cecum of mice fed ad libitum diets (A) and CR diets (B).
One-way ANOVA was used to examine the statistical significance; n =7-8;*p <0.05,**p < 0.01. Data are
presented as mean + SEM.

3.1.3 Liver

3.1.3.1 Metabolism of taurine and BAs

To finalize the gqRT-PCR investigations, the expression of genes associated with taurine and
BAs metabolism and transport was examined in the liver. In the CR group, there was a
statistically significant upregulation compared to Ad lib of Cdo and Ntcp. The same was
observed for Cyp7a1, Bat, Bal and Bsep, but this difference was not statistically significant.
The Shp was the only gene being with a lower expression in the CR group compared to Ad lib,
but this observation was not statistically different. The Ad lib LF showed a statistically
significant higher expression of Ntcp, Bat, Bal and Bsep compared to Ad lib. The Ad lib LC diet
led to a statistically significant upregulation of Cdo, Ntcp, Bat, Bal, Shp and Bsep compared to
Ad lib (see Figure 11 A).

The high-macronutrient diets did not seem to have as strong an effect as CR on the taurine
and BAs metabolic genes in the liver. The Cyp7a1 gene was statistically significantly higher
expressed after a CR HP diet in comparison to CR. However, the Cdo and Ntcp gene

expressions were statistically significantly downregulated in the CR HP and CR HC groups
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only for Ntcp (see Figure 11 B).
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Figure 11: Relative mRNA expression of genes connected to taurine and BAs metabolism in the liver of
mice fed ad libitum diets (A) and CR diets (B).

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p <0.05,"*p < 0.01. Data are
presented as mean + SEM. Cysteine dioxygenase (Cdo), Cholesterol 7 a-hydroxylase (Cyp7a1), Na*-
taurocholate cotransporting polypeptide (Ntcp), Bile acids CoA:amino acid N-acyltransferase (Bat), Bile
acids CoA-ligase (Bal), Small heterodimer partner (Shp), Bile salt export pump (Bsep).
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3.2LCMS
3.2.1 Taurine

As already described, free taurine levels, as well those of its conjugates have been previously
reported to be increased in different parts of the gut during CR [3, 18]. The current results
present a statistically significantly higher amount of taurine in the ileum mucosa of mice fed a
CR diet when compared to Ad lib (see Figure 12 A). The macronutrient restriction during an ad
libitum diet did not have any significant impact on taurine levels in the ileum. Numerous taurine
conjugates (conjugate 249 is displayed) were also elevated in the ileum of the CR group but
the difference was not statistically significant (see Figure 12 B). Statistically significantly lower
GSH levels were observed in the ileum of Ad lib LC compared to Ad lib (see Figure 12 C).

In the liver, the taurine content was again increased after CR, but this observation was not
statistically significant (see Figure 12 D). The Ad lib LC had statistically significantly lower
taurine content, as well as that of its 249 conjugate compared to Ad lib (see Figure 12 D and
12 E). The Ad lib LF led to statistically significantly decreased levels of taurine conjugate 249,
as well as those of GSH compared to Ad lib (see Figure 12 E and 12 F).
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Figure 12: Levels of free taurine (A, D), taurine conjugate with m/z 249 (B, E), and glutathione (GSH) (C,
F) in the ileum mucosa (A-C) and liver (D-F) of mice fed ad libitum diets.

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM.

The measurements in the high-macronutrient CR groups showed no statistically significant
different levels of taurine and its 249 conjugate in the ileum mucosa when compared to CR
(see Figure 13 A and 13 B). A CR HC diet led to statistically significantly lower levels of GSH
in the ileum in comparison to CR (see Figure 13 C).

In the liver, on the other hand, the CR HP group manifested a statistically significantly lower
concentration to CR of free taurine and its presented 249 conjugate (see Figure 13 D and

13 E). There were no significant changes in the GSH levels (see Figure 13 F).
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Figure 13: Levels of free taurine (A, D), taurine conjugate with m/z 249 (B, E), and GSH (C, F) in the
ileum mucosa (A-C) and liver (D-F) of mice fed CR diets.

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM.
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3.2.2 BAs

Following previous results, where an upregulation during CR in the BAs levels was
observed [2, 3, 16, 18], the content of BAs in the ileum mucosa and liver of the mice was
measured.

In the ileum of CR mice there were higher amounts of primary and secondary BAs compared
to Ad lib (see Figure 14 A-C and 14 E), whereas the taurine-conjugated BAs were slightly
decreased (see Figure 14 F-l). However, the differences were not statistically significant.
Generally, the lowest BAs content was measured in the Ad lib LP group, while the Ad lib LF
and Ad lib LC groups had similar amounts of almost all the BAs, but with no statistical
differences detected in comparison to control (see Figure 14 A-l).

In the liver a statistically significantly higher content of almost all the BAs, including taurine-
conjugated ones, was observed in the CR group compared to Ad lib (see Figure 15 A-l). The
Ad lib LC was the only low-macronutrient diet that led to a statistical difference compared to
Ad lib. Namely, there were statistically significantly higher amounts of CDCA, DCA, and UDCA
in comparison to Ad lib (p = 0.01) (see Figure 15 B, 15 C and 15 E).
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Figure 14: Content of primary (A, B), secondary (C, D, E) and taurine-conjugated (F, G, H, |) BAs
measured in the ileum mucosa of mice fed ad libitum diets.

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p <0.01. Data
are presented as mean £ SEM. Cholic acid (CA), Chenodeoxycholic acid (CDCA), Deoxycholic acid
(DCA), Lithocholic acid (LCA), Ursodeoxycholic acid (UDCA), Taurochloric acid (TCA),
Tauroursodeoxycholic acid (TUDCA), Taurodeoxycholic acid (TDCA), Taurolithocholic acid (TLCA).
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Figure 15: Content of primary (A, B), secondary (C, D, E) and taurine-conjugated (F, G, H, I) BAs
measured in the liver of mice fed ad libitum diets.
One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p <0.01. Data
are presented as mean + SEM.
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The high-macronutrient diets were able to induce changes in the BAs content when compared
to CR. Namely, in the ileum mucosa, the CR HF and CR HC diets led to a statistically
significantly lower concentration of almost all the BAs when compared to CR (see Figure 16 A-
I). The only exception was LCA — the CR HP group had the highest content of this BA even
with a statistical difference to CR (see Figure 16 D). Moreover, after a CR HP diet the highest
concentration of taurine-conjugated BAs in the ileum was observed but it did not reach a
statistical significance when compared to control (see Figure 16 F-I).

In the liver a statistically significantly decreased amount of primary, secondary and taurine-
conjugated BAs in the CR HF and CR HC groups was again observed in comparison to
CR (see Figure 17 A-l). Same as in the ileum mucosa, the CR HP diet led to the highest content
of taurine-conjugated BAs in the liver. However, this difference was again not statistically

significant (see Figure 17 F-I).
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Figure 16: Content of primary (A, B), secondary (C, D, E) and taurine-conjugated (F, G, H, |) BAs
measured in the ileum mucosa of mice fed CR diets.
One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data
are presented as mean + SEM.
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Figure 17: Content of primary (A, B), secondary (C, D, E) and taurine-conjugated (F, G, H, |) BAs
measured in the liver of mice fed CR diets.

One-way ANOVA was used to examine the statistical significance; n=7-8;*p <0.05,**p <0.01.
Data are presented as mean + SEM.
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3.3 Western Blot
3.3.1 Jejunum

3.3.1.1 Restriction-related markers

To further examine the effect of the different diets on inflammation in the gut, the amount of
IkB in the jejunum mucosa was measured. In the CR, Ad lib LP and Ad lib LF groups there
were elevated amounts of this protein, whereas the Ad lib LC had similar measurements as
Ad lib. However, none of these differences were statistically significant (see Figure 18 A and
18 B).

An improved glucose metabolism and insulin sensitivity are both connected to CR [12]. The
levels of pAKT, which plays an important role in the insulin-signaling pathway, were
downregulated in the CR group compared to Ad lib. The amount of this protein was not
statistically significantly affected by any of the low-macronutrient diets, but it needs to be noted
that the Ad lib LC showed the lowest amount of pAKT (see Figure 18 A and 18 C).

Since one of the benefits of CR is promotion of autophagy the amount of the ATG7, that is a
key player in cell recycling, was measured [29, 31]. The protein was elevated after a CR diet
compared to Ad lib, although with no statistical significance. The Ad lib LF and Ad lib LC
seemed to have a similar upregulating effect as CR on ATG7, but no statistical difference was
observed when compared to control (see Figure 18 A and 18 D).

The amounts of TOMM20 were higher in the CR compared to Ad lib, which indicated a better
proton transport along the inner mitochondrial membrane and an improved mitochondrial
function. However, neither the CR diet, nor the low-macronutrient diets had a statistically

significant impact on this protein (see Figure 18 A and 18 E).
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Figure 18: Protein levels of IkB (A, B), pAKT (A, C), ATG7 (A, D) and TOMM20 (A, E) in the jejunum
mucosa of mice fed ad libitum diets.

One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are
presented as mean + SEM. Inhibitor of nuclear factor kappa B (IkB), Phosphorylated protein kinase B
(pAKT), Autophagy related 7 (ATG7), Translocase of outer mitochondrial membrane 20 (TOMM20).
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The CR HP and CR HF diets seemed to maintain the anti-inflammatory effect of CR which was
displayed in an increase of IkB, whereas the CR HC had similar levels of this protein as an Ad
lib diet (see Figure 19 A and 19 B). The pAKT content was decreased in all of the high-
macronutrient groups compared to CR with the CR HP having the lowest levels of the protein
(see Figure 19 A and 19 C). The quantification of ATG7 and TOMM20 showed a similar pattern
in the high-macronutrient groups. Namely, the CR HP diet seemed to keep up best with the
effect of a CR diet on autophagy and mitochondrial function, whereas an increase in fat or
carbohydrates slightly reduced these observations (see Figure 19 A, 19 D and 19 E).

In summary, none of the high-macronutrient diets was able to completely erase the effects of
CR on the measured parameters, but the CR HC seemed to be the one intervention that would
have an adverse effect on IkB, ATG7 and TOMM20. However, none of the observed

differences were statistically significant when compared to CR (see Figure 19 A).
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Figure 19: Protein levels of IkB (A, B), pAKT (A, C), ATG7 (A, D) and TOMM20 (A, E) in the jejunum

mucosa of mice fed CR diets.
One-way ANOVA was used to examine the statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are

presented as mean + SEM.
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3.4 Histology
3.4.1 lleum

Finally, the possible morphological alterations on the gut after the ad libitum diets were
analyzed.

As mentioned, the low-macronutrient diets induced no significant changes on the length of the
small intestine (see Figure 5 A). In the ileum was a trend towards slight shortening of the villi's
length in the low-macronutrient groups compared to Ad lib with the Ad lib LC group having the
shortest villi. However, none of these observations were statistically significant (see
Figure 20 A). Images of the histology sections of the ileum are presented below (see
Figure 20 B-E, Figure 21 A-D and Figure 22 A-D).
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Figure 20: Villi length of the ileum (A) of mice fed ad libitum diets, quantified with ImageJ. Representative
histology sections of the ileum (B, C, D, E) at 10x resolution, stained with hematoxylin-eosin solutions.
Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera and
ZEN software (Zeiss efficient Navigation). One-way ANOVA was used to examine the statistical
significance; n = 7-8;*p < 0.05,**p < 0.01. Data are presented as mean + SEM.
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Figure 21: Histology sections of the ileum (A, B, C, D) at 5x resolution, stained with hematoxylin-eosin

solutions.
Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera and
ZEN software (Zeiss efficient Navigation).
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Figure 22: Histology sections of the ileum (A, B, C, D) at 20x resolution, stained with hematoxylin-eosin

solutions.

Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera and
ZEN software (Zeiss efficient Navigation).
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3.4.2 Colon

The different diets did not have any significant effect on the length of the colon (see
Figure 5 C). The measurement of the thickness of the muscularis externa indicated a
shrinkage of the colon wall in the Ad lib LP. However, no statistically significant differences
were observed neither in this group, nor in any of the other low-macronutrient groups when
compared to Ad lib (see Figure 23 A). Images of the histology sections of the colon can be
observed below (see Figure 23 B-E; Figure 24 A-D and Figure 25 A-D).

A Muscularis externa colon
60

50

40
£

=30

20

10

0

Adlib Adlib Adlib Adlib
LP LF LC



3 Results 61

B Adlib C AdIlibLP
2 -
Ay %
St
‘ /‘§ /7(9 /76‘
D AdlIlbLF E AdlibLC

100 pm

Figure 23: Thickness of muscularis externa of the colon (A) of mice fed ad libitum diets, quantified
with ImageJ. Representative histology sections of the colon (B, C, D, E) at 10x resolution, stained
with hematoxylin-eosin solutions.

Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera
and ZEN software (Zeiss efficient Navigation). One-way ANOVA was used to examine the
statistical significance; n = 7-8;*p < 0.05,**p < 0.01. Data are presented as mean + SEM.
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Figure 24: Histology sections of the colon (A, B, C, D) at 5x resolution, stained with hematoxylin-eosin

solutions
Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera

and ZEN software (Zeiss efficient Navigation).
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Figure 25: Histology sections of the colon (A, B, C, D) at 20x resolution, stained with hematoxylin-

eosin solutions

Microscopy images are taken with Zeiss Axio Lab 5x HSF 22 microscope, Axiocam ERc 5s camera
and ZEN software (Zeiss efficient Navigation).
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4 Discussion

This work provides an insight into the influence of macronutrient restriction and CR on the GIT.
It has been previously shown that the gene expression of inflammation markers after several
restrictive diets was comparable in the small intestine’s mucosa and colon, as well as in the
Peyer's patches. On the other hand, in the lymph nodes these observations were less
pronounced, indicating that restriction of nutrients has a stronger effect on the gut [2]. For this
reason, this study puts further focus on the impact that macronutrient restriction and CR might
have on the GIT. It presents a detailed gene expression profiling of antioxidative, inflammatory,
CR-related and metabolic factors in the jejunum mucosa after the applied restrictive diets. It
also investigates the effect that these restrictions have on the trilogy of microbiota composition
and taurine and BAs’ metabolism. The gut was further studied for markers of autophagy and

mitochondrial function and changes in its morphology.

4.1 Impact of CR on the GIT

The current investigation validates the ability of CR to reduce oxidative stress and
inflammation, while simultaneously increasing metabolism in the small intestine. This was
reflected in the decreased expression of genes responsible for protecting the cell from
oxidative damage. Furthermore, the observed upregulation of Gsta3 and Mgst1 in the CR
group supports a previous theory that the conjugation ability of GSH is relevant during CR
rather than its antioxidative capacity (see Figure 6 A) [3]. This assumption was strengthened
by the lower content of GSH in the ileum and liver of the CR group, although the difference did
not have any statistically significant impact (see Figure 12 C and 12 F). Moreover, the results
indicate that the reduction of inflammation in the gut during CR is probably regulated through
two of the main players mediating inflammatory reactions and innate immune response,
namely the Irf and NF-kB pathways. This was mirrored by a lower gene expression of Stat1
and Irf1, as well as that of MyD88 and TIr3 in the jejunum of the CR group compared to Ad lib
(see Figure 7 A). In addition, the protein content of IkB was higher in the CR group in
comparison to Ad lib, although not statistically significant (see Figure 18 A). The results also
confirmed an increasing effect of CR on longevity and fatty acid metabolism, which was
mirrored in the higher Sirt1 gene expression and that of the AcsI3, Acot4 and Acox2 (see Figure
8 A). Moreover, cecum microbiota analysis showed a completely different bacterial
composition between the two control groups. Interestingly, the CR diet was the only restrictive
diet having the ability to increase Lactobacillus content, whereas the amount of all of the other
investigated bacteria was reduced in this group in comparison to Ad lib (see Figure 10 A).

Furthermore, the CR diet led to an elevation in the expression of genes connected to taurine

and BAs metabolism, which was more pronounced in the liver than in the jejunum mucosa (see
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Figure 9 A and Figure 11 A). Accordingly, this resulted in an increase in the content of taurine
and BAs after CR in the ileum and liver (see Figure 12 A, 12 D; Figure 14 A-E and Figure 15
A-l), although the increased taurine levels in the liver and the ones of the BAs in the ileum did
not reach statistical significance. However, observing more pronounced changes in the taurine
content in the ileum after CR is in line with previous reports [3].

Although the impact was not that strong, decrease in insulin signaling (pAKT), as well as higher
markers of autophagy (ATG7) and mitochondrial functions (TOMM20) were measured in the
jejunum mucosa of CR mice (see Figure 18 A), which are processes typically connected to the
influence of CR in the body and are one of the beneficial effects of restriction on the GIT [2].
Hereby, the presented results extend the knowledge of the response of the GIT to CR in the
context of oxidative stress, inflammation and restriction-related markers, as well as microbiota
composition and taurine and BAs’ metabolism. However, the exact influence of CR and its

outcomes need to be further investigated.

4.2 Impact of macronutrient restriction on the GIT

To the best of the current knowledge, this is the first investigation to explore the restriction of
all the three macronutrients and its effect on intestinal inflammation, microbiota, as well as
metabolism of taurine and BAs. The few existing studies have addressed restrictions
separately in terms of ageing but none of them compared the limitations to other

macronutrients or a typical energy restriction [19-22].

4.2.1 Antioxidative processes

The low-macronutrient interventions did not seem to have a great statistically significant impact
on antioxidative processes compared to a standard ad /ibitum feeding. However, an Ad lib LC
diet showed a similar or even a partly stronger effect than CR in terms of its activity on GSH
regulation, since the Nrf2 expression was even lower than in the CR group and the Gsta3 and
Mgst1 genes were upregulated in the jejunum mucosa of the Ad lib LC with a statistically
significant difference observed for the Gsta3 gene (see Figure 6 A). This coincided with the
lower levels of GSH in the ileum mucosa and in the liver of the Ad lib LC group (see Figure 12 C
and 12 F). Interestingly, an increase of carbohydrates during CR showed a reverse effect in
the expression of Gsta3 and Mgst1, although not statistically significant (see Figure 6 B).
However, this dietary intervention also statistically significantly reduced GSH levels in the ileum
mucosa (see Figure 13 C). These results suggest that carbohydrates play a major role in the

effect of diet on GSH activity, but further research is needed to define the exact mechanism.
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4 .2.2 Inflammation

Contradictory to the observations of Ling et al. where a low-protein diet increased
inflammation [23], the measurements of inflammatory markers in the jejunum here indicate that
an Ad lib LP could be an alternative diet to CR to reduce inflammation in the mucosa, since it
resulted in decreased the expression of Stat1, Reg3g, MyD88, TIr3 and Rsad2 with the last
four genes adding up to a statistically significant difference in comparison to the Ad lib group
(see Figure 7 A). Interestingly, the applied CR HP diet induced lower expression of
inflammatory genes than CR in the jejunum mucosa, although not statistically significant (see
Figure 7 B). This is in line with the results of Lan et al. [35], where the use of a high-protein diet
decreased cytokine’s gene expression in the ileum. However, it needs to be considered, that
the diet here was also a CR one and suggest that the role of protein on inflammation in the gut
needs further investigation. On the other hand, an Ad lib LC diet had a similar effect as a
standard ad libitum diet on the measured inflammatory parameters (see Figure 7 A), whereas
an increase of carbohydrates during CR was not able to erase the anti-inflammatory effect on
the gut (see Figure 7 B). These observations were further confirmed by the observed kB
content in the jejunum mucosa. Namely, the amount of this protein was increased in the Ad lib
LP and CR HP and decreased in the Ad lib LC group (see Figure 18 A and Figure 19 A).
Contradictory to the observed expressions of inflammatory genes in the jejunum mucosa, kB
content was also decreased after a CR HC diet, although none of the observations were
statistically significant. The IkB kinase is responsible for inhibiting the infammatory NF-kB
pathway. As already described, this mechanism is known to be stimulated by ROS and is
associated with ageing [32]. To sum up, these observations imply that concerning inflammation
in the jejunum mucosa, there might be an interplay between carbohydrates and protein
consumption. Interestingly, an increase of the previously mentioned substances during CR
was not able to induce a strong reverse reaction, which underlines the role of CR on

inflammation.

4.2.3 Metabolism

Interestingly, this investigation demonstrated that an Ad lib LC could have a similar effect on
longevity as CR. Namely, the relative mRNA expression of Sirt1, which is considered one of
the most important markers of CR and longevity [60], was almost the same between the two
groups and statistically significantly higher compared to Ad lib (p <0.01). Moreover, the Ad lib
LC diet had an even stronger upregulating effect than CR on fatty acid metabolism-related
genes (see Figure 8 A). Age-related and metabolic diseases are linked to problems in lipid

homeostasis. Food reduction has been shown to positively affect this through shift in energy
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metabolism with increased fatty acid oxidation [36]. Accordingly, an Ad lib LC diet could be
considered beneficial in its influence on these pathways.

Interestingly, the increase of carbohydrates during CR did not induce any negative changes in
the Sirt1 expression, but reduced the expression of Acsl3, Acot4, Scd1 and Acox2. The
increase of the fatty acid metabolism-related genes during CR HF suggests that fat is essential

for the positive influence of CR on fatty acid oxidation (see Figure 8 B).

4.2 .4 Metabolism of taurine and BAs

A standard CR diet elevated the expression of genes of taurine and BAs metabolism in the
jejunum. However, neither the low-macronutrient ad libitum, nor the high-macronutrient CR
diets showed a consistent impact on the measured parameters (see Figure 9 A and 9 B). To
further investigate this, related genes in the liver of the mice were observed. The results
demonstrated a partly similar or an even stronger upregulating effect than CR of an Ad lib LC
diet on the measured parameters in the liver. In contrast to CR, however, the relative mRNA
expression of Fxr in the jejunum and, correspondingly, Shp in the liver of Ad lib LC were
upregulated. That might be responsible for the lower Cyp7a1 gene expression observed in the
Ad lib LC group and implies that this diet can only partly positively influence the associated
genes (see Figure 9 A and Figure 11 A). This data leads to the suggestion that lowering of
carbohydrates in an ad libitum diet could be able to partly induce a CR-similar phenotype, but
needs further investigations since its effects were not reproduced on all of the measured genes
connected to taurine and BAs metabolism.

Interestingly, the increase of the selected macronutrients during CR lowered the measured
genes in the liver, although the only statistical significance to CR was observed for Cdo and
Ntcp (see Figure 11 B). The only exception remains the Cyp7al gene. A CR HP diet
statistically significantly increased its expression in comparison to CR. However, the exact
mechanisms behind these observations remain unknown.

The taurine measurements after macronutrient restriction ad libitum suggested that none of
the diets would be capable of inducing the observed CR phenotype of increased taurine levels
neither in the ileum, nor in the liver. Interestingly, an Ad lib LC, which is similar to CR on some
terms, even resulted in statistically significantly lower levels of taurine and its 249 conjugate in
the liver (see Figure 12 D and 12 E). However, it needs to be noted that previous results have
shown an increase in taurine levels during CR in the gut, but not in the liver [3]. As already
described above, an Ad lib LC diet also statistically significantly decreased GSH content in the
ileum in comparison to Ad lib (see Figure 12 C). This might be pointing at the previously
described mechanism of conjugation of taurine to GSH to enhance its uptake in the intestine

during CR, although the current results only indicated that in the Ad lib LC and not in the CR
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group [3]. However, as before, these novel observations still need further research, since the
exact mechanism is still largely unclear. A statistically significant decrease in taurine content
and its presented conjugate in the liver was also observed after a CR HP diet (see Figure 13 D
and 13 E). It needs to be noted that both Ad lib LC and CR HP diets had a high percentage of
dietary protein (see Table 1 and Table 2), which might influence the need for internal synthesis
of taurine and confirms a role of dietary protein in the regulation of taurine levels.

The impact of protein intake was further acknowledged in the BAs measurements. Although
not statistically significant, the Ad lib LP continuously showed the lowest levels of BAs in the
ileum (see Figure 14 A-l). However, this effect was not that distinct in the liver (see Figure 15 A-
1), but would suggest that lowering of protein ad libitum and with this of dietary taurine would
be detrimental to a CR phenotype of increased BAs content. Interestingly, the Ad lib LF and
Ad lib LC led to higher levels than Ad lib of TUDCA, TDCA and TLCA in the ileum (see
Figure 14 F-I), which partly coincides with the expression pattern of BAs metabolism-
associated genes in the liver of the low-macronutrient groups (see Figure 11 A). The Ad lib LC
diet, same as CR, also statistically significantly elevated the levels of CDCA, DCA and UDCA
in the liver in comparison to Ad lib. However, the influence of the low-macronutrient diets on
BAs content in the liver was not that consistent as in the ileum, suggesting an organ-specific
role of the restrictions on the metabolism of BAs (see Figure 15 A-l). The contribution of dietary
protein to BAs metabolism was further confirmed in the increased amounts of taurine-
conjugated BAs in the ileum and liver in the CR HP group. However, the elevation was not
statistically significant (see Figure 16 F-l and Figure 17 F-l). Moreover, in the CR HF and CR
HC groups statistically significantly lower levels of BAs were observed in comparison to CR,
not only in the ileum, but also in the liver (see Figure 16 A-l and Figure 17 A-1). Both of these
diets had a low protein content, in order to compensate for the increase in the other
macronutrient during CR (see Table 2). These results suggest that the increase of
carbohydrates or fat is a possible way to erase the effects of CR on BAs’ metabolism, whereas
an increase of protein would have a similar or even a partly stronger effect than CR, especially
concerning the taurine-conjugated BAs. To sum up, macronutrient restriction seems to
influence taurine and BAs metabolism, but the exact mechanisms need to be further

investigated.

4.2.5 Microbiota

On the one hand, the effect of BAs as antimicrobials is largely known as it is a way to protect
the intestine from infections. On the other hand, bacteria such as Lactobacillus, Clostridium,
Bifidobacterium and Bacteroides are also responsible for modifications of BAs, which makes

this a symbiotic relationship [50]. It has already previously been shown that there is a tight
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connection between microbiota and the CR-triggered alterations in taurine and BAs levels [18].
The here presented results indicate again an interplay between the three. The increase of
taurine and unconjugated BAs in the ileum and liver of the CR group was reflected by the
lowest content of Clostridium leptum, Akkermansia mucinphila, Bifidobacterium and
Bacteroides fragilis in the cecum of the same group (see Figure 10 A). This could be pointing
out the antimicrobial effect of BAs or it could also be indicating a shift in the abundance of
these bacteria elsewhere. Namely, these results contribute to the previously described model
where during CR the microbiota increases deconjugation of BAs from taurine and
correspondingly raises the levels of free taurine and taurine-deconjugated species in the
gut [18].

In contrast, the lowering of protein in an ad libitum diet seemed to be the one intervention that
would increase the abundance of Akkermansia mucinphila, Bifidobacterium and Bacteroides
fragilis to an even higher extent than Ad lib, although a statistically significant difference was
observed only for the content of the first bacterium (see Figure 10 A). This higher amount of
the named bacteria in the cecum of Ad lib LP was mirrored by the lowest BAs levels in the
ileum of the same group (see Figure 14 A-l). However, the influence of this diet on free taurine
levels was not that distinct (see Figure 12 A). These observations again not only confirm a role
of microbiota in the metabolism of BAs, but also suggest that the lowering of protein ad libitum
would be detrimental in inducing a CR-similar phenotype, which might be dependent on
microbiota. Interestingly, the increase of protein during CR was the one intervention that
induced similar low levels of the same three bacteria as a standard CR diet (see Figure 10 B).
Although not statistically significant in comparison to CR, in the CR HP group higher levels of
taurine-conjugated BAs in the ileum and liver were observed, whereas the unconjugated
compounds were not that strongly influenced (see Figure 16 A-l and Figure 17 A-l). On the
other hand, the CR HF and CR HC showed a continuous significant lower BAs content in
comparison to CR not only in the ileum, but also in the liver (see Figure 16 A-l and Figure 17 A-
1), which resulted in higher levels of Akkermansia mucinphila, Bifidobacterium and Bacteroides
fragilis in the cecum of the mice (see Figure 10 B). These observations raise further questions
on the exact impact of microbiota on the metabolism of BAs during CR and what the role of
the macronutrients is on this mechanism.

Generally, none of the low-macronutrient diets were in the position to reproduce the effects of
CR on microbiota. Interestingly, the Ad lib LC, which showed similar measurements to CR in
terms of longevity and metabolism, levels of taurine-conjugated BAs in the ileum, as well as
those of CDCA, DCA and UDCA in the liver, showed an opposite impact on Clostridium leptum,
Akkermansia mucinphila and Bacteroides fragilis content. It also to no extent positively
regulated the amount of Lactobacillus. This bacterium is known to alleviate inflammation in the

gut and although here not measured, to support mucin production [46]. Its decrease has been
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also associated with ageing [27]. As previously mentioned, it has been shown to be stimulated
by CR, which was again confirmed by the current results (see Figure 10 A) [46]. However,
none of the low-macronutrient ad libitum diets or even the high-macronutrient caloric restricted
ones had the same upregulating effect on this bacterium’s content as CR. The CR HC, same
as Ad lib, even led to a statistically significantly lower measurements compared to CR (see
Figure 10 B). Interestingly, all of the ad libitum diets had elevated Bacteroides fragilis levels.
Although Firmicutes content here was not measured, an increase of Firmicutes to
Bacteroidetes ratio has been connected to obesity [16, 41]. Statistically significantly higher
measurements than CR of Bacteroidetes were also observed in the CR HF and CR HC groups
(see Figure 10 B). However, it is not possible propose a statement based on these results
without knowing the available Firmicutes content.

In conclusion, these observations validate the important role of microbiota in the metabolism
of BAs and suggest a correlation in the observed microbiota composition in the cecum and
BAs levels in the ileum and liver. In general, the bacteria content varied between the groups
and implied that the composition of the macronutrients in a diet is a deciding factor in shaping
the gut microbiome even during CR. It intensified the need to further research the role of
Akkermansia, Bifidobacterium and Bacteroides in BAs metabolism. In reverse, the
antimicrobial and anti-inflammatory properties of taurine and BAs on the intestine might also
be partly responsible for the bacteria composition in the cecum and the anti-inflammatory effect
of CR in the intestine. The current results implied that protein might be the deciding factor in
the diet in terms of microbiome and BAs levels. Furthermore, the increase of carbohydrates or
fat might have an adverse effect on this particular metabolism during CR. It is also important
to mention that the influence of the diet on the body and BAs content might be independent on
bacteria to some extent or that other bacteria such as Firmicutes play a role in the mentioned
processes. The current observations strengthened previous proposed theories, but also raised
further questions and encourage the need for more investigations on the influence of

macronutrient restriction on the gut microbiota in terms of BAs metabolism.

4.2 .6 Restriction-related processes

Reduction in insulin concentration and with this improved insulin sensitivity is one of the main
ways that CR affects the organism. A decrease in insulin signaling during CR has been shown
to extend maximal life-span [61]. As confirmed by the current measurements of pAKT in the
gut, the insulin signaling pathway was less active during a CR diet. Interestingly, the Ad lib LC
group also showed a potential positive influence on this marker, although not statistically
significant (see Figure 18 A). Anincrease in autophagy has been connected to an improvement
in the functionality of the GIT [2]. The Ad lib LC and Ad lib LF stimulated a raise in ATG7 protein
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content in the jejunum in a similar way as CR, although none of the diets made a statistically
significant difference to Ad lib. Whereas based on the measurements of TOMM20, the
mitochondrial function could not be increased by any of the low-macronutrient diets (see
Figure 18 A).

The high-macronutrient CR diets induced an even further downregulation than CR of the
protein amount of pAKT. The CR HP showed the strongest decrease of this protein, which
indicates that this macronutrient will not only not erase the effect of CR on insulin signaling,
but it would rather stimulate it. This diet was also the only one that showed similar
measurements as CR on the markers of autophagy and transport along the mitochondrial
membrane. The CR HF and CR HC led to a downregulation of the last two parameters.

However, the observed impact was relatively mild (see Figure 19 A).

4.2.7 Histological alterations of the gut

The ad libitum diets did not induce any drastic changes in the morphology of the ileum and its
villi length (see Figure 20 A). This was further confirmed by no significant alterations in the
length of the small intestine (see Figure 5 A). However, it needs to be noted that the Ad lib LC
diet did reduce the villi's length. This observation was not statistically significant, but it might
be in correlation with the measured expression of inflammatory genes in the jejunum (see
Figure 7 A).

The thickness of the muscularis externa of the colon was lowered after an Ad lib LP diet, but
not statistically significant (see Figure 23 A). This has previously been observed during CR
with the assumption that a thinning of the colon’s wall during energy restriction could be due
to a reduced intake of nutrients, especially of amino acids, with this resulting in shrinkage of
muscle mass [37]. However the impact here was relatively mild and did not lead to any changes
in the colon’s length (see Figure 5 C). It needs to be pointed out that the investigations on the
morphology of the gut were only done in the ad libitum groups and that a further observation

in the high-macronutrient CR diets might be needed.

4.3 Limitations and outlook

It is important to emphasize that the used diets are custom-made for the designed investigation
and have been applied in an experimental setup. The nutritional composition, the degree of
restriction and the duration of the intervention in real-life can differ strongly. In this experiment,
the applied restriction of 20 % is relatively mild. The CR chow contains more than the minimal
micronutrient requirements for mice and was applied for a short period of time so it should not
result in malnutrition or starvation. For this reason, the calorie restricted groups did not receive

any supplementation, which is a common procedure during CR. However, their diet
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composition was still different than that of the ad libitum groups. It also needs to be considered
that the low-macronutrient groups were fed ad libitum, whereas the CR groups received chow
only once a day.

Out of the ad libitum low-macronutrient diets, the Ad lib LC showed a few similarities to CR. It
is a dietary approach without reduction in energy intake and induction of hunger, which is
typical for a CR diet. However, one needs to note that a strong reduction in carbohydrates can
also be hard to maintain for some individuals. Interestingly, a CR HP diet boosted some of the
CR-typical phenotypes and raised further questions on the role of protein on the health of the
GIT. However, this diet still consists of a reduced caloric intake and led to weight loss. It can
also possibly be associated with hunger. It cannot be entirely excluded that the positive effects
are primarily due to CR. While this research puts focus on macronutrient restriction during an
ad libitum feeding, it would be curious to investigate the influence that an increase in either
protein, fat or carbohydrates ad libitum (without excess energy intake) might have. This
approach would give an overview if a particular macronutrient could benefit gut health without
the inconveniences of reduced energy intake. In addition, a period of 4 weeks is relatively short
and cannot be used to make a conclusion for a life-long treatment. What is more, the
investigations were done on healthy animals. It would be interesting to compare the measured
markers in an already present inflammation of the GIT. Furthermore, due to the lack of data
on hunger and appetite markers, the results cannot confirm if a certain intervention is more
feasible than CR. Based on these consideration, future studies with a modified setup and
measurements of additional parameters are required. Moreover, an investigation in a female
model is needed. For these reasons, a generalizability of the current results is hard to achieve

and needs further research.
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5 Conclusion

The here presented results deepen the current knowledge on the pathways involved with CR
and introduce novel information about the effect of macronutrient restriction on the GIT. The
first objective of the current project was to find a CR-mimic intervention during an ad libitum
diet. The observations suggest that an Ad lib LC might be similar to CR on several terms.
Firstly, the results indicate that carbohydrates in the diet could be a major factor in GSH
regulation. Their lower intake during an ad libitum feeding can contribute to increased
conjugation of GSH, whereas their increase during CR could have an adverse effect. This was
indicated by the upregulated GSH transferases in the Ad lib LC group and an observed
downregulation during a CR HC diet in the jejunum mucosa. Secondly, a reduction of
carbohydrates in an ad libitum diet seemed to influence longevity and fatty acid metabolism in
a similar way as CR. Thirdly, the measurements of taurine and BAs metabolism-related genes
in the jejunum and liver also showed a partial upregulation in the Ad lib LC group. Yet, Ad lib
LC diet was not able to increase taurine levels neither in the ileum, nor in the liver. Although it
was not statistically significant, the lowering of carbohydrates ad libitum elevated the levels of
taurine-conjugated BAs in the ileum more than a CR diet and significantly increased those of
CDCA, DCA and UDCA in the liver in comparison to Ad lib. However, the Ad lib LC did not
show the same anti-inflammatory effect in the jejunum as CR. On the other hand, the Ad lib
LP diet downregulated some of the measured inflammatory markers. However, the lowering
of protein was recognized as decreased BAs levels in the ileum, although not statistically
significant. It also needs to be noted that none of the ad libitum diets was able to achieve a
similar microbiota composition in the cecum, as the one of the CR group and that these
observations might partly be connected to the different BAs levels.

The second objective of the current project was to recognize if the increase of a certain
macronutrient would diminish the positive influence of CR on the body. In general, some slight
changes in the high-macronutrient diets were observed, but with no great statistical
significances. None of the high-macronutrients diets was in a position to erase the antioxidative
and anti-inflammatory effect of CR, as well as its positive influence on autophagy and
mitochondrial function. However, it need to be noted that the CR HF and CR HC diets did
reduce ATG7 and TOMM20 in the jejunum, but without statistical significance. On the other
hand, a CR HP group seemed to keep up best with some of the typical CR phenotypes, as it
had partly a similar microbiota composition as CR and was able maintain the stimulation of
markers of autophagy and mitochondrial function. The increase of protein in a CR diet was
also able to cause higher levels of taurine-conjugated BAs compared to CR in both ileum and
liver. In contrast, the increase of fat or carbohydrates caused a statistically significant

downregulation in the levels of BAs in the ileum and liver during CR.
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To sum up, an Ad lib LC diet showed similarities to CR in the jejunum in terms of GSH
regulation, longevity, fatty acid metabolism, as well as taurine and BAs metabolism, but it was
not able to reduce inflammation markers in the gut. However, this diet could offer an advantage
in achieving a broad spectrum of the positive effects of CR, but without the inconveniences of
reduced energy intake and hunger and might be a new therapy measure for a lot of diseases,
including those of the GIT. The increase in none of the macronutrients seemed to be in the
position to completely erase a CR phenotype. However, the influence of CR on taurine and
BAs metabolism might partly be dependent on composition of the diet. This was suggested by
higher levels of taurine-conjugated BAs in the CR HP group and lower levels of BAs in the CR
HF and CR HC groups, both in the ileum and liver.

Currently, the knowledge on the response of the GIT to CR is still largely unclear. This study
extends the information about the influence of CR on the intestine and the liver. It also delivers
new data about the effects of macronutrient restriction. However, the exact physiological
mechanisms behind macronutrient restriction and CR and their outcomes remain to a large

extend undetermined and trigger the need for further research.
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