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Chapter 1

General Introduction
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Gut health

The intestine as an individual organ is recognized for its vital importance in ensuring
optimal nutrient uptake and overall health [1]. There is a need to understand what
exactly it means to have a well-functioning intestine, and how this organ sustains overall
health and well-being. In this thesis, | aim to further our knowledge of the fundamental
qualitative aspects that underly intestinal health, both for humans and for animals.

The gastrointestinal tract in its most basic description is a tube, running from stomach
to anus, in which food is processed. But this description does not do justice to the
complexity of this organ, nor its vital importance in maintaining overall health. The
intestine absorbs essential nutrients and minerals that the body requires to maintain
all other functions, while it keeps unwanted environmental agents out [2]. Bischoff et
al. [1] have posed five useful criteria for what constitutes gut health, these being: 1)
effective digestion and absorption of food, 2) absence of gastro-intestinal illness, 3)
normal and stable intestinal microbiome, 4) effective immune status, and 5) status of
well-being. Conversely, these criteria inform what it means to have sub-optimal gut
health, i.e. not meeting these criteria increases the likelihood of developing diseases.

In humans, gastrointestinal diseases are prevalent in infants, especially in low-income
countries [3]. With regard to animals, pigs suffer from gastrointestinal diseases
frequently, amounting to major losses of lives and decreased animal welfare [4, 5].
Pigs, apart from being an important target species in their own right, are also a good
model for humans, particularly for large organ systems like the intestine [6, 7]. This
thesis will therefore focus on pigs to improve our knowledge of what makes the intestine
vulnerable to the onset of diseases.

An important feature of the intestine is that it is a metabolically highly active organ.
Although it only accounts for ~5% of body weight, it consumes ~23% of energy [8, 9].
Especially after a meal, when the intestine is most actively digesting and absorbing
nutrients, energy consumption increases. This is reflected by a whole-body increased
resting metabolic rate of 15-20% in pigs [10], and 25% in humans [11]. Failure to
produce sufficient energy in the intestine hampers gut functions, and can thereby
increase susceptibility to disease. As such, intestinal energy production will be a main
focus of this thesis. The manner in which insufficient energy production in the gut
exacerbates susceptibility to intestinal disease is illustrated as follows. Firstly, patients
suffering from intestinal bowel disease were reported to have decreased energy
production in the colon [12-14]. Although it is still unclear whether this decreased
energy production is cause or effect, the co-occurrence with intestinal diseases renders
it part of the disease aetiology. Secondly, certain classes of drugs, e.g. the commonly
used non-steroidal anti-inflammatory drugs (NSAIDs) and the anti-inflammatory drug
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tacrolimus, were shown to impair the ability of the gut to maintain a strong barrier
against the outside world, potentiating onset of disease [15, 16]. This decreased
barrier function is likely caused by decreased cellular energy production in the gut
after exposure to the drugs [15-17]. Decreased energy production is probably the
result of mitochondrial uncoupling, during which mitochondrial electron transport is not
used to drive ATP-production [15-17]. Thirdly, aging was found to decrease metabolic
function of intestinal cells, possibly underlying the increased sensitivity to diseases in
old age [18]. Although metabolic function of the intestine is thus clearly important in
maintaining a healthy gut, there are still many unknowns as to how intestinal metabolic
function supports intestinal health, and how the intestinal metabolic function responds
to challenges.

Morphology and cell types of the intestine

To perform all its functions, the human intestine harbors a large surface area of
about 30 m?in the small intestine and 2 m? in the large intestine [19]. To generate this
large surface within a relatively short tube, the small intestine contains macroscopic
protrusions, called villi, that extend into the lumen (fig. 1.1). In addition, small-intestinal
epithelial cells have microvilli structures that enlarge the surface area even more. This
large area in the small intestine is used to facilitate nutrient and mineral uptake via
both passive and active transporters, while brush-border enzymes that are present
throughout the small intestine hydrolyze larger food components into absorbable
fragments. While the epithelial cells in the large intestine also exhibit microvilli, the large
intestine lacks a microvilli structure and instead only contains crypts. This difference
in morphology between the small and large intestine may be because of the higher
dry matter content and more abrasive composition of the luminal content in the colon.
The colon is mainly responsible for water and mineral absorption, but also contains
a large community of microbes. These microbes ferment the food which escaped
digestion in the small intestine. The colonic microbiome consists of a large population
of bacteria, viruses and fungi. Their composition varies both between individuals and
within an individual, on a day-to-day basis [20]. These microbes form a complex and
metabolically active ecosystem, that also helps to satisfy the host’s nutrient demands
[21, 22]. Later, | will expound in what manner this process leads to the production of
fermentation metabolites, and how these potentially impact the intestinal mucosa
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Figure 1.1 Intestinal architecture and functions. The small intestine primarily digests
and absorbs dietary nutrients, and contains macro- and microvilli. The colon has crypts,
and is mainly responsible for water and mineral absorption. The colon also contains a
microbiome that ferments undigested carbohydrates and proteins.

The intestines are responsible for breaking down food, absorbing its nutrients and
solidifying its waste, while simultaneously forming an active barrier against the external
environment. At the core of performing these tasks are the intestinal epithelial cells
(IECs), which are therefore an integral part of this research. IECs are all the terminally
differentiated cells that form a firmly connected, single layer of cells in the intestine,
as depicted in Figure 1.1. All IECs are generated from intestinal epithelial stem cells,
that reside at the bottom of intestinal crypts, the most protected place in the intestine.
As the stem cells divide, they result in to a population of transient, rapidly proliferating
cells that migrate to the villus tip as they mature and differentiate, forming the distinct
crypt-villus structure of the intestine (fig. 1.1). Finally, the IECs at the villus tip are shed
into the lumen, by a form of programmed cell death called anoikis, that is induced
by loss of cell contact to adjacent extracellular matrixes [23, 24]. Due to the abrasive
contents of the intestinal lumen, IECs at the tip of the villi are replaced about every 5-7
days [25]. The diverse types of IECs each have their own task. Presence of various
IEC types vary in the different regions of the intestinal tract, in accordance with the
distinct function of that segment of the intestine. Enterocytes, also termed colonocytes
in the colon, are the most abundant cell type, which is responsible for nutrient, mineral
and water absorption [26, 27]. Goblet cells produce mucins to form a protective layer
on top of the epithelial lining, and are more prominent in the large intestine than in
the small intestine. Enteroendocrine cells secrete hormones, and while they make up
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only about 1% of the cells in the gastrointestinal tract, this still makes the intestine the
largest endocrine system in humans [26]. Paneth cells reside in close proximity to
stem cells, produce antimicrobial factors, and supply nutrients and growth signals to
the stem cells [28]. Although there is clear evidence for the existence of Paneth cells
in the porcine intestine [29, 30], some studies have disputed this claim due to absence
of the acidic lysozyme marker phloxine-tartazine [31]. Tuft cells only constitute about
0.5% of the intestinal epithelium and have chemo-sensing and immune functions [32,
33]. Finally, microfold (M)-cells sample the luminal environment and mainly play a role
in the intestinal immune response [34]. Of these cell types, Paneth and M-cells are
only present in the small intestine, while the other epithelial cell types can be found
throughout the intestinal tract. Metabolism in IECs

The role of cytosolic glycolysis and mitochondrial OXPHOS in IECs in
energy generation

To maintain all their functions, IECs need to produce cellular energy in the form of
adenosine-tri-phosphate (ATP). There are two major metabolic pathways to generate
ATP. Firstly, ATP can be generated in the cytosol by glycolysis, which is a series of
consecutive metabolic steps that convert glucose into pyruvate, simultaneously
generating ATP. The newly formed pyruvate can then be excreted from the cell as
lactate, but it can also be imported into mitochondria, where it is further metabolized to
generate additional ATP. Mitochondria are cellular organelles that perform a number of
essential metabolic reactions. They are specialized in ATP production, using not only
pyruvate, but a variety of metabolic substrates. In addition to pyruvate and lactate, fatty
acids, but also ketones and amino acids are major substrates for mitochondrial energy
production. Mitochondrial energy production is highly efficient compared to glycolysis.
Per mole of glucose, two moles of ATP are generated in glycolysis, while mitochondria
generate another 30 moles of ATP from the 2 moles of pyruvate that are formed per
mole of glucose. Pyruvate and amino acids are metabolized in the tricarboxylic acid
(TCA) cycle, while fatty acids are metabolized via -oxidation (and TCA cycle). During
these processes, the energy sources are oxidized to CO,, simultaneously reducing the
electron carriers nicotinamide-adenine dinucleotide (NAD*, which is reduced to NADH)
and flavin adenine dinucleotide (FAD, which is reduced FADH,). The reduced forms
of these carriers donate their electrons to the electron transport complexes that are
located in the mitochondrial inner membrane. The subsequent flow of electrons through
the electron transport complexes is, in Complex I, Il and 1V, coupled to proton transfer
from the mitochondrial matrix to the mitochondrial inter membrane space. At complex
IV, oxygen is the terminal electron acceptor, which is converted into water. The proton
transfer by complex I, lll and IV generates a proton gradient over the mitochondrial
inner membrane. This so-called proton-motive force drives protons through Complex
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V (F,F,-ATPase) into the matrix, simultaneously providing energy for ATP synthesis,
i.e. for converting ADP into ATP. The use of oxygen is directly and tightly coupled to
ATP production, lending this process the name ‘oxidative phosphorylation’ (OXPHQOS).
Over 90% of cellular oxygen use is in oxidative phosphorylation [11]. Therefore, oxygen
consumption is a proxy for, and is often used to measure, mitochondrial ATP synthesis.
Besides their role in ATP production, mitochondria have vital roles in cell physiology,
which | will now turn to.

Other functions of mitochondria: mitochondria as central cellular com-
munication hubs

Cell metabolism is a complex phenomenon that varies between cell types. For
instance, metabolism is not identical in different types of IECs, while the development
of IECs from stem cells is also accompanied by changes in metabolism [35, 36]. As the
intestinal progenitor cells divide and mature, they require more energy to perform their
functions, reflected by an increased metabolic rate [37, 38]. Mitochondrial function is
emerging as an active participant in these phenotypic transformations. It is useful to
summarize our understanding of the role mitochondria play in cell physiology, in order
to understand the importance of mitochondria in maintaining cell function.

Mitochondria are recognized to play an essential role as cellular biosynthetic and
signalling hubs [39]. In addition to ATP generation, mitochondria also harbour
essential biosynthesis pathways, including the biosynthesis of heme and iron-sulphur
clusters. Mitochondria also have a key role in Ca* homeostasis, programmed cell
death, immune signalling and metabolic signalling. Furthermore, intermediates of
substate oxidation can serve as precursors for the biosynthesis of essential cellular
components, such and DNA, RNA, proteins and a variety of lipids [39-41]. Proliferating
cells, such as the intestinal epithelium, are especially dependent on mitochondrial
biosynthetic precursors, as these are required to support cell division. Conversely,
aberrant mitochondrial function in intestinal stem cells impairs their proliferative and
differentiation potential [35, 42, 43]. As signalling hubs, mitochondria adapt their
metabolism to cellular needs and signal their metabolic status to various cellular
energy sensors. These signals include Ca?* concentration, the NAD*/NADH ratio, the
ADP/ATP ratio and reactive oxygen species (ROS) [44]. ROS are especially interesting,
because they have been shown to modulate metabolism through e.g. activation of the
metabolic sensor adenosine monophosphate-activated protein kinase (AMKP) [45]. In
addition, ROS can modulate critical intestinal cell functions like stem cell proliferation
[46, 47] and IEC apoptosis [36, 48]. ROS are the result of an escape of electrons
from the electron transport system. Since mitochondria are the main site of electron
transfer, mitochondria are also the major site of ROS production under non-inflamed
conditions. In mitochondria, ROS is primarily produced at Complex | and Complex Il
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of the electron transport system [49], but it can also be generated by other electron
transferring metabolic enzymes. For two major members of the ROS family the origin is
as follows: first, the highly reactive free radical superoxide (O,-) emerges from electron
leakage. It is then rapidly converted to hydrogen peroxide (H,0,), a different ROS, by
superoxide dismutases. H,0, has the properties of a signalling molecule, in particular
because of its ideal life-time and also because it is a non-charged, non-polar small
molecule that can diffuse over the mitochondrial membranes without the need for a
transporter [50].

Apart from ROS, major mitochondrial signals include mitochondrial metabolites. These
are generated through e.g. TCA cycle and -oxidation. In a process called retrograde
signalling, these metabolites communicate the mitochondrial metabolic status to the
nucleus, to align nuclear and mitochondrial activities. For example, succinate was
found to stabilise HIF1, a transcription factor that is often activated as a result of hypoxia
to facilitate, among others, increased glycolysis [51]. All in all, although the role of
mitochondria as bioenergetic, biosynthetic and signalling hubs is well recognised, it is
less established how these mitochondrial functions change upon altered metabolism
of intestinal cells and upon nutrient availability.

Preferential metabolic substrate use of IECs

Cells preferentially use certain metabolic substrates, but they can adapt in response
to altered availability of substrates. This is exemplified by the whole-body shift away
from glucose oxidation and towards lipid oxidation upon fasting [52]. It is useful to
investigate whether such a metabolic substrate shift occurs in the gut, and under
what circumstances, be this due to a change in substrate availability or to changes
in the metabolic function of the cell. In order to investigate this, it is important to know
what the preferential energetic substrates are, and by which substrates they might be
(partially) substituted. For most healthy tissues, glucose, lactate, ketones and fatty
acids constitute the preferred metabolic substrates. This does not hold up for the gut.
In the small intestine, in particular glutamate is thought to constitute a major energy
source. In fed piglets, it was found that enteral glutamate contributed most to CO,
production in the portal drained viscera [53], which implies this to be the dominant
metabolic substrate. Likewise, a series of experiments showed that glutamate, but also
glutamine and asparagine, were the most important metabolic substrates of the small
intestine in fed rats (summarized by [54]). In the large intestine, the short chain fatty
acids (SCFAs) acetate, propionate, and butyrate are major end-products of microbial
fibre fermentation. These SCFAs are important energy substrates for the body [55].
For the large intestine, especially butyrate is thought to be an important energy source
[56]. This is further underscored by the finding that unavailability of butyrate leads to
energy-deprived colonocytes [57].
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Substrate utilization is influenced by overall metabolic substrates available in the
environment of a cell. For example, colonocyte oxidation rate was shown to be impacted
by the mixture of available metabolic substrates [56]. Furthermore, butyrate was found
to impact whether glucose is oxidized in cultured cells, with some studies reporting an
increase in glucose oxidation [58-61] and others a decrease [62]. Together, it is well
established that cells preferentially use certain types of metabolic substrates, and that
the availability of different substrates influences the type of substrates used. However,
the exact influence of different nutritional environments on substrate oxidation is still
largely unknown. Given that the impact of specific substrates is often studied in only one
specific nutritional condition and culturing environment, this is crucial to understand.
Ultimately, more insight is needed into how nutritional environment affects metabolism
of cells, and how this finally impacts intestinal physiology.

Nutritional interventions applied in this thesis to challenge IEC
metabolism

In the above section, | explained that mitochondria are bioenergetic and biosynthetic
hubs, essential to maintain cellular and consequently intestinal homeostasis. However,
this notion is largely inferred from in vitro studies or from transcriptome data. Because
gene expression does not necessarily accurately reflect altered mitochondrial oxidative
capacity and metabolic flux, functional measurements of mitochondrial metabolism
in the intestine are therefore needed to complement these studies. In addition, the
importance of IEC metabolic function for maintaining intestinal homeostasis needs to
be further established. Various methods can be applied to study this. For example,
IEC metabolic function can by abrogated using genetic knock-out of key mitochondrial
genes. Another method is to manipulate the IEC nutritional environment using nutritional
interventions. In my research, we have applied two nutritional interventions, constituting
challenges to the intestine, that are relevant for both human and animal nutritional: diet
and fasting.

First intervention: fibre and protein fermentation metabolites

The luminal environment provides essential nutrients, which can be used by IECs for
their energetic needs. Fermentation of undigested food components by the extensive
colonic microbiota provides energy and metabolites for both the microbes and the host.
Host and microbiota are thus in a symbiotic relationship; the host providing a nutritious
environment for the microbiota, and the microbiota degrading food components that
cannot be digested by the host's enzymes [63]. Examples of food components that
end up in the colon for fermentation are (poorly digestible) proteins and carbohydrates,
including slowly digestible starch and fibres.
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Fibres have drawn interest as positive regulators of gastrointestinal health [64], and
it is useful to first explain their role in physiology. There are many types of fibres,
differing in functional and physico-chemical properties. These properties ultimately
determine how fibres influence gastrointestinal health [65]. Fibres have an important
role in maintaining stool consistency, and are the primary substrate for the production
of the SCFAs acetate, propionate and butyrate. These SCFAs are produced in molar
ratios of approximately 60:25:15, respectively, and they are metabolic substrates for
the body, being extensively oxidized and assimilated into the host’s carbohydrates
and lipids [55, 66]. Apart from being a nutrient source, the SCFAs were also found to
decrease systemic inflammation and insulin resistance [67-69]. As mentioned above,
these SCFAs are also an energy source for colonic IECs, and especially butyrate is
considered the main metabolic substrate for colonocytes [56]. However, butyrate is
also endowed with other functions. For example, it was found to selectively kill cancer
cells, by increasing its own oxidation and simultaneously limiting glycolysis in cancer
cells [70]. Butyrate was additionally found to increase intestinal barrier integrity [71-73],
and promote an anti-inflammatory immune response [74, 75]. Likely, butyrate exerts
these effects at least in part through interactions with G-protein coupled receptors
and by functioning as a histone deacetylase inhibitor, thereby steering metabolic
and transcriptional regulation. Despite the positive effects of fibre fermentation
metabolites, colonic fermentation may also result in metabolites that are harmful for
the host. Fibre fermentation is generally thought beneficial for gut health, as described
above. However, some studies in rats showed that a high level of the non-digestible
fructose oligo-saccharides (FOS), decreased intestinal barrier function [76, 77], further
evidenced by increased salmonella translocation [78]. Fibre fermentation can thus
potentially produce adverse metabolites, and high concentrations of usually beneficial
metabolites can become detrimental for gut health.

Protein fermentation metabolites, more so than fibre fermentation metabolites, are
particularly regarded as being harmful. Feeding high protein diets to promote muscle
growth in pigs has been associated with decreased fecal consistency and fecal dry
matter content [79, 80]. These negative effects are possibly caused by the formation
of harmful protein fermentation metabolites, such as ammonia, hydrogen sulfide and
polyamines. Regarding ammonia, in vitro studies have shown that it decreased the
ability of colonocytes to oxidize butyrate [81-83]. Next, hydrogen sulfide is detoxified
within the electron transport system, thus limiting the ability of cells to produce ATP
[84, 85]. Finally, polyamines are essential for maintaining cellular protein synthesis,
while their excretion is facilitated via attachment of an acetyl-CoA group to the
polyamines, which possibly depletes intracellular acetyl-CoA availability [86-88]. In
addition, polyamine catabolism can lead to the formation of toxic by-products such
as aldehydes and H,0, [89], and thereby lead to cell damage. Currently, it is not well
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understood what the in vivo physiological effects are of increased concentrations of
protein-fermentation derived metabolites in the colon.

In this thesis, | will examine the interactive effects of fibres and poorly digestible
protein on the metabolic function of colonic IECs. Diets high in fibre and/or (poorly
digestible) protein could lead to increased fibre and/or protein flow towards the colon.
Consequently, the colonic microbiota can ferment these fibres and proteins, leading
to the production of fermentation metabolites that potentially impact IECs. Exactly how
such diets impact colonic IECs is hardly known, and their impact on functional colonic
metabolism has not been investigated. It is imperative to investigate this, because
there are multiple developments in both animal and human diets that lead to various
combinations of fibre and protein availability in the colonic environment. For example,
high protein diets are common in pig nutrition to promote muscle growth, and are also
popular in human nutrition as a means to lose weight or build muscle [90]. On the other
hand, there is an increasing interest in high levels of fibre as a way to promote health in
both animal and human nutrition [91-93]. Finally, plant-based diets are regarded as a
sustainable and environmentally friendly food choice for humans, but such diets contain
more fibres, while plant proteins have poorer protein digestibility, potentially increasing
protein flux towards the colon [94]. Possibly, combinations of high fibre and (poorly
digestible) protein impact the type and amount of fermentation metabolites produced
by the colonic microbiota, thereby impacting IEC function, as will be elaborated on
below.

To summarise, fibres and poorly digestible proteins can impact colon health by giving
rise to both beneficial and harmful metabolites. Given the increased interest in diets
high in fibre and (poorly digestible) protein, it is important to understand how fibres and
proteins interact in the colon, and in what way this may impact energy metabolism of
colonic enterocytes.

Second intervention: fasting

The second nutritional intervention that will be studied is fasting. In pig husbandry,
fasting is common at transitionary time-periods, such as upon weaning [95-98], and
is associated with increased disease incidence [95, 99, 100]. (Forced) fasting, or
periods of very low feed intake, is also relevant for the human population, because
nearly one-third of the world population did not have adequate access to food in
2020, predominantly in low-income countries [101, 102]. Malnutrition is identified
as one of the underlying causes potentiating diarrhea development [103, 104], and
childhood diarrhea accounts for nearly 1.7 billion cases every year, leading to over half
a million deaths in children under 5 years of age [104]. Despite its obvious relevance,
it is poorly studied whether fasting decreases functional mitochondrial metabolism of
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IECs. Furthermore, it is unknown how if decreased mitochondrial function upon fasting
underlies decreased intestinal function, and thereby contributes to intestinal disease
development.

While metabolic substrates for ATP production in IECs can be obtained from the arterial
blood supply, luminal nutrients are major energy substrates in both the small and the
large intestine [53, 56, 57], as described above. During periods of fasting, luminal
nutrient supply is completely abolished for a certain amount of time. As a result, fasting
was found to reduce intestinal gene expression of TCA cycle and electron transport
system genes [105]. Older studies also showed decreased activity of electron
transport system complexes in fasted rat muscle [106], and decreased substrate
oxidation in isolated rat colonocytes [107]. However, it is still not understood what the
functional metabolic and molecular consequences of fasting on piglet IECs entalil.
For instance, we know from that cells are often able to switch to a different metabolic
substrate and metabolic pathway upon unavailability of their preferred substrate. The
most prominent example is how the brain switches to ketone oxidation when glucose
becomes limiting during fasting [108]. Yet, it is largely unknown whether the gut can
likewise alter its nutrient source and metabolic pathway, i.e. to switch from oxidative
metabolism to glycolysis, and thereby maintain sufficient ATP production to perform
critical gut functions. In addition, although evidence suggests that there is decreased
substrate oxidation and mitochondrial function upon fasting, the functional effects and
associated pathway changes are not known.

Fasting is thus a relevant intervention, especially at the time of weaning, when it
most often occurs in pig husbandry. Furthermore, because it is a highly controlled
intervention, it allows us to further investigate how altered IEC metabolism influences
gut physiology. There are several complications to determining the exact response to
fasting at the time of weaning. Weaning is associated with many additional stressors,
such as maternal separation and a new environment [95, 109], while the intestine is
almost always not yet fully developed. It can therefore be difficult to separate the fasting
response from the effects of these additional stressors, but this separation is needed
to isolate the impact of fasting at the time of weaning. A way to distinguish the fasting
response from other weaning associated stressors is to wean and habituate piglets to
solid feed. Exposure to a solid diet induces structural changes in the intestine of piglets,
that stimulate intestinal maturation to ensure proper nutrient digestion, absorption and
barrier integrity [110-113]. Comparing the response to fasting at weaning and after
solid feed habituation can thus help to distinguish the fasting response per-se from
the response to additional weaning associated stressors like maternal separation, a
new environment and an underdeveloped gut. This constitutes the starting point for the
second intervention, which concerns fasting piglets at two time-points: four-week-old
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suckling piglets at the time of weaning, and six-week-old solid feed habituated piglets.

Aims and thesis outline

Generating energy to support cellular functionality is a fundamental criterium for all
living organisms. While the crucial role of energy production in IECs is recognized,
information on how energy production is affected by nutritional challenges is not
functionally measured, but inferred from other data, such as gene transcriptomics.
Furthermore, itis poorly known how IEC metabolism is altered upon challenges imposed
in the form of nutritional interventions under different conditions, and how this may be
related to other IEC functions. The overall aim of this thesis is therefore to increase our
knowledge of how IEC metabolism adapts to changes in nutrient environment under
various conditions. A better understanding of the metabolic function of challenged
IECs may translate into strategies to boost intestinal metabolic function in order to
prevent disease onset.

The specific aims of this thesis are:

1. To study how IEC metabolic function is influenced by fermentation metabo-
lites, by:
a. providing an overview of the protein fermentation-derived polyamines on
in vivo IEC function
b. assessing the effect of the fibre fermentation metabolite butyrate on me-
tabolism of cultured colonocytes
c. optimizing a method to isolate and functionally measure metabolic func-
tion of primary pig IECs
d. assessing the in vivo effects of fibres and poorly digestible protein on
colonocyte metabolic function in pigs
2. To establish the functional metabolic and molecular consequences of fasting
on intestinal epithelial cells, by:
a. functional metabolic and molecular profiling of IECs from fasted, solid
food habituated piglets
assessing the molecular response to fasting in jejunum of just weaned and
solid food habituated piglets

An overview of the challenges imposed, and the chapters describing the results, is
depicted in Figure 1.2.
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Figure 1.2 Overview of interventions, which constitute challenges to the intestine,
that were applied in this thesis, the hypothesis for their impact on IEC metabolism
and function, and the thesis chapters. Two main types of interventions, or challenges,
were applied in this thesis. The first challenge was diets containing fermentable fibre and
poorly digestible protein, which were expected to increase both fibre and protein fermen-
tation metabolites. These metabolites were expected to both increase (fibre metabolites,
chapter 3) and decrease (fibre and protein metabolites, chapters 2 and 5) mitochondrial
function, thereby affecting IEC function. The second challenge was a fasting intervention,
that was expected to decrease mitochondrial function, thereby decreasing IEC function
(chapters 6 and 7). To investigate the impact of the imposed challenges, a method was
optimised to isolate primary pig IECs and measure their metabolic function (chapter 4).

In Chapter 2, | reviewed the current knowledge of the biochemical, cellular and
physiological functions polyamines in the intestine. Although polyamines are known
to be important regulators of cell proliferation, as they are especially important highly
proliferative tissues like the intestine, they can also negatively impact intestinal health
by interfering with cellular metabolic functions. An overview of the role of polyamines
in gut health and metabolic function is lacking, and will be provided in this chapter.

Chapter 3 is dedicated to the fibre-fermentation metabolite butyrate. Mechanistic
studies on the effects of butyrate are principally performed using cell lines, and these
differ from the in vivo environment in crucial aspects like nutrient availability and
metabolic phenotype. Chapter 3 therefore aimed to investigate how different metabolic
phenotypes, i.e., glycolytic or oxidative, and nutritional environments influence the
metabolic fate of butyrate in cultured cells, as well as in colon-derived primary cells.

In Chapter 4, | optimized an IEC isolation technique to harvest viable primary IECs from
the pig colon to measure mitochondrial respiration and glycolytic flux. This technique
was applied in chapters 5 and 6, and enabled me to measure functional metabolism
of IECs after various in vivo interventions.

While there is increasing interest in fibre in pig feeds due to the beneficial effects



General Introduction | 21

ascribed to it, it is still largely unknown how this interacts with various protein sources
and impacts intestinal physiology. Therefore, Chapter 5 describes a study where pigs
were fed diets differing in protein sources and fibre level, to create contrasts in the
amount of protein- and fibre-fermentation occurring in the large intestine. Protein- and
fibre-fermentation metabolites and functional metabolism of isolated colonocytes were
analyzed to obtain insight in effects of the diets on colonic IECs

Chapter 6 describes the effects of fasting on function metabolism of isolated small-
intestinal IECs of six-week-old, feed-habituated piglets. These results were substantiated
with transcriptome analysis, to identify the underlying molecular alterations. Chapter 7
aimed to investigate whether the fasting response of the jejunum is different between
suckling piglets and piglets habituated to solid feed. The main aim of the study was to
identify which molecular pathways are differentially regulated to better understand the
increased vulnerability to fasting in suckling piglets.

Finally, in chapter 8 | summarize and combine the main findings of this thesis, discuss
the implications and give directions for future research.
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Abstract

Consumption of a high-protein diet increases protein entry into the colon. Colonic
microbiota can ferment proteins, which results in the production of protein fermentation
end-products, like polyamines. This review describes the effects of polyamines on
biochemical, cellular and physiological processes, with a focus on the colon. Polyamines
(mainly spermine, spermidine, putrescine and cadaverine) are involved in the
regulation of protein translation and gene transcription. In this, the spermidine-derived
hypusination modification of EIF5A plays an important role. In addition, polyamines
regulate metabolic functions. Through hypusination of EIF5A, polyamines also regulate
the translation of mitochondrial proteins, thereby increasing their expression. They can
also induce mitophagy through various pathways, which helps to remove damaged
organelles and improves cell survival. In addition, polyamines increase mitochondrial
substrate oxidation by increasing mitochondrial Ca?*-levels. Putrescine can even serve
as an energy source for enterocytes in the small intestine. By regulating the formation of
the mitochondrial permeability transition pore, polyamines help maintain mitochondrial
membrane integrity. However, their catabolism may also reduce metabolic functions
by depleting intracellular acetyl-CoA levels, or through the production of toxic by-
products. Lastly, polyamines support gut physiology, by supporting barrier function,
inducing gut maturation and increasing longevity. Polyamines thus play many roles,
and their impact is strongly tissue- and dose-dependent. However, whether diet-
derived increases in colonic luminal polyamine levels also impact intestinal physiology
has not been resolved yet.

Keywords: protein; polyamines; intestine; metabolism; mitochondrial function;
hypusine
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Introduction

Intake of protein when consuming a ‘normal’ Western diet contributes to around 15%
of total energy intake [1], of which 85%—-95% is digested in the small intestine [2]. The
undigested protein from the small intestine, together with endogenously generated
protein, moves towards the colon [3]. Here, the protein can be utilised by the microbiota
to support their function and survival. Interestingly, by metabolizing the undigested
protein, microbiota form and secrete metabolites that also impact the host [4]. Among
these protein-derived metabolites, most are small molecule metabolites, like hydrogen
sulfide, branched-chain fatty acids, phenolic compounds and polyamines [4, 5].
Increasing protein intake beyond ‘normal’ levels has been shown to be effective for
weight-loss management as well as sports performance [6, 7]. Although these benefits
of higher protein intake are well documented, it is not completely understood what
the physiological effects are of increased concentrations of undigested proteins in
the human colon. In pig studies, it has been shown that high protein intake leads to
increased levels of the metabolites derived from protein fermentation in the gut, which
have been associated with negative effects on gut health [8, 9]. Among the protein
fermentation end-products, polyamines have attracted much interest, in part, because
of their essential role in cell proliferation, as well as their roles in other cellular functions,
like cell growth, mitochondrial metabolism and histone regulation [10-12]. Combined,
it is clear that polyamines influence multiple aspects of normal physiology. In this
review, we focus on the biochemical, cellular and physiological aspects of the role of
polyamines in regulating metabolism and proliferation in cells, with a special focus on
the effects within the colon.

Polyamine Synthesis and Catabolism

Bacterial Polyamine Production in the Colon is Dictated by Microbiome,
Diet and Host Factors

Spermine, spermidine, putrescine and cadaverine (Figure 2.1) are the most common
polyamines in the human body. Based on faecal sample analysis it appears that
putrescine is the most abundant polyamine in the human colon, followed by spermine,
spermidine and cadaverine successively [13, 14]. To produce polyamines, the
microbiota in the colon need to break down proteins, in order to generate amino acids,
which can serve as precursors for polyamine production [15]. Predominant bacterial
species involved in proteolysis in the human gut are Bacteroides [16]. One resulting
amino acid, arginine, can be converted, via citrulline, into L-ornithine, after which
putrescine is produced [17]. Alternatively, arginine can also be converted into agmatine,
which is then converted into putrescine, either directly by the enzyme agmatine
ureaohydrolase, or indirectly through intermediate production of N-Carbamoyl-
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Putrescine [17]. Putrescine can then be further converted into spermidine and
spermine. Recently, it was shown that microbial production of putrescine is a complex
process, in which different bacterial species exchange polyamine intermediates, to
finally produce putrescine [17]. The microbiome of humans mainly consists of the phyla
Firmicutes (60%-80%) and Bacteroidetes (20%-40%) [18]. In other species, such as
pigs, Firmicutes and Bacteroidetes are also the most abundant, but comprise a lower
percentage of the total microbiome (~30% and ~10%, respectively) [19]. Although the
contribution of these phyla to the total population of microbiota is lower in pigs, the
functional metabolic pathways are similar between pigs and humans, indicating that
microbial polyamine metabolism could be comparable [19].

Since microbiota produce polyamines from sources provided through the diet, dietary
changes influence microbial polyamine production in the gut lumen. Indeed, in rats,
diets high in fat were shown to increase spermine and spermidine concentrations in the
mucosa, as compared to a soy protein-based diet, which led to much lower mucosal
concentrations of these polyamines [20]. Similarly, in pigs that were given a feed
containing casein, higher polyamine levels were found in the lumen of the proximal
colon, as compared to the lumen of pigs fed a soy diet [21]. Since diets can shape
the microbiome composition [22], the influence of diet on polyamine levels could also
be explained by dietary-induced changing of the microbiota composition. This was for
example shown for the proteolytic species Bacteroides, which become more abundant
under conditions of higher protein availability in in vitro fermentations using human
fecal inoculates [23]. This rise in proteolytic bacteria can thus contribute to increased
polyamine levels in the colon by increasing substrate availability for polyamine
production. Taken together, the most prominent determinants of luminal polyamine
levels in an individual are found to be diet, host species and microbiome composition.
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Figure 2.1. Polyamine structures. The two-dimensional structures of the diamines
cadaverine and putrescine, the tri-amine spermidine and the tetra-amine spermine.
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Mammalian Polyamines Synthesis Pathways

In mammalian cells, the precursor for putrescine, spermidine and spermine is
L-ornithine. Putrescine is synthesised via decarboxylation of the amino acid L-ornithine
by the enzyme ornithine decarboxylase (ODC1) [12], which is one of the rate-limiting
step in the formation of all downstream polyamines in this pathway. The diamine
putrescine is converted to the triamine spermidine by spermidine synthase (SRM),
and spermidine can be subsequently converted into spermine by spermine synthase
(SMS) (Figure 2.2). SMS and SRM both use S-adenosylmethioninamine (dcAdoMET),
the decarboxylation product of s-adenosyl methionine (SAM) as the aminopropyl-
group source to produce spermidine and spermine. DcAdoMet is fully dedicated to
the production of polyamines, since it is only used as an aminopropyl-donor for the
formation of polyamines. Spermine can be converted back to spermidine through
direct oxidation by spermine oxidase (SMOX) [24]. Alternatively, spermine can first
undergo acetylation by spermidine/spermine-N1-acetyltransferases 1 and 2 (SSATHT,
with a higher catalytic activity for spermidine; SSAT2, with equal catalytic activity for
spermine and spermidine) before being oxidised by polyamine oxidase (PAOX) [12].
Acetylation by SSATs decreases the charge of polyamines, thereby making them less
reactive and more easily degraded by PAOX [25]. Acetylspermine can also be oxidised
by SMOX, but with a much lower K_than spermine itself [25]. Although spermidine
cannot be directly oxidised, it can be acetylated by SSATs, followed by oxidation by
PAOX [26].

Cadaverine, a diamine like putrescine, is formed via a different route than the other
polyamines. Cadaverine is synthesised from the amino acid L-lysine instead of from
L-ornithine as for the other polyamines [27]. It is known that in bacteria, cyanobacteria
and plants, L-lysine is converted into cadaverine by lysine decarboxylase (cadA), but
in mammalian and fungal cells, the cadA gene has not been identified [28]. Cadaverine
is nevertheless present in mammalian cells [29]. Therefore, some have suggested
that cadaverine is also synthesised from L-lysine through ODC1 in mammalian cells.
However, these findings come from experiments performed when both polyamines
and serum are depleted [30], or in isolated tissues with very high ODC1 activity [31],
but not under physiological conditions. In addition, even when blocking ODC1 activity,
increased cadaverine levels were observed in cultured cells [32], suggesting that there
may be other pathways involved inthe mammalian production of cadaverine. Cadaverine
can further be converted into its aminopropyl-form (aminopropylcadaverine), which is
a close analogue of spermidine and may also be produced in mammalian cells via
SRM [32].
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Figure 2.2. Polyamine metabolism. First, ornithine is converted into putrescine by ODC1.
ODC1 is under tight control by OAZ1-3, which in turn is regulated by the antizyme inhibitor
AZIN1-2. Together with dcAdoMET, putrescine can be converted into spermidine.
Spermidine in turn can be converted into spermine, again with dcAdoMET as a co-factor.
Both spermine and spermidine can be acetylated by SSAT. The acetylated product, but
also spermine and spermidine themselves, can then be oxidised by PAOX. Both the
acetylation and oxidation reactions produce reactive oxygen species (ROS). Cadaverine
is synthesised though decarboxylation of lysine by bacterial cadA. ODC1: ornithine
decarboxylase 1; dcAdoMET: s-adenosylmethioninamine; SSATs: spermidine/spermine
N-1acetyltransferases; PAOX: polyamine oxidase; cadA: inducable lysine decarboxylase.

Regulation of Polyamine Levels

Regulation through Intracellular Polyamine Metabolism

Polyamine levels are tightly controlled within mammalian cells and several processes
contribute to their regulation. Intracellular polyamine levels can be controlled through
regulation of enzymes involved in polyamine metabolism. ODC1 protein levels are
regulated by Antizyme (OAZ1-3), which forms a heterodimer with ODC1 and presents
it to the 26S proteasome for ubiquitin-independent degradation [33]. OAZs themselves
are regulated by the Antizyme inhibitor (AZIN1 and 2), which, amongst others, are
homologous to ODC1 but lack its catalytic activity [34]. Under conditions of low
polyamine levels, OAZs are repressed by AZINs, and ODC1 is synthesised. Synthesis of
spermine and spermidine is further regulated by S-adenosylmethionine decarboxylase
(AMD1), the enzyme that catalyzes the formation of dcAdoMet from SAM. Polyamines
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can actively regulate AMD1 expression and activity. AMD1 is transcribed as an inactive
pro-enzyme, that undergoes auto-processing to turn into its active form [35]. Putrescine
promotes autocatalytic cleavage of the AMD1 pro-enzyme, which leads to higher levels
of active AMD1 in the cells, enabling the formation of spermine and spermidine [36]. In
addition, putrescine can promote the catalytic activity of the enzyme by binding to the
enzyme, which results in a electrostatic change that allows for improved conformation
of the catalytic site [36]. Levels of spermine and spermidine are inversely correlated to
levels of AMD1. Spermidine predominantly regulates transcription of the AMD1 gene
[37, 38], while spermine seems to have a greater effect on the translation of the enzyme
[38]. Furthermore, both spermine and spermidine influence the half-life of AMD1 [37].

The level of AMD1 is also regulated by the Mammalian target of rapamycin complex
1 (MTORCH1), a protein complex generally promoting protein synthesis and growth
[39]. The pro-enzyme form of AMD1 was shown to be phosphorylated by mTORCA1.
This prolonged the pro-enzyme’s half-life. Thus, phosphorylation of the pro-enzyme
contributes to higher levels of the active enzyme [40]. This signifies that in a state
of active growth and protein synthesis, mediated through activation of mTORCT,
polyamine metabolism is upregulated.

Regulation through Uptake and Transport

Polyamine levels are further regulated through uptake and export. While in prokaryotes
uptake and export mechanisms have been described, little is known about these
mechanisms in mammalian cells, despite continuous efforts to elucidate them. So far,
no polyamine importer has been identified in mammalian cells. Instead, a caveolin-
dependent endocytic uptake mechanism was discovered [41-43]. Polyamine export
out of mammalian cells is mediated, at least in part, through SLC3A2, a member of the
solute carrier family 3, that is involved in transport of L-type amino acids [44]. SLC3A2 is
adiamine transporter that exports putrescine and imports arginine. However, interaction
of this protein with SSAT suggests that it may also export acetylated polyamines [44].

Polyamines, Gene-Transcription and Proliferation

Polyamines Are the Substrates for the Post-Translational Modification
Hypusine

A key role of polyamines is their ability to activate the eukaryotic translation initiation
factor 5A (EIF5A) [45]. The name “eukaryotic translation initiation factor 5A” was given
to the protein because initially it was thought that it acted as a translation initiation
factor for all proteins. However, later it was discovered that EIF5A actually functions
as a translation elongation factor [46, 47]. Despite these findings, the protein is still
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known by its original name. Polyamines influence the activity of EIF5A via the post-
translational modification of a specific lysine residue. Spermidine can be converted
into hypusine (N--(4-amino-2-hydroxybutyryl-lysine)) by deoxyhypusine synthase
(DHPS) and deoxyhypusine hydroxylase (DOHH) in the cytosol [48]. Because of
this modification, activated EIF5A is able to bind to ribosomes, enabling translation
[46, 47, 49]. Since putrescine and spermine can both be converted into spermidine,
these polyamines contribute to this process in a more indirect way, and the balance
between them is dependent on specific cellular demands [50]. So far, EIF5A is the
only protein found to have this hypusine post-translational modification. Indeed, the
enzymes responsible for hypusination were shown to be EIF5A-specific [51-53]. Under
physiological conditions, almost all the EIF5A protein present seems to be present in
its active, hypusinated form (around 80%) [54].

Regulation of Eukaryotic Translation Initiation Factor 5A (EIF5A) Hypu-
sination through Acetylation

EIF5A-hypusination was found to be regulated by acetylation of the hypusine residue
by SSAT1 [55]. However, both spermine and spermidine are much better substrates
for SSAT1, indicating that very little hypusine-acetylation will take place when sufficient
levels of these polyamines are present [55]. Isolated acetylated hypusine-EIF5A from
bovine testis, as well as recombinant acetylated hypusine-EIF5A, was shown to be
inactive [55]. Thus, since hypusine-acetylation inactivates EIF5A, it seems that when
there are insufficient levels of polyamines, EIF5A is inhibited and protein translation is
decreased. Whether this mechanism also plays a role under physiological conditions
remains to be seen, since intracellular polyamine levels are normally tightly controlled.
However, it may prove an interesting therapeutic target under conditions where
excessive cell proliferation occurs.

EIF5A Hypusination Regulates Polyamine Synthesis

A recent paper revealed how polyamine levels are regulated within the cells through
hypusination of EIF5A [56]. The mechanism was shown to occur via AZIN1, the
negative regulator of antizyme (OAZ1-3). Normally, translation starts when a 43S
pre-initiation complex, consisting of a 40S small ribosomal subunit in combination
with various initiation factors, encounters the start codon AUG. However, under
certain circumstances, alternative start codons may be recognised, allowing for the
transcription of alternative open reading frames [56, 57]. In the presence of high
polyamine levels (2 mM spermidine), ribosomes were shown to start queueing before
the start of the main open reading frame (mORF), which lead to an increased start of
translation at any weak start codon upstream of the mORF [56]. Start of translation
at a weak start codon results in failure to properly translate and transcribe the AZIN1
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protein, and thus repressed AZIN1 expression. As a result, OAZs are no longer
inhibited by AZIN1. This leads to decreased synthesis of polyamines due to repression
of ODC1 by OAZs. Thus, in this case polyamines cause stalling of ribosomes, instead
of aiding translation elongation through EIF5A [56]. The authors state that high levels
of polyamines may interfere with EIFSA hypusination, thus contributing to the stalling
of ribosomes. It seems to be the case that optimal hypusination of EIF5A only takes
place under low intracellular polyamine conditions, and thus only low concentrations
of polyamines are needed to maintain maximal protein synthesis [58, 59]. If this is the
case, then increased intracellular concentrations may actually be detrimental for the
cell.

Polyamines and Metabolic Functions

Polyamines Induce Mitochondrial Protein and Gene Transcription

The role of polyamines in transcription can specifically influence mitochondrial function.
An overview of how this regulation of polyamines on metabolic function occurs is
depicted in Figure 2.3. In macrophages, hypusination of EIF5A was found to induce
transcription of mitochondrial genes (Figure 2.3). When macrophages are activated,
they can either adapt a pro- or an anti-inflammatory phenotype, depending on cues
from the environment. These phenotypic adaptations require, and are even driven by,
metabolic changes within the cells [60]. Thus, alterations in metabolic function influence
the phenotypic outcome of differentiation from monocyte to macrophage. Puleston et
al. showed that hypusination of EIF5A plays a crucial role in the metabolic switch of
macrophages [61]. In the absence of hypusination of EIF5A, oxygen consumption, and
thus mitochondrial function, was greatly reduced [61]. Because of this, macrophages
could not adapt an anti-inflammatory phenotype, instead resorting to aerobic
glycolysis, which resulted in differentiation of macrophages towards a more pro-
inflammatory phenotype [61]. Another study showed that deletion of ODC1, and thus
depletion of intracellular polyamine levels, led to a marked increase of pro-inflammatory
macrophages [62]. As a result, increased stomach and colonic inflammation was
observed. Here, the mechanism was attributed to the altered methylation status of the
chromatin, which led to gene transcription that favored pro-inflammatory macrophage
differentiation [62].

In kidney cells, the importance of EIF5A-hypusination on mitochondrial protein
expression was also observed [63]. Melis et al. [63] showed that inhibition of
hypusination by intraperitoneal injection of rats with the deoxyhypusine synthase
inhibitor N1-guanyl-1,7-diaminoheptane (GC7) led to decreased expression of
mitochondrial complexes. This correlated with lower mitochondrial respiration [63].
The decrease in mitochondrial respiration lead to lower reactive oxygen species (ROS)



The Molecular and Physiological Effects of Polyamines | 39

production during hypoxia. Thus, decreased hypusination could protect kidney cells
from oxidative damage through downregulation of mitochondrial protein expression.
Based on their observations, higher polyamine levels should thus lead to higher EIF5A
hypusination levels, and also higher mitochondrial respiration in kidney cells.
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Figure 2.3. The role of polyamines in metabolism. Polyamines modify EIF5A by
hypusination, which leads to upregulated of mitochondrial protein translation. Polyamines
can induce both auto- and mitophagy, through various mechanisms. Firstly, through
inhibition of the lysine acetyltransferase EP300, which leads to altered proteome
acetylation and autophagy. Secondly, through induction of a ROS burst, which leads to
activation of Ataxia-telangiectasia mutated (ATM) protein and more downstream induces
mitophagy. Putrescine can, through conversion to succinate, serve as a direct energy
source for small intestinal enterocytes. However, polyamine catabolism can deplete
acetyl-CoA levels, because it is used as a substrate by SSATs. Polyamines are transported
into mitochondria, where then influence respiration directly, through interaction with the
pyruvate dehydrogenase complex (PDC), or indirectly by increasing Ca?-concentrations,
thereby increasing PDC activity. At the same time, polyamine catabolism within the
mitochondrial matrix leads to local production of toxic compounds, which may negatively
affect respiratory functions. But, polyamines can also protect mitochondrial membrane
integrity through regulation of the mitochondrial permeability transition pore. In red,
regulation of spermine levels is indicated. When ODC1 is upregulated, more spermine is
produces which induces the formation of the low conductance state of MPTP. This helps
to maintain proper membrane integrity. When ODC1 activity is decreased, intracellular
spermine concentrations are decreased, and the high conductance state of the MPTP
cannot be prevented, resulting in mitochondrial swelling. EP300: E1A-binding protein
p300; ROS: reactive oxygen species; MPTP: mitochondrial permeability transition pore;
EIF5A: eukaryotic translation initiation factor 5A; TCA: tricarboxylic acid cycle; SSATs:
spermidine/spermine N-1 acetyl transferases; S1 and S2: mitochondrial polyamine
transporters 1 and 2.
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Polyamines Can Induce Mitophagy

Induction of mitophagy has been considered a mechanism to protect from cell
death and can even be a mechanism to maintain and optimize metabolic function
[64]. Indeed, in a study that examined mitochondria in heart muscle in hypertension
and ageing, spermidine was shown to induce mitophagy, thus removing damaged
mitochondria, resulting in improved metabolic function and cell survival (Figure 2.3)
[65]. This effect was also observed in neuronal cells where ageing was induced
[66]. Both mitophagy and autophagy can be induced through decreased mTORCH1
activation. However, whether spermidine induces inhibition of mMTORC1 is unclear, with
some studies reporting inhibition of MTORC1, while others not observing this, even
when using the same concentration of spermidine [67, 68]. A consistent finding is
that spermidine alters the proteome acetylation status [67-69], at least in part through
inhibition of E1A-binding protein p300 (EP300), a lysine acetyltransferase [68]. As a
result, increased autophagy was observed.

In human fibroblasts, another mechanism of spermidine-induced mitophagy was
observed. Exposure to 50 pM of spermidine was shown to cause mitochondrial
depolarization and a ROS burst, which contributed to activation of the protein kinase
Ataxia-telangiectasia mutated (ATM) protein [64]. Apart from its role in DNA damage
response, ATM also has a function in redox sensing. Activation of ATM contributed
to PTEN-induced putative kinase 1 (PINK1) stabilization on the outer membranes
of damaged or non-functional mitochondria, which causes translocation of the E3
ubiquitin ligase Parkin (PRKN) to these mitochondria [64]. Ultimately, this leads to the
removal of these non-functional mitochondria via mitophagy [64], resulting in improved
cell survival.

Polyamines Serve as Energy Scource for Enterocytes

The essential role of polyamines for metabolic function is not restricted to their role
in protein transcription or mitochondrial integrity. On a more general metabolic level,
putrescine was shown to serve as a direct energy source for intestinal cells. Using
labeled putrescine, rat enterocytes were shown to take up putrescine from the lumen
[70]. Once taken up, putrescine was in part converted to succinate, and this can be
used as a fuel for oxidative phosphorylation (Figure 2.3) [70]. Although the conversion
of putrescine to succinate is not high in normal situations, conversion can greatly
increase under certain conditions. A fasting period was found to significantly enhance
the conversion of putrescine to succinate in these rats, which remained elevated even
12 h after refeeding [70].
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Polyamines Influence Metabolism by Depleting Acetyl-CoA Levels

Amore indirectway in which polyaminesimpact metabolismislinked to their dependency
on acetyl-CoA as a cofactor for SSAT1 in polyamine acetylation. Polyamine breakdown
and export, is for a large part, dependent on the acetylation of the ‘higher’ polyamines
by the enzyme SSAT1, in order remove them faster and more efficiently, where
acetyl-CoA is the acetyl-donor [25]. Interestingly, acetyl-CoA levels were shown to be
depleted upon overexpression of SSAT1, both in vitro and in vivo [71-73]. Increased
acetylation of polyamines led to induction of ODC1 expression, thus changing overall
flux through the polyamine metabolic pathways [73]. Overexpression of SSAT1 in mice
led to reduced acetyl-CoA levels in adipose tissue due to the increased acetylation of
polyamines, which also correlated with a lean phenotype of the mice [73]. The lean
phenotype coincided with increased palmitate and glucose oxidation in the liver [73]. It
is likely that increased oxidation is needed to maintain an adequate acetyl-CoA supply.
Thus, increased intracellular polyamine levels may deplete cellular acetyl-CoA levels,
which may be detrimental if no increase of substrate oxidation can be achieved.

Polyamines Are Transported into Mitochondria and Influence Oxidation

Polyamines also influence metabolic outputs by directly altering mitochondrial
functioning. Using isolated mitochondria, it was shown that the mitochondrial matrix
can contain high levels of polyamines (around 500 uM for spermine and spermidine,
and around 30 pM for putrescine) [74], despite the lack of polyamine biosynthetic
pathways within mitochondria. Polyamines within mitochondria, therefore, suggest
the presence of a mitochondrial polyamine carrier exists. Indeed, two ATP-dependent
mitochondrial carriers have been found for polyamines, termed S1 and S2 (Figure 2.3)
[75]. Spermine and spermidine can both bind to and be transported into mitochondria
by each of these carriers, while putrescine can only bind to one. Again using isolated
mitochondria, polyamine uptake was found to be dependent on membrane potential,
as was demonstrated by Grancara et al. [76] for spermine, and for all four polyamines
by Toninello el al. [77]. Grancara et al. [76] found that an increase in the membrane
potential from 150 to 180 mV led to a four-fold increase in spermine uptake. Moreover,
addition of FCCP, which collapses the membrane potential, caused efflux of spermine
[76, 78]. Interestingly, spermine constantly cycled over the mitochondrial membrane.
In a normal state, with active ATP production, spermine was transported back and
forth over the membrane together with ADP and phosphate, which is mediated by
adenine nucleotide translocase (ANT) [76]. However, in a state where ATP synthesis
was blocked, either through absence of ADP or by inhibition of ATP synthase with
oligomycin, spermine efflux is blocked [76]. Spermine was also shown to have a
restorative effect on oxidative functions of isolated aged mitochondria [66, 79] and it
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stimulated ATPase activity in bovine heart sub-mitochondrial particles, although it was
not mechanistically investigated how this was achieved [80]. Interestingly, spermidine
and putrescine exhibited a slightly inhibitory effect on ATPase activity in these sub-
mitochondrial particles [80].

Although it is unclear what the precise role of polyamines is in mitochondrial physiology,
spermine was shown to regulate calcium transport into mitochondria [81]. The calcium-
sensitive pyruvate dehydrogenase complex is important for controlling pyruvate influx
and subsequent conversion of pyruvate to acetyl-CoA in the mitochondria. Pezzato
et al. [78] showed that spermine increased mitochondrial metabolic rate, as seen
by a dose-dependent increase in CO, production from pyruvate in isolated rat liver
mitochondria upon exposure to spermine, with a maximum increase observed with
0.5-1 mM of spermine. The authors [78] showed that spermine could influence
the pyruvate dehydrogenase complex through increased calcium levels within
mitochondria. In addition, spermine had a direct effect on the E -subunit of the
complex (Figure 2.3). Spermine concentrations of up to 0.5 mM led to the highest
increase in CO, production, resulting from dephosphorylation of the E -subunit. Higher
concentrations of spermine led to a gradual re-phosphorylation, which corresponded
with a slight decrease in CO, production. To exclude possible confounding effects
of Ca? signaling, these experiments were carried out in the presence of ethylene
glycol tetraacetic acid (EGTA), which chelates calcium from the environment. Thus,
the observed increase in metabolic rate at low spermine levels and decrease at high
spermine levels, was shown to be a direct effect of spermine itself, independent of
intra-mitochondrial calcium concentration [78].

Polyamine Catabolism Leads to Toxic By-Product Formation

In order for a cell to properly regulate the intracellular polyamine levels, polyamines
can be oxidised by the amine oxidases polyamine oxidase (PAOX) and spermine/
spermidine oxidase (SMOX). These enzymes produce the toxic aldehydes
3-acetoamidopropanal and 3-aminopropanal respectively as by-products during the
catabolism of polyamines, as well as H,0, [82]. The aldehydes formed by these two
oxidases can be converted into acrolein, which is highly toxic. These compounds
together may lead to oxidative damage to protein and DNA, which could contribute to
cell death [83]. Multiple amine oxidases have also been identified in mitochondria, and
oxidation of the polyamines spermine, spermidine and putrescine, together with their
acetylated products, was shown to occur within mitochondria (Figure 2.3) [84]. Local
oxidation of polyamines results in production of H,0, and aldehydes, which may have
adverse effects on mitochondrial functioning.
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Polyamines Regulate Formation of the Mitochondrial Permeability Tran-
sition Pore

Polyamines play a role in opening of the so called mitochondrial permeability transition
pore (MPTP), a non-specific pore that allows bidirectional traffic of metabolites and
inorganic compounds over the mitochondrial membrane with a size of up to 1.5 kDa
(Figure 2.3) [85]. Itis suggested that the pore has two conformations: a low-conductance
state, which is present in normal cell functioning, and a high-conductance mode,
which is thought to be one of the main causes of cell death [85]. Although it is still not
completely known which proteins make up the MPTP, a polyanion consisting of ten to
hundreds of linked phosphate groups (polyphosphate, or PolyP) seems to be essential
for its assembly. Spermine was found to selectively inhibit the high-conductance
state of the pore, while maintaining its low-conductance form [85]. The proposed
mechanism was that spermine could bind to polyphosphate, thereby inhibiting the
induction of MPTP opening [85]. Another study found that spermine could also have
direct anti-oxidant capacities at a concentration of 100 uM, which may contribute to its
role in preventing the complete opening of the MPTP [86]. Interestingly, the induction
of the MPTP by oxidative stress seemed to be tissue specific, since rat brain-derived
mitochondria were resistant to oxidative stress, whereas rat liver-derived mitochondria
succumbed to the stress [87].

The impact of polyamines on MPTP was shown to be relevant in models of ischeamia/
reperfusion injury. Upon ischemia/reperfusion injury of heart muscles, ODC1 was
found to be upregulated, thereby elevating the intracellular polyamine content [88].
This was shown to have a positive effect on survival and recovery [88]. In addition,
exogenous administration of spermine to rats prior to ischemia/reperfusion was also
found to protect heart tissue from injury [89]. Induction of AKT and MAPK1/3 (Erk2/1)
pathways, which are known to have cardio-protective effects in ischemia/reperfusion,
could upregulate ODCH1. It was proposed that the resulting higher polyamine levels
prevented the (complete) opening of the MPTP pore, thereby preventing injury to
heart tissue (Figure 2.3, regulation indicated in red arrows) [88]. In addition, calcium
overload was shown to be prevented by exogenous administration of spermine [89].

This mechanism may also play a role in intestinal mitochondrial membrane integrity.
In the small intestine, polyamine metabolism plays a role in maintaining mitochondrial
membrane integrity along the crypt-villus axis. In crypts, the activity of ODC1 was
found to be lower compared to villus cells [90]. Since the villus cells do not proliferate,
and thus have a lesser need for polyamines, this may seem counterintuitive. However,
villus cells have higher respiration rates compared to cells at the bottom of the crypt
[90, 91]. Perhaps this is because villus cells have an increased energy demand due
to active transport of nutrients from the gut lumen. Madsen et al. found that blocking
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ODCH1 activity in rats using -difluoromethylornithine (DMFO) decreased mitochondrial
respiration of intestinal cells, and supplementation of spermine was able to reverse this
phenotype [90]. Inhibition of ODC1 was shown to specifically disrupt mitochondrial
morphology, without damaging the ultrastructure of the cells. Although the mechanism
is not clear, ODC1 thus seems to be crucial also in intestinal cells to maintain
mitochondrial respiration and membrane integrity [90], the latter possibly by MPTP
opening.

Polyamines as Regulators of Intestinal Physiology

Polyamines Regulate Intestinal Barrier Integrity

The human intestine has a rapid turnover rate, and is thus effectively in a constantly
proliferating state [50]. This high level of proliferation coincides with a continuous
polyamine requirement to facilitate protein translation. In mice and rats, the proliferative
zone of small intestinal and colonic crypts, where the differentiating cells are located,
were shown to have especially high polyamine concentrations [92]. The more
differentiated cells at the top of the villi had lower intracellular polyamine concentrations
[92]. On the other hand, no differences in polyamine levels between villi and crypt
cells in isolated human colon cells were found [29]. Although it is unclear whether
polyamine levels differ between crypt and villus cells, it is known that they regulate
intestinal physiology in various ways, including maintenance of the intestinal barrier
function. The intestinal epithelial barrier is maintained by tight junction proteins that
form and seal the intestinal barrier. Decreased polyamine levels were shown to result in
impaired intestinal barrier integrity [93, 94]. Several polyamine-mediated mechanisms
regulating the gut barrier have been discovered. On an mRNA transcription level,
polyamines were shown to be important regulators of the transcription factor MYC.
MYC controls the expression of E-cadherin, also known as CDH1, a cell-cell adhesion
protein [93]. Polyamines also influence E-cadherin expression through a different
mechanism. E-cadherin is sensitive to Ca2*-levels. In small intestinal epithelial IEC-6
cells, polyamine depletion caused a decrease in cytosolic Ca** concentrations [95].
Restoration of intracellular Ca?* levels restored E-cadherin expression to normal levels
[95]. Also in IEC-6 cells, the tight junction proteins 1 and 2 (TJP1,2), Occludin (OCLN),
Claudin 2 and 3 (CLDNZ2,3) and E-cadherin were shown to be downregulated in the
absence of polyamines [94]. For OCLN, polyamines were found to stabilize the mRNA
transcripts. In the absence of polyamines, the half-life of OCLN mRNA was ~75 min,
while the presence of polyamines increased this to 120 min [94].

Polyamines Stimulate Gut Development and Longevity

Polyamines also play a role in gut development in early life. Both human and animal
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breast milk contain polyamines. Interestingly, the concentration of polyamines were
significantly higher in human breast milk of mothers feeding pre-term babies than
babies born at term [96]. Perhaps this is a way to stimulate gut development of
these young babies. Supplementation of polyamines to milk-formulas of piglets was
shown to increase expression of maturation markers in the small intestine [97, 98].
In addition, spermine supplementation improved the crypt-to-villus ratio at weaning
when administered during the suckling phase in piglets [99]. The crypt-to-villus ratio
is often used as a way to assess intestinal morphology and function [100], with 3:1
being considered an optimal ratio for the small intestine. It is interesting to note is
that in animal husbandry, antibiotics were previously used in low doses as an in-feed
growth promotor during the post-weaning period. This practice was shown to increase
polyamine levels, especially that of putrescine, spermidine and cadaverine [101,
102]. By stimulating polyamine levels, the antibiotic treatment may have contributed to
maturation of the gut of young piglets. This may have contributed to pig survival, since
the intestine of newly weaned piglets is often not fully developed [103]. Although the
mechanisms are not well investigated, polyamine supplementation through the diet
may well have enabled optimal protein translation in the immature gut.

Additionally, in the mature gut, there is evidence that luminal polyamines continue to
play an important role. In humans, it has been shown that polyamine concentrations
decline in the fecal content with age [13]. Administration of 4 mM of spermidine in
the medium of yeast, or 0.3 and 3 mM in the drinking water of mice, was shown to
increase longevity [69]. The increased spermidine content in the intestine was related
to hypoacetylation of histone 3 in enterocytes, which during ageing may become
hyperacetylated. Increased spermidine-induced acetylation of histone 3 led to
upregulation of autophagy-related gene expression, which contributed to increased
longevity [69]. The mechanisms of autophagy induction by spermidine described
above contribute to increased longevity, as a result of the autophagy-mediated removal
of dysfunctional organelles, cells or proteins, preventing cell damage and ultimately
cell death [65, 69, 104]. Interestingly, naked mole-rats, rodents that have a 10 times
longer life expectancy than mice of the same size, were shown to maintain polyamine
levels even during ageing [105].

Do Iluminal Polyamine Levels Influence Intracellular Concentrations in
Enterocytes?

Within the gut, polyamines play a variety of roles; be it in cell proliferation, metabolic
regulation or physiological functions of the intestine. Gut polyamines can originate
from endogenous production within enterocytes, from the diet, or through bacterial
fermentation of protein. In the small intestine, dietary polyamines are the main source,
and uptake from the lumen is a rapid process [106]. In the colon, bacterial fermentation
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of protein is the main source of polyamines, and the more protein that enters the colon
through increased dietary consumption, the more polyamines produced by bacteria
[107].

An important question that arises is whether the increased polyamine levels produced
by the microbiota in the colon actually influence colonic tissue polyamine levels or gut
physiology. From cell culture experiments, we know that polyamines present in the
medium do end up in the cells. For example, exposure of human HCT-116 colon cancer
cells to putrescine, spermidine and spermine increases the intracellular concentration
of the polyamines in a dose-dependent manner [108]. Similarly, when human HT-29
colon cancer cells were exposed to the acetylated polyamine N',N*-diacetylspermine,
which is hypothesised to play a role in colon carcinogenesis, this compound could be
detected intracellularly 24 h after dosing [109]. In the small intestine of rats, putrescine
was also shown to be taken up from the lumen, and could even be used as an energy
source [70]. Administration of polyamines through drinking water of piglets was also
shown to improve gut maturation of the small intestine [97, 99]. In suckling rats,
long-term feeding of a polyamine deficient diet resulted in intestinal hypoplasia, both
in the small and the large intestine, although no differences in mucosal polyamine
concentrations were observed [110]. These studies indicate that there may at least be
an interaction between luminal polyamine concentrations and enterocytes. However,
no mechanisms are known as to how luminal polyamines influence the intestinal
tissue. Whether in vivo increases in luminal polyamine concentrations also increase
the colonic tissue content thus remains to be seen. When comparing the levels of
polyamines in mid-colonic tissues of germ-free and former germ-free mice, Matsumoto
et al. [111] observed no increase in the levels of intracellular polyamines. At the same
time, the concentrations of putrescine in colon feces was increased seventeen times,
and spermidine concentrations were two times higher, in ex-germ-free mice [111].
Thus, although colonic feces concentrations were markedly increased, no reflection of
this increase was observed in colonic tissue. A soy protein-based diet was shown to
increase luminal polyamine levels in the colon of pigs, coinciding with increased red
blood cell polyamine content, but this did not result in increased colonic proliferation
or ODC1 expression [21]. Although colonic uptake of luminal putrescine has been
observed, this was under conditions of polyamine synthesis inhibition through treatment
with DFMO [108]. Thus, it remains unclear whether increased luminal polyamine
concentrations result in increased colonic tissue levels under physiological conditions.

Conclusions

Increased protein intake, shown to be effective as a means to improve weight-loss
or sports performance, leads to increased protein fermentation within the colon. As
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a consequence, polyamine levels in the lumen of the colon increase. Even though
it is known that polyamines play a role in a plethora of cellular functions, much less
is known about how luminal polyamines can affect colonic physiology. Perhaps the
tight regulation of polyamine levels within the colonocytes is so effective that an
increase in luminal polyamine levels will not affect tissue homeostasis. However, since
there have been few investigations of the effect of increased luminal polyamines
under physiological conditions, no definitive conclusions can be drawn, although it
is clear that the outcome will be tissue and concentration-dependent. Studies that
specifically explore the interactions between luminal polyamine levels in the colon,
EIF5A hypusination, gut proliferation and metabolic function could perhaps further our
understanding of how luminal polyamines can influence or interact with normal colonic
physiology when high-protein diets are consumed.
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Abstract

Butyrate is considered the primary energy source of colonocytes and has received
wide attention due to its unique health benefits. Insight into the mechanistic effects of
butyrate on cellular and metabolic function relies mainly on research in in vitro-cultured
cells. However, cells in culture differ from those in vivo in terms of metabolic phenotype
and nutrient availability. For translation, it is therefore important to understand the
impact of different nutrients on the effects of butyrate. We investigated the metabolic
consequences of butyrate exposure under various culturing conditions, with a focus
on the interaction between butyrate and glucose. To investigate whether the effects
of butyrate were different between cells with high and low mitochondrial capacity, we
cultured HT29 cells under either low- (0.5 mM) or high- (25 mM) glucose conditions.
Low-glucose culturing increased the mitochondrial capacity of HT29 cells compared
to high-glucose (25 mM) cultured HT29 cells. Long-term exposure to butyrate did not
alter mitochondrial bioenergetics, but it decreased glycolytic function, regardless of
glucose availability. In addition, both high- and low-glucose-grown HT29 cells showed
increased lipid droplet accumulation following long-term butyrate exposure. Acute
exposure of cultured cells (HT29 and Caco-2) to butyrate increased their oxygen
consumption rate (OCR). A simultaneous decrease in extracellular acidification rate
(ECAR) was observed. Furthermore, in the absence of glucose, OCR did not increase
in response to butyrate. These results lead us to believe that butyrate itself was not
responsible for the observed increase in OCR, but, instead, butyrate stimulated
pyruvate flux into mitochondria. Indeed, blocking of the mitochondrial pyruvate carrier
prevented a butyrate-induced increase in oxygen consumption. Taken together, our
results indicate that butyrate itself is not oxidized in cultured cells but instead alters
pyruvate flux and induces lipid accumulation.

Keywords: butyrate; glucose oxidation; metabolite interactions
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Introduction

Butyrate is a short-chain fatty acid (SCFA) that, in humans, is mostly produced through
fibre fermentation by microbiota in the colon. Butyrate is mainly known as the primary
source of energy for healthy colon cells [1], and has also been found to have beneficial
health effects. In the colon, it is found to protect against colorectal cancer [2], and
evidence from pre-clinical models shows that butyrate can be used as a treatment for
intestinal bowel diseases (IBD) [3] and even diarrheal diseases [4]. Apart from local
effects in the colon, butyrate was also found to affect whole-body metabolism, such as
the prevention of high-fat-diet-induced obesity [5] and fatty liver disease caused by
obesity and a high-fat diet [5].

Butyrate exerts its beneficial effects through various mechanisms, of which the most
interesting one is by serving as a direct mitochondrial substrate. Apart from thermogenic
effects in adipocytes [6] and effects on colonocyte-neighbouring immune cells [7], the
effects of butyrate have prominently been studied in colonocytes. As an energy source
in colonocytes, butyrate provides cellular energy in the form of adenosine triphosphate
(ATP) [8]. Germ-free mice lack butyrate-producing bacteria, and their colonocytes
were found to be energy deprived [9]. Re-administration of butyrate restored colonic
energy levels, indicating that butyrate is indeed a crucial energy source [9]. Because
butyrate catabolism in mitochondria utilizes oxygen for oxidation in colonocytes, it
lowers oxygen levels, which prevents vascular oxygen from leaking into the anoxic
colonic lumen [10]. In some diseases, such as IBD, butyrate oxidation is decreased,
especially during phases of active disease [11-13]. The mechanistic explanation for
the decrease in butyrate oxidation is likely the ongoing inflammation, which alters the
ability of colonocytes to take up and metabolize butyrate [14], highlighting that butyrate
metabolism is central to many of its physiological functions.

Studies that aim to identify mechanisms for how butyrate affects metabolic and cellular
functions often rely on in vitro-cultured colonic cell lines. However, the metabolic
phenotype of cultured cells often differs from that of cells in vivo [15, 16]. Cells in the
physiologic context of the human body are exposed to different and changing nutrient
and oxygen levels, whereas in vitro cultured cells are typically grown in a culture medium
that is rich in nutrients and oxygen. Interestingly, the in vitro effects of butyrate were
found to be influenced by the culture medium composition, showing the importance
of understanding how different nutritional factors impact the outcome of butyrate
exposure [17, 18]. In addition, cultured colonic cells display the Warburg effect, which
means that they preferentially oxidize glucose as an energy substrate in normoxic
conditions, instead of butyrate, which is typically highly available in situ in the colon
and preferred by in vivo colonocytes [16]. Nutritional conditions and consequential
nutrient interactions thus differ from the in vivo situation, which may impact the effects
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of butyrate exposure and therefore pose limitations to the translatability of the in vitro
findings to in vivo human physiology.

Cultured cells can be steered towards oxidative metabolism, making them more
comparable to the oxidative phenotype of in vivo colonocytes. Attempts at more
physiological culturing of colonic cells have been performed extensively, by changing
the medium nutrient composition [19-21], as well as by co-culturing with other cell
types or by growing cells as spheroids or organoids. Supplying low glucose levels
or replacing glucose with galactose stimulates mitochondrial metabolism because
of the lower ATP yields in the glycolytic pathway [19-22]. The obtained increased
mitochondrial metabolism could increase mitochondrial butyrate oxidation, but other
metabolic routes of butyrate utilization have also been described. For example, butyrate
was shown to be incorporated into lipids in cultured colonic cells [23]. Butyrate can
also be used as a substrate for post-translational protein acylation modification, either
when converted to acetyl-CoA as a source for protein acetylation or more directly via
butyryl-CoA as a source for protein butyrylation [24, 25].

An important remaining question is how different metabolic phenotypes, i.e., glycolytic
or oxidative, and nutritional environments influence the effects of butyrate exposure.
In particular, we are interested in the interaction between butyrate and glucose,
since cultured cells are often cultured in media containing high levels of glucose.
Interestingly, glucose was found to dictate whether butyrate was able to induce
apoptosis in cultured colonocytes [26]. In addition, butyrate exposure led to increased
glucose uptake in Caco-2 cells [27], but decreased glucose uptake in HT29, HCT116
and LoVo cells [28, 29]. In contrast, butyrate was also found to impact the oxidation of
glucose, although the direction of this effect differed between studies [30-34]. To better
understand the fate of butyrate under different metabolic and nutritional conditions,
we studied butyrate utilization in colonic cells in detail. We used a panel of colonic
cell lines as well as colon-derived primary cells to demonstrate that butyrate is likely
not oxidized by mitochondria but instead rewires pyruvate flux and fuels lipid droplets,
even in conditions of high mitochondrial oxidative metabolism.

Methods

Cell Culture

The human colorectal (adeno)carcinoma cell lines HT29 (HTB-38), Caco-2 (HTB-37) and
HCT116 (CCL-247) were originally obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The 25 mM glucose-cultured HT29, Caco-2 and HCT116
cells were maintained in 25 mM glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
(42430-025, Thermo Fisher Scientific, Pittsburgh, Pennsylvania, USA, 227289Gibco),
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supplemented with 10% v/v fetal bovine serum (FBS), 25 mM HEPES (15630-056,
Gibco), 1 mM sodium pyruvate (11360-039, Thermo Fisher ScientificGibco), 1% v/v
glutamax 100x (35050-038, Thermo Fisher ScientificGibco, 35050-038) and 1% v/v
antibiotic—antimycotic (15240-062, Thermo Fisher ScientificGibco, 15240-062). The 0.5
mM glucose-cultured HT29 cells were cultured in DMEM (11966-025, Gi Thermo Fisher
Scientificbco) supplemented with 0.5 mM glucose, 10% v/v FBS, 25 mM HEPES, 1 mM
sodium pyruvate, 1% v/v glutamax 100x and 1% v/v antibiotic—antimycotic. The 0.5 mM
glucose cells were passaged at least 10 times before being used for experiments. All
cell cultures were grown in T75 flasks and kept in a humidified incubator at 37 °C in
95% air and 5% CO2. Cells were passaged or used for experiments when a confluency
of 80-90% was reached.

Intestinal Colon Cell Isolation

Colon samples were obtained from slaughterhouse material of approximately 10-week-
old piglets. A 20 cm section of the mid-sigmoid colon was obtained immediately after
slaughter, and intestines were placed in aerated Krebs Henseleit Buffer containing 5
mM glucose (hereafter referred to as modified-KHB, K3753, Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 2.5 g/L Bovine serum albumin (BSA, A7906, Sigma-
Aldrich, St. Louis, MO, USA). After this, the intestines were flushed with modified-KHB.
Then, they were inverted, and a sac was created using dialysis clamps by filling
them with modified-KHB. The sacs were incubated for 20 min in Ca?*-free KHB buffer
containing 20 mM EDTA and 10 mM DTT in a shaking 37 °C water bath. Following this
washing step, intestines were reverted and filled with an isolation buffer containing
Ca?*-free KHB buffer, 2.5 g/L BSA and 400 U/mL hyaluronidase type IV (3884, Sigma-
Aldrich, St. Louis, MO, USA). After a fifteen-minute incubation, the intestines were
gently massaged and cells were collected, washed and counted using a Cellometer
K4 (Nexcelom Bioscience, Lawrence, MA, USA), and viability was simultaneously
assessed by staining with ViaStain (CS2-0106, Nexcelom Bioscience, Lawrence, MA,
USA). Cells were taken up in KHB medium containing 1 mM HEPES (4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid) and 2.5 mM glucose, pH 7.4.

Metabolic Flux Analysis with Seahorse XFe96 Analyzer

To investigate the long-term metabolic consequences of butyrate, both the 25 mM and
0.5 mM glucose-cultured HT29 cells were exposed to 1 mM butyrate for 72h prior to
metabolic analysis. Cells were first exposed for 48h in a T75 flask, after which they
were detached and taken up in fresh medium containing 1 mM butyrate. Then, cells
were counted and seeded in an XF96 cell plate at 3x10* cells/well (25 mM glucose-
cultured cells) or 3.5x10* (0.5 mM glucose-cultured cells). After an additional 24h of
exposure to 1 mM butyrate, the medium was switched to an XF DMEM assay medium
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supplemented with either 25 or 0.5 mM XF glucose (for the 25 and 0.5 mM glucose-
cultured HT29 cells, respectively), 2 mM XF glutamine and 1 mM XF pyruvate. In
addition, 1 mM sodium butyrate was added to the exposed cells. XFO6 cell plates were
kept in a non-CO2 incubator set to 37 °C for one hour prior to metabolic flux analysis.

To assess the acute metabolic consequences of butyrate, 25 mM glucose-cultured
HT29, Caco-2 and HCT116 cells were plated in an XF96 cell plate at 3x10* cells/
well and left to attach overnight. One hour prior to the metabolic analysis, the culture
medium was replaced with bicarbonate-free KHB supplemented with 2.5 mM glucose
and 1 mM HEPES, set at pH 7.4 at 37 °C. XF96 cell plates were kept in a non-CO2
incubator set to 37 °C for one hour prior to metabolic flux analysis.

The primary isolated colonocytes were taken up in a KHB medium containing 1 mM
HEPES and 2.5 mM glucose set at pH 7.4, and plated at a concentration of 9 x 104
cells/well in XF96 cell plates that were coated with Cell-Tak (354240, Corning, New
York, NY, USA), according to the manufacturer’s protocol. XF96 cell plates were kept in
a non-CO2 incubator set to 37 °C for one hour prior to metabolic flux analysis.

A Seahorse Extracellular XFe96 analyzer (Seahorse Bioscience, Agilent Technologies,
Santa Clara, CA, USA) was used to assess the metabolic consequences of butyrate
pre-treatment or acute exposure. To assess the metabolic consequences of 72h
exposure to butyrate, extracellular flux analyses (XF assays) were performed
using serial injections of 1.5 pM Oligomycin (04875), 1.5 uM carbonyl cya-nide-p-
trifluoromethoxyphenylhydrazone (FCCP; C2920), a combination of 1.25 uM Ro-tenone
(R8875) and 2.5 uM Antimycin A (A8674), all purchased from Sigma-Aldrich. The XF
assay protocol typically consisted of 12 measurement cycles of 3 min, with 2 min of
mixing between measurements. To measure the acute effects of butyrate, XF assays
were performed using serial injections of 0, 0.5, 5 or 10 mM sodium butyrate, 50 mM
2-deoxyglucose (2DG) and a combination of 1.25 uM Rotenone and 2.5 uM Antimycin
A. To block the mitochondrial pyruvate carrier, 8 uM UK5099 (PZ0160, Sigma-Aldrich,
St. Louis, MO, USA).

Imaging Procedure

Following the XF analysis, cells were fixed using a 4% neutrally buffered formalin
solution (NBF, 252549, Sigma-Aldrich, St. Louis, MO, USA). Nuclei were stained using
4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA), and images
were taken of the middle of each well using the Cytation 1 (Nexcellom Biosciences,
Lawrence, MA, USA). Images were processed in Imaged (Win64, version 1.52, NI,
USA). First, the background was subtracted. Then, the nucleus-covered area was
determined by setting an automatic threshold, and the number of nucleus-covered
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pixels was determined. The number of pixels covered with nuclei was then used to
normalize the XF assays.

Oil-Red-O Staining and Image Processing

To assess lipid accumulation following 72h butyrate exposure, 0.5 mM and 25 mM
glucose-cultured HT29 cells were exposed to 1 mM butyrate in a T75 flask for 48
h. Then, they were plated in tissue-culture-treated 12-well plates for an additional
exposure of 24h to 1 mM butyrate, after which they were stained with Oil-Red-O (ORO,
00625, Sigma-Aldrich, St. Louis, MO, USA). A working solution of 0.3% v/v ORO in
60% isopropanol was used to stain lipid droplets. First, cells were fixed using 4% NBF,
followed by ORO and DAPI staining to stain lipid droplets and cell nuclei, respectively.

Images were obtained using the Leica DM8 inverted microscope, using a 40x
magnification. Gain, image intensity and exposure time were kept equal for all images
obtained. ImagedJ was used to quantify areas covered by lipid droplets. First, the image
was converted to an 8-bit image and inverted. Then, the background was subtracted
using a rolling ball algorithm. The threshold was then manually set and kept the same
for all images, and the selected area was measured. In addition, the DAPI images
were used to count the number of nuclei, and the area covered was corrected for the
number of cells in the picture.

WST-1 Cell Viability Assay

To assess cell viability following 48h butyrate exposure, 25 mM glucose-cultured HT29
cells were seeded at 30,000 cells/well. Following overnight attachment, cells were
exposed to only medium or 1 mM butyrate for 48h. Then, WST-1 reagent (5015944001,
Roche, Basel, Switzerland) was added according to the manufacturer’s protocol, and
absorbance was read using the Synergy™ HT Multi-Detection Microplate Reader
(BioTek In-struments, Inc., Winooski, VT, USA) at 450 nm. Cell viability is reported as a
percentage of control.

RNA Extraction and Semi-Quantitative Real-Time Polymerase Chain Re-
action (qPCR)

Cells were washed with cold Hanks’ Balanced Salt Solution (HBSS) and directly
scraped using RLT buffer supplemented with 1% -mercaptoethanol. RNA was then
isolated using the RNeasy mini kit (74106, Qiagen, Hilden, Germany). The quality and
quantity of the purified RNA was determined using a NanoDrop spectrophotometer
(ND-1000). cDNA was synthesized with the iISCRIPT cDNA synthesis kit (170-8891,
BioRad, Hercules, CA, USA) in the Eppendorf-Master cycler (5 25 °C, 30 42 °C, 5
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85 °C, 10 °C ). Gene expression was measured using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) and SYPBR green master mix
(1725006CUST, BioRad, Hercules, CA, USA). The cycling program was set as follows:
395°C, 40 cycles of 15" 95°C and 45" 60°C, 1 95°C and 1 65 °C, followed by melt
curve analysis by increasing temperature every 10”with increments of 0.5 °C. Primers
were designed using NCBI Primer-BLAST. Normalized expression was calculated
according to the Cqg method, by making use of multiple reference genes (RSP15 and
B2M), using the CFX Maestro software (BioRad, Hercules, CA, USA). An overview of
the primers used can be found in Table 3.1.

Table 3.1. Details of primers.

Symbol RefSeq Forward Primer * Reverse Primer * bp
RSP15 M. 003194.5 AGAAGCCGGAAGT- AGAGGGATGAAG- 290
GGTGAAGAC CGGGAGGAG
TGCCGTGTGAAC- GCGG-
B2Mm NM_004048.4 92
CATGTG CATCTTCAAACCTC
GGACTTCGGCA- TGATCAGCTG-
ACLY NM_001096.3 227
GAGGTAGAG GTCTGGCTTG
ACACA NM_198834.3 ST%??TTTA% GECCAAGE- 104
GAAGTG GAGATGGTTCAT
G6PD NM_001360016.2 AAGCGCAGACAG- TGAAGGTGTTTTC- 215
CGTCAT GGGCAGA
PGD NM_002631.4 TGTGACTGGGTGG- TCCCTGATCTTTGG- 57
GAGATGA CAGCAG

*from 5 to 3, bp = fragment length.
Statistical Analysis and Data Representation

Data are presented as mean + SD, unless stated otherwise. Statistical analyses and
data visualizations were performed using GraphPad Prism v.9 (GraphPad Software, CA,
USA). Statistical testing was performed using Student’s t-test and two-way or repeat-
ed-measures ANOVA, followed by Bonferroni’s post-hoc analysis when appropriate
and as stated in the figure legends. A p-value of <0.05 was considered statistically
significant.
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Results

Long-Term Exposure to Butyrate Decreases Glycolytic Function of Both
High- and Low-Glucose-Cultured HT29 Cells

To investigate whether the long-term effects of butyrate on mitochondrial function were
affected by glucose, we cultured HT29 cells using standard high-glucose medium (25
mM) or custom low-glucose medium (0.5 mM glucose). HT29 cells cultured in 0.5
mM glucose had higher basal oxygen consumption rate (OCR; increase of 9.9 + 2.7
pmol/min/1x10° area, p = 0.0067), higher maximal oxidative capacity (increase of 32.3
+ 6.4 pmol/min/1x10°® area, p = 0.001), higher spare respiratory capacity (increase
of 38.4 + 14% of basal OCR, p = 0.0026) and lower basal extracellular acidification
rate (ECAR; (reduction of 2.1 mpH/min/1x10° area, p = 0.0012) as compared to cells
cultured in 25 mM glucose, which indicated that our low-glucose-cultured HT29 cells
relied more on mitochondrial metabolism than high-glucose cultured HT29 cells
(Figure 3.1). In addition, 0.5 mM glucose-cultured cells had lower lipid levels than
25 mM glucose-cultured HT29 cells (a reduction of +10.8 ORO-stained pixels/cell;
Figure 3.2). Since butyrate is a short-chain fatty acid that can be converted to acetyl-
CoA in the mitochondria, we expected that long-term butyrate exposure would affect
mitochondrial parameters. Surprisingly, butyrate did not alter mitochondrial parameters
but changed glycolytic parameters significantly. Butyrate lowered basal ECAR by 36%
in 256 mM glucose-cultured HT29 cells and by 38% in 0.5 mM glucose HT29 cells
(p = 0.0023; Figure 3.1B) and maximal ECAR by approximately 20% in both culture
conditions (p = 0.0025). Although 25 mM and 0.5 mM glucose-cultured cells had
significantly different mitochondrial functions, the effect of butyrate on metabolic flux
was not different between these conditions. We hypothesized that instead of increased
mitochondrial flux, de novo lipogenesis could be affected by butyrate exposure. We
did not observe altered gene expression of two de novo lipogenesis-related genes
(Supplementary Figure S3.1), indicating that lipogenesis upon butyrate exposure is
likely not regulated on the gene expression level but instead could be regulated on
the enzymatic or post-translational level. Remarkably, exposure to butyrate increased
lipid accumulation to the same extent in 25 mM and 0.5 mM glucose-cultured HT29
cells (in both cases, a significant increase of approximately 150%, p < 0.0001; Figure
3.2). In the literature, it is often suggested that the pentose phosphate pathway (PPP)
is increased following butyrate exposure to regenerate NADPH for lipogenesis [23,
28]. However, we did not observe altered gene expression of key PPP genes after
72h butyrate exposure, in either the 25 or the 0.5 mM glucose-cultured HT29 cells
(Supplementary Figure S3.1). Thus, long-term exposure to butyrate reduced the
glycolytic function of HT29 cells without affecting mitochondrial flux parameters. The
effect of butyrate was independent of culture conditions, since there was no difference
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between 25 and 0.5 mM glucose-cultured HT29 cells. To ensure that our findings
were not affected by altered cell viability or cell death following butyrate exposure,
we investigated cell viability and cell counts in response to 1 mM butyrate exposure.
Cell viability was not changed in high-glucose-cultured HT29 cells after 48h exposure
to 1 mM butyrate (Supplementary Figure S3.2A), and the cell count in high- and low-
glucose-cultured HT29 cells was also not significantly affected by 48h exposure to 1
mM butyrate (Supplementary Figure S3.2B).
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Figure 3.1. Metabolic flux analysis of high- and low-glucose-cultured HT29 cells
following 72h exposure to 1 mM butyrate. (A) Basal OCR. (B) Basal ECAR. (C) Maximal
oxidative capacity. (D) Maximal glycolytic capacity. (E) SRC (%) and (F) Proton leak. (N
= 3. Data are presented as mean + SD; significance was determined using two-way
ANOVA with factors culturing (25 mM or 0.5 mM glucose level in culture medium) and
treatment (only medium or butyrate exposure), followed by Bonferroni post-hoc analysis.
*=p<0.05 " =p<0.01).
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Figure 3.2. Lipid accumulation in high- and low-glucose-cultured HT29 cells following
72h exposure to 1 mM butyrate. (A) Representative images showing brightfield (BF),
nuclear (DAPI) and Qil-Red-O (ORO) staining in 25 mM and 0.5 mM glucose-cultured
HT29 cells following 72h exposure to 1 mM butyrate. Red and white stars (*) indicate
lipid droplets stained using Oil-Red-O, while hashes (#) indicate DAPI-stained nuclei.
(B) Representative bar graph showing quantification of ORO-stained image area in
pixels corrected for cell number. (Images and the bar graph are from a representative
experiment of a total of N = 2. Data are presented as mean + SD; significance was
determined using two-way ANOVA followed by Bonferroni’'s post-hoc analysis. p < 0.001
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Butyrate Acutely Lowers Glycolytic Function in Multiple Colon-Derived
Cell Lines

Since we observed a decrease in glycolytic function only after longer-term butyrate
exposure, we went on to investigate the acute effects of butyrate on metabolic flux. To
investigate this, we exposed high-glucose-cultured HT29, Caco-2 and HCT116 cells
to an acute injection of butyrate during the Seahorse Extracellular Flux analysis. The
25 mM glucose-cultured HT29 cells and Caco-2 cells responded to acute butyrate
exposure with increased OCR in a dose-dependent manner (Figure 3.3A,B,E,F). Given
that 2DG (2-deoxyglucose) blocks glycolysis, which necessitates the sole use of
mitochondria for ATP generation, we expected that 2DG would further increase the
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butyrate-induced OCR. Strikingly, OCR was attenuated by subsequent 2DG injection
(Figure 3.3A,B,E,F). The decrease in OCR following 2DG injection suggests that
butyrate is not the only substrate responsible for the increase in OCR, and that at
least part of the observed increase in oxidation rate is fueled by glucose. This notion
is strengthened by the observation that acute exposure to butyrate strongly reduced
ECAR in a dose-dependent manner in the 25 mM glucose-cultured HT29 and Caco-2
cell lines (Figure 3.3C,D,G,H). Interestingly, the HCT116 cells did not respond to the
acute butyrate exposure by increasing their OCR, but there was also an inhibitory effect
on ECAR, significant at the highest butyrate concentration of 10 mM (Figure 3.3I-L).
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Figure 3.3. Metabolic flux analysis of multiple colon-derived cell lines following acute
butyrate exposure. (A-D) 25 mM cultured HT29 cells (representative experiment of N = 4
independent experiments consisting of n = 5-6 wells). (E-H) Caco-2 cells (representative
experiment of N = 3 independent experiments consisting of n = 9-15 wells). (I-L) HCT116
cells (representative experiment of N = 3 independent experiments consisting of n = 12
wells; significance was determined for one representative experiment using repeated-
measures ANOVA followed by Bonferroni’s post-hoc analysis. p = 0.05 = *, p < 0.01 = **,
p<0.001 =** p<0.0001 = ***),

To verify whether the effect of butyrate on OCR and ECAR was not limited to merely
cultured cell lines, we isolated primary pig colonocytes and analyzed mitochondrial
and glycolytic parameters in response to an acute butyrate injection in these primary
cells. Similar to HCT116 cells and different from Caco-2 and HT29 cells, primary pig
colonocytes did not show any changes in OCR upon acute exposure to 5 mM of
butyrate (Figure 3.4A,B). However, as with all cultured cell lines tested, upon injection
of butyrate, pig colonocytes showed reduced glycolytic flux by approximately 50% of
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the total inhibition that was achieved by 2DG (Figure 3.4C,D). This indicates that the
acute effects of butyrate on glycolysis are not restricted to cultured cell

A primary pig colonocytes B primary pig colonocytes C primary pig colonocytes D primary pig colonocytes
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Figure 3.4. Metabolic flux analysis of primary pig colonocytes following acute
butyrate exposure in the presence of 2.5 mM glucose. (A,B) Time-course and bar
graph showing the acute effect of control or butyrate injection and subsequent injection
of 2DG and Antimycin A/Rotenone on OCR. (C,D) Time-course and bar graph showing
the acute effect of control or butyrate injection and subsequent injection of 2DG and
Antimycin A/Rotenone on ECAR in primary pig colonocytes. (n = 3. Data are shown for
colonocyte isolation of one representative pig and are presented as mean + SD forn = 12
wells; significance was determined using the replicates of one individual using repeated-
measures ANOVA followed by Bonferroni’s post-hoc analysis. p < 0.001 = ***).
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Our results suggest that at least part of the increased oxidation rate is due to the
oxidation of substrates other than butyrate. Glucose-derived pyruvate seems to be the
most likely substrate for two reasons. Firstly, acute butyrate exposure increased OCR,
which was at least partly reversed by exposure to 2DG, as 2DG inhibits glycolysis and
thus pyruvate production. This decreased pyruvate supply for mitochondrial oxidation is
the most likely cause for the decrease in OCR observed upon 2DG injection. Secondly,
acute butyrate exposure led to a simultaneous increase in OCR and a decrease in
ECAR. Altered pyruvate flux seems to be the most likely cause, since pyruvate can
either enter the mitochondria, which contributes to OCR, or be converted into lactate,
which contributes to ECAR.

To test our hypothesis that glucose-derived pyruvate flux is altered by acute exposure
to butyrate, we exposed 25 mM cultured HT29 cells to butyrate in the presence or
absence of 2.5 mM glucose. We observed that the increase in OCR upon butyrate
exposure did indeed not occur when there was no glucose present in the medium
(Figure 3.5A,B). In addition, the decrease in ECAR upon acute butyrate exposure
was less apparent when no glucose was available (Figure 3.5C,D). These results
show that glucose is required to achieve the acute increase in OCR and decrease in
ECAR upon butyrate exposure. To confirm that butyrate specifically alters pyruvate
flux toward mitochondrial oxidation and away from lactate production, we inhibited
the mitochondrial pyruvate carrier (MPC) with UK5099. Exposure to UK5099 induced
a slight but significant (p < 0.0001) decrease in OCR and increase in ECAR. This
confirms that UK5099 indeed inhibits MPC, since pyruvate can no longer directly enter
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the mitochondria and is therefore converted into lactate. When MPC was blocked with
UK5099, the increased OCR (Figure 3.5E,F) and decreased ECAR (Figure 3.5G,H)
following acute butyrate exposure were no longer observed. We, therefore, believe that
the increase in OCR observed in the cultured cell lines HT29 and Caco-2, as well as the
decrease in ECAR that could be seen in HCT116 and primary pig colonocytes, was not
due to direct oxidation of butyrate but instead resulted from a rerouting of the pyruvate
away from lactate production and towards mitochondrial oxidation.
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Figure 3.5. The altered response to acute butyrate exposure as a consequence of
glycolysis inhibition in HT29 cells. (A,B) OCR response following butyrate exposure in
the absence or presence of 2.5 mM glucose in the medium (representative experiment
of N = 2 independent experiments consisting of n = 6 wells). (C,D). ECAR response
following butyrate exposure in the absence or presence of 2.5 mM glucose in the
medium (representative experiment of N = 2 independent experiments consisting of n =
6 wells). (E,F) OCR response upon inhibition of pyruvate oxidation using 8 yM UK5099
in the presence of 2.5 mM glucose (representative experiment of N = 3 independent
experiments consisting of n = 13-15 wells). (G,H) ECAR response upon inhibition of
pyruvate oxidation using 8 uM UK5099 (representative experiment of N = 3 independent
experiments consisting of n 13-15 wells; significance was determined for one
representative experiment using repeated-measures ANOVA followed by Bonferroni’s
post-hoc analysis. p = 0.05 =*, p< 0.01 =**, p < 0.001 =** p < 0.0001 = ***¥),

Discussion

Although butyrate is considered the main energy source for in vivo colonocytes [1], it is
unclear whether ex vivo and cultured colonocytes are able to oxidize butyrate. Whether
or not oxidation can take place in a certain cell is an important issue with regard to the
usability of these models when investigating butyrate’s translatable mechanisms of
action. In this study, we have used both cultured and primary cells, as well as high- and
low-glucose culturing conditions, to show that butyrate does not seem to be primarily
oxidized in cultured cells but instead fuels lipid droplets and alters pyruvate flux away
from lactate production and towards mitochondrial oxidation. These findings imply that
the nutritional environment is an important determinant of the effects of butyrate in
cultured cells. Our research shows that a better understanding of the in vivo nutrient
composition, and how different nutritional environments may affect the impact of
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butyrate, is needed to further study the effects of butyrate on colonocyte metabolism.

We hypothesize that the effects that we observed on pyruvate flux and lipid accumulation
are intertwined. Even though butyrate oxidation is sometimes even observed in cultured
cells [35], we observed that butyrate primarily alters the flux of pyruvate towards
mitochondrial oxidation. We conclude this based on four main findings: (1) increased
OCR upon butyrate exposure elicits a simultaneous decrease in ECAR, indicating that
less lactate is being produced; (2) the increased OCR following butyrate exposure is
largely blunted by the addition of 2DG, indicating that part of the OCR is derived from
glucose; (3) the absence of glucose in the medium prevented the butyrate-induced
increase in OCR; (4) UK5099, which blocks pyruvate entry into mitochondria, likewise
largely prevents the butyrate-induced increase in OCR. At the same time, we saw a
clear increase in lipid droplets, even in the more oxidative low-glucose-cultured HT29
cells, indicating that this was not solely due to the diminished mitochondrial capacity of
the cells. Likely, butyrate is directly incorporated into lipids, because it does not have to
be broken down completely into acetyl-CoA but can be directly elongated from butyryl-
CoA [36]. As others have suggested before us, we hypothesize that mitochondrial
pyruvate oxidation is increased to generate the NADPH and acetyl-CoA that are needed
to convert butyryl-CoA into lipids. There are multiple pathways through which NADPH
can be generated. One is through the PPP, which has been observed to be upregulated
upon butyrate exposure by some [23, 28-30], but not by us and others [29]. NADPH
can also be generated through the cytosolic conversion of malate to pyruvate or citrate
to oxoglutarate, which regenerates cytosolic NADPH. For this, pyruvate would need
to be (partially) oxidized in the TCA cycle first, which would explain the need for the
increased pyruvate oxidation observed in our experiments. Mechanistically, butyrate
possibly alters pyruvate flux by post-translationally inhibiting pyruvate dehydrogenase
kinase (PDK), which alleviates the inhibition of PDK on pyruvate dehydrogenase (PDH)
[37]. Butyrate was also shown to inactivate SIRT3, resulting in increased acetylation and
activation of PDH [38]. In this way, more pyruvate is able to be converted into acetyl-
CoA and enter the TCA cycle. Butyrate was also shown to increase the expression of
pyruvate kinase M2 (PKM2), which stimulates the conversion of phosphoenolpyruvate
(PEP) to pyruvate [39]. Another possibility is that butyrate directly interacts with the
PDH complex through butyrylation or crotonylation, but we have not yet found any
clear evidence for this, neither in our own experiments nor in the literature. Although it
remains unclear by which means, our data clearly indicate the upregulation of pyruvate
oxidation, which is possibly driven by an increased need for NADPH.

Butyrate is already known to be incorporated into lipids [40]. Butyrate possibly
contributes to de novo lipogenesis through a shared pool with ketone bodies that is
separate from that of acetate and propionate [41]. Interestingly, the degree to which
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butyrate contributes to de novo lipogenesis seems to be largely dependent on
substrate availability. The presence of glucose in the medium was found to greatly
increase the amount of butyrate that is converted into lipids [40, 41]. Corresponding
with our findings, butyrate was found to increase lipogenesis in cultured colonocytes
[23]. However, on a whole-body level, butyrate administration mainly decreased lipid
accumulation in the liver [42, 43]. The decreased lipid storage in the liver upon butyrate
exposure could be due to increased lipolysis in hepatocytes themselves and other
cells such as adipocytes [44-47], but possibly also because of increased lipid storage
in other organs, such as the muscle [45] or even intestine. Nonetheless, it is unclear
whether butyrate can induce lipid storage in vivo in the colon, and how the nutritional
environment affects the outcome of butyrate exposure in the colon. In our experiments,
there was no difference in lipogenesis between high- and low-glucose-cultured
cells, but the low-glucose-cultured cells still had sufficient pyruvate and glutamine
available to them, which could partly replace the role of glucose break-down as a
source for NADPH generation. Our experiments thus show that it is important to further
investigate the impact of metabolic phenotype as well as nutritional environment to
better understand the effects of butyrate.

In our experiments, it remains undetermined whether the lipids are directly derived
from butyrate, or perhaps originate from other substrates. We, therefore, propose to
perform isotope-tracing studies for future experiments to deepen our understanding of
the fate of butyrate under different nutritional environments and metabolic phenotypes.
Nevertheless, our experiments have already generated novel insights into the role
of butyrate in regulating colonocyte metabolism. An interesting proposition for why
cultured cells store butyrate as lipid droplets, instead of oxidizing this substrate, is that
these cells are maintained in a nutrient-rich environment, and butyrate is an excess
nutrient that can be stored for later use.
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Supplementary Figure S3.1. Relative gene expression of de novo lipogenesis and
pentose phosphate pathway genes in long-term butyrate exposed high and low
glucose HT29 cells. Relative gene expression of ATP citrate lyase (ACLY), acetyl-
Coenzyme A carboxylase alpha (ACACA) glucose-6-phosphate dehydrogenase (G6PD)
and 6-Phosphogluconate Dehydrogenase (PGD) in 25 mM and 0.5 mM glucose cultured
HT29 cells exposed to only medium or 1 mM butyrate for 72 hours. (Data are derived
from N=3-4 independent experiments and are presented as mean + SD; significance was
determined using two-way ANOVA followed by Bonferroni’'s post-hoc analysis).
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Supplementary Figure S3.2. Viability and cell count after 48 hours of exposure to 1
mM butyrate. (A) Viability of high glucose (25 mM) cultured HT29 cells after 48 hours of
exposure to 1 mM butyrate (N=2) (B) Cell count of high (25 mM) and low glucose (0.5
mM) cultured HT29 cells after 48 hours of exposure to 1 mM butyrate (N=3; data are
presented as mean + SD; significance was determined using Student’s t-test (A) or two-
way ANOVA followed by Bonferroni’s post-hoc analysis (B)).
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Abstract

Intestinal epithelial cells (IECs) are crucial to maintain intestinal function and the barrier
against the outside world. To support their function they rely on energy production,
and failure to produce enough energy can lead to IEC malfunction and thus decrease
intestinal barrier function. However, IEC metabolic function is not often used as an
outcome parameter in intervention studies, perhaps because of the lack of available
methods. We therefore developed a method to isolate viable IECs, suitable to
faithfully measure their metabolic function by determining extracellular glycolytic and
mitochondrial flux. First, various methods were assessed to obtain viable IECs. We
then adapted a previously in-house generated image-analysis algorithm to quantify
the amount of seeded IECs. Correcting basal respiration data of a group of piglets
using this algorithm reduced the variation, showing that this algorithm allows for more
accurate analysis of metabolic function. We found that delay in metabolic analysis after
IEC isolation decreases their metabolic function and should therefore be prevented.
The presence of antibiotics during isolation and metabolic assessment also decreased
the metabolic function of IECs. Finally, we found that primary pig IECs did not respond
to Oligomycin, a drug that inhibits complex V of the electron transport chain, which may
be because of the presence of drug exporters. A method was established to faithfully
measure extracellular glycolytic and mitochondrial flux of pig primary IECs. This tool
is suitable to gain a better understanding of how interventions affect IEC metabolic
function.

Key words: intestinal epithelial cells; metabolism; isolation; normalization; antibiotics
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Introduction

The intestine forms a physical barrier against the outside milieu. Intestinal barrier
function can be diminished by multiple factors, of which the most common ones
are stress [1, 2], infectious agents [3, 4] and drug use [5-7]. If the barrier fails, this
can lead to intestinal problems such as diarrhea. Diarrheal diseases are a serious
health concern, especially in third world countries [8] and in animal husbandry [9, 10].
Diarrhea in early life can have long lasting effects; the malnutrition it causes has been
shown to increase the susceptibility for developing metabolic disorders in later life [11].
Intestinal epithelial cells have a central role in maintaining the intestinal barrier function,
for which they rely on energy supply by mitochondria and glycolysis.

Intestinal epithelial cell (IEC) energy metabolism, and especially mitochondrial energy
production, is essential for maintaining the intestinal barrier function both in vitro and in
vivo[6, 12, 13]. Tight junction proteins that are responsible for tethering the IECs together
rely on sufficient energy generation, since inhibition of mitochondrial ATP production
internalized the tight junction protein claudin 7 because of an energy crises, resulting
in a loss of barrier [12]. Also other intestinal functions, such as nutrient digestion,
uptake and metabolism, rely on energy generation by the mitochondria. After a meal,
when nutrient processing is highly upregulated, small intestinal oxygen consumption
doubles to satisfy energy needs [14]. In the colon, IECs are faced with additional
metabolic challenges, since IECs are then in constant contact with the microbiome.
For example, bacteria target and inhibit mitochondrial function of colonocytes to
increase their virulence [3, 4], which decreases intestinal barrier function and promotes
bacterial translocation [15]. Thus, IEC metabolic function is important for maintenance
of intestinal barrier function, as well as the response to external and internal stressors.

Assessmentof intestinal metabolic function in both animal and human in vivoexperiments
is not often considered as an outcome parameter of interventions that target intestinal
function. Part of this hiatus is caused by difficulties in measuring intestinal epithelial
energy metabolism, especially mitochondrial respiration and the enterocyte glycolytic
flux. Measurement of IEC metabolism is extra challenging because of the high turnover
rate of the intestinal epithelium of every 5-7 days [16], which can indicate that the fully
differentiated enterocytes only have a short life-span, and isolation of these cells likely
rapidly leads to apoptosis [17]. We set out to design a procedure to isolate intestinal
epithelial cells and characterize their metabolism. We chose to optimize the isolation
procedure for the colon, because microbial fermentation end-products present in
this intestinal compartment can both positively and negatively impact mitochondrial
function of IECs. For example, butyrate, a short-chain fatty acid produced through
fibre fermentation, is known to be an important energy source for colon cells and thus
supports mitochondrial function [18, 19]. On the other hand, hydrogen sulfide, which is
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produced through protein fermentation, decreases mitochondrial function [20]. We use
the pig both as a model and a relevant target species. Pigs are an important agricultural
species [21], and are also the best human translatable animal model to study large
organs systems, such as the intestinal tract [22]. Apart from the high similarity between
pigs and humans in Gl tract anatomy, a great advantage for using pigs as a model lies
in the similar clinical manifestations and their susceptibility to many enteric pathogens
and intestinal diseases afflicting humans [23, 24]. Other commonly used animal
models like mice are less similar to humans than pigs with regard to their intestinal
metabolism, microbial pathways and their response to nutritional interventions [24-26].
A more practical consideration for using pigs, is the availability of adequate amounts
of healthy intestinal material.

Here, we designed an IEC isolation technique to harvest viable primary IECs from
the pig colon, that is suitable for measurement of mitochondrial respiration and
glycolytic flux. We optimized the flux analysis for chemical induced signal stability
and normalization procedures for cell number correction. Our results showed that the
optimized cell isolation technique was suitable for measurement of metabolic function
of pig IECs. This technique will be a useful tool to evaluate the effect of interventions
on intestinal function.

Methods

Animals

Intestines were either harvested from pigs at a slaughterhouse or from control pigs from
dedicated animal experiments sacrificed at our Animal Facility, that were all approved
by the Animal Care and Use Committee of Wageningen University. However no animals
were sacrificed specifically for the purpose of this study. The majority of material was
derived from slaughterhouses. We were unable to get all details for pig breeds, age
and sex, because we choose for a rapid, relatively easy organ collection procedure
instead of a detailed dissection. This offers ease in performing multiple experiments
on scheduled cell isolation days, and shows the flexibility of the isolation procedure.
Overall, the pigs were from both sexes, multiple breeds, weighed between 20-100 kg
and were aged between 12-32 weeks.

IEC isolation

Following excision from the abdominal cavity, an approximately 20 cm long segment
of the colon was taken for IEC isolation and placed in aerated Krebs Henseleit Buffer
containing 5 mM glucose (#K3753, Sigma Aldrich; hereafter referred to as modified-
KHB), containing 2.5 g/L Bovine serum albumin (BSA, #A7906, Sigma-Aldrich).
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Samples were transferred to the lab and isolation commenced within 2 hours after
killing the animal.

Multiple steps were taken to optimize the isolation procedure. Initially, two methods
described in literature were used as a basis for the design of the procedure. First, a
method described by Roedinger et al. [27] was assessed. We refer to this method as
the vigorous method. The colon segments were first flushed with room temperature (RT)
modified-KHB, inverted and then a sac was created using dialysis clamps (#2371092,
Sigma Aldrich) and the sac was filled with modified-KHB. The sacs were then placed
in Ca?-free KHB with 5 mM Ethylenediaminetetra-aceticacetic acid (EDTA) and 2.5
g/L BSA. After a 30-minute incubation in a shaking 37 °C water bath, the buffer was
removed and replaced by fresh Ca?*-free KHB containing 2.5 g/L BSA. The intestines
were stirred vigorously by hand for two minutes to dissociate the IECs. IECs were then
passed over a 70 uM cellulose filter top to remove large tissue pieces and debiris.
After washing cells twice using modified-KHB contained 2.5 g/L BSA, cells were
taken up in pH 7.4 buffered XF DMEM medium (#103575-100, Agilent Technologies)
supplemented with 10 mM glucose (#103577-100, Agilent Technologies), 2 mM
glutamine (#103579-100, Agilent Technologies) and 1 mM pyruvate (#103578-100,
Agilent Technologies) and counted using a Cellometer K4 (Nexcelom Bioscience) and
viability was simultaneously assessed by staining with ViaStain (#CS2-0106, Nexcelom
Bioscience). The second method tested, to which we refer as the gentle method, was
a modification of the one described by Darcy-Vrillon [19]. In this method, the intestine
was first flushed with modified-KHB, and then immediately a sac was created using
dialysis clamps. The sac was filled with Ca?*-free KHB containing 10 mM EDTA, 5 mM
Dithiothreitol (DTT), and 2.5 g/L BSA. After a 20-minute incubation in a shaking 37 °C
water bath, the sac was emptied and refilled with the same bulffer, followed by another
fifteen-minute incubation. Afterwards, the intestines were gently massaged, and cells
were collected, washed and counted, as described for the first procedure.

The third method we tested (which was also the optimized method we used for
downstream analysis of metabolic function) was a combination of steps from the
above two methods combined with a hyaluronidase enzymatic dissociation step and
optional washing steps. We refer to this method as the ‘enzyme’ method or ‘enzyme
+ extra wash’ method (see supplementary materials for a stepwise lab protocol of
the final optimized method). First, intestines were flushed with modified-KHB. Then,
they were inverted, and a sac was created using dialysis clamps by filling them with
modified-KHB. Inversion of the intestines at this stage facilitated exchange between
buffer and mucosa, since the amount of buffer can be much higher than if the intestines
are not inverted. The sacs were first incubated for 20 minutes in Ca?*-free KHB buffer
containing 20 mM EDTA and 10 mM DTT in a shaking 37 °C water bath. Following this
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washing step, intestines were re-verted and filled with an isolation buffer containing
Ca?*-free KHB buffer, 2.5 g/L BSA and 400 U/mL hyaluronidase type IV (#3884, Sigma-
Aldrich), an enzyme that catalyzes the breakdown of hyaluronic acid which is present
in the extracellular matrix of IECs. The re-version of the sacs at this stage is convenient,
since cells will be collected in a smaller volume. In addition, the amount of buffer and
enzyme needed can thus be reduced, which is cost-effective. After a fifteen-minute
incubation, the intestines were gently massaged and cells were collected, washed
and counted as previously described. This protocol was finally adjusted by adding a
20-minute washing step before the enzymatic digestion to facilitate increased removal
of mucus from the intestines.

For the experiments where we analyzed the effects of antibiotics on metabolic
function of IECs, all washing and isolation buffers used in the isolation procedure were
supplemented with 1% v/v penicillin-streptomycin (#15140122, Fisher Scientific).

Metabolic flux analysis with Seahorse XFe96 analyzer

Isolated IECs were plated in a XF96 cell plates that were coated with Cell-Tak (#354240,
Corning, New York, USA) according to manufacturer’s protocol, no longer than one week
prior to the assay. Cells were plated at concentrations ranging from 25,000-150,000
cells/well in 50 yL pH 7.4 balanced XF DMEM assay medium supplemented with 10
mM XF glucose, 2 mM XF glutamine and 1 mM XF pyruvate. For the normalization
optimization and Oligomycin response experiments, cells were plated at 100,000 cells/
well, left to settle for 5 min prior to spin-down (200 x g for 2" with zero break). After
spin-down, cell plates were imaged as described below, while kept at 37 °C. Following
imaging, an additional volume of 130 L assay medium was added and cell plates were
incubated for another 20 minutes in a non-CO, 37 °C incubator. For the optimization
of carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; #C2920, Sigma-
Aldrich), cells were isolated using the ‘gentle’ method and final concentrations of 0.5-
1.18 uM were injected into the wells. For optimization of Oligomycin (a mix of A, B and
C Oligomycin, #04875, Sigma-Aldrich) concentration, a final concentration of either
1.5 or 15 uM was used. Extracellular flux analyses (XF assays) was performed using
the Seahorse XFe96 (Seahorse Bioscience, Agilent Technologies, Santa Clara, USA).
Most often, XF assays were performed using serial injections of 1.5 pM Oligomycin,
1 uM FCCP, a combination of 1.25 uM Rotenone and 2.5 uM Antimycin A and finally
50 mM 2-deoxyglucose (2-DG). The XF assay protocol typically consisted of 12
measurement cycles of 3 minutes, with 2 minutes of mixing in between measurements.
For the measurements with antibiotics, assay medium also contained 1 % v/v penicillin-
streptomycin. Cell plates were kept in a non-CO, 37 °C incubator for 1.5h prior to the
start of the assay for the delayed measurement experiments.
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Imaging procedure

Brightfield images of the inner probe area of each well in the XF96 cell plates were
obtained prior to the XF assay run using a 37 °C equilibrated Cytation 1 Cell Imaging
Multi-Mode Reader (BioTek, Winooski, Vermont, USA) using a 4x objective. A LED
intensity of 5 and integration time of 80 milliseconds was kept constant for all cell
plates, image focus height was adjusted as needed to get the optimal image quality, as
was determined by visual inspection. For optimization of the normalization procedure
cell nuclei were either stained using 8 uM Hoechst 33342 (Hoechst, #B2261, Sigma-
Aldrich), or fixed using 4% paraformaldehyde (#252549, Sigma-Aldrich) and then
stained with 4,6-diamidino-2-phenylindo (DAPI, #D9564, Sigma-Aldrich), followed by
image acquisition using a 4x objective with a 365 nm LED in combination with an
EXB37/EM447 filter cube.

Brightfield image analysis in R

Brightfield images obtained prior to the XF assay run were processed and quantified
using an in-house generated R-script that uses the EBImage package available for
Bioconductor [28]. Image processing was performed in a similar manner as previously
published [29], with an adjustment of the image quantification. Briefly, a Gaussian blur
low-pass filter was applied to generate a background image, followed by subtraction
of the background image from the original. The background corrected image was
then inverted to generate a “white-objects-on-black-background image”. This image
was subsequently cropped by 5% to remove potential noise from the XF assay plate
molded stops, that are present on the plates to prevent the sensors from disrupting the
cell monolayer. Images were then analyzed to calculate pixel intensity values for all the
pixels in the image. All the pixels with an intensity >1 was counted as representing the
presence of a cell, and we refer to these as “cell-pixels”. For conversion of cell-pixels
back to cells, an external calibration curve was generated. To do this, a second order
polynomial fit analysis was performed on the combined data of three individual pig
standard curves. The best-fit curve that matched the data was then used as an external
calibration curve to convert cell-pixel values of every plate back to cell numbers. These
cell numbers were subsequently used for normalization of the Seahorse XF assays.
The R-script is available from GitHub (https://github.com/vcjdeboer/seahorse-data-
analysis-PIXI).

Statistical analysis and data visualization

Data are presented as mean + s.d., unless stated otherwise. The standard score,
or z-score, was calculated using equation (1): z-score = (well — mean(all wells per
subject))/s.d.(all wells per subject). Statistical analyses and data visualizations were
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performed using GraphPad Prism v.9 (GraphPad Software, CA, USA). Statistical
testing was performed using student’s t-test or one-way ANOVA when appropriate
and as stated in the Figure legends. A p-value of <0.05 was considered statistically
significant.

Results

Pig primary IEC isolation optimization for analyzing metabolic activity

We set out a strategy to set-up our methodology using a number of shearing and
isolation methods described in literature (Fig. 4.1A). For reference, we compared the
methods described by Roedinger and Truelove [27] and Darcy-Vrillon et al. [19]. The
former used vigorous shaking while the latter used gentle massaging of the intestinal
segments, and we will thus refer to them as “vigorous” and “gentle”, respectively. Both
methods were performed in physiological buffer without enzymatic treatment. To be
able to compare methods, we first scored the presence of crypts in the isolates as a
sign of isolation robustness. More crypts means that less single cells are isolated, which
makes the method less suitable. The vigorous as well as the gentle method both gave
crypts (Fig. 4.1B), although slightly less in the gentle method, and the overall yield and
viability was not different between both techniques (Fig. 4.1C-D). Although viability was
not different, basal OCR was significantly lower for the vigorous method (Supplementary
Fig. S4.1A). Therefore, we decided to further optimized the gentle method, by inverting
the intestine during the washing steps to increase the exchange between buffer and
intestinal surface area. In addition, we added an enzymatic dissociation step in order to
improve single-cell yield (‘enzyme’ method). After including these steps, we observed
less crypts compared to the method without inversion and enzymatic dissociation (Fig.
4.1B). Next, to be able to isolate IECs from piglets that received different feeds that
could possibly affect the thickness of the mucus layer, we added an extra washing step
to the isolation protocol to increase mucus removal prior to enzymatic cell dissociation
(‘enzyme+wash’ method; final protocols see supplemental method for a stepwise
description). Introduction of the extra washing step did not result in lower cell yield
(Fig. 4.1E), and increased cell viability (Fig. 4.1F, p=0.0018), demonstrating that extra
washing can be included without negatively impacting cell viability and yield, but
allowing for a flexible isolation protocol based on the feeding status of the animals. In
the subsequent experiments, the ‘enzyme” and “enzyme + extra wash” methods were
used, unless otherwise stated.
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Figure 4.1 Comparison and optimization of enterocyte isolation methods. (A) Brief
overview of the experimental procedures of for the different isolation methods used
during the optimization procedure. (B) Representative brightfield images of the isolated
cell populations for the different isolation methods; crypts are indicated with arrows. (C,D)
Analysis of yield and viability of the vigorous and gentle isolation methods (n=4 pigs
per isolation method). (E,F) Analysis of yield and viability of enzymatic (enzyme) and
enzymatic with additional washing step (enzyme+ extra wash) dissociation methods (n=8
pigs for enzyme procedure, n=27 pigs for enzyme + extra wash). Student’s t-tests were
performed to compare yield and viability of the enzyme and enzyme + wash methods, **
indicates a p-value of <0.01. Each dot in the bar-graphs represents one an IEC isolation
from a single pig.

Optimization of normalization methodology for pig IEC metabolic mea-
surements

Next, we analyzed extracellular O, (OCR) and pH (ECAR) fluxes of primary isolated pig
IECs using the Seahorse XFe96 analyzer. This allows for simultaneous measurement
of oxygen consumption, as a measure for mitochondrial respiration, and extracellular
acidification, as a measure for glycolytic function. An important step in this analysis is
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adjustment of the data to the actual cell number in the well, which can fluctuate despite
cell counting prior to the addition of the cells to the plate. We therefore optimized the
normalization method. First, we tested nuclear staining with Hoechst, but noticed that
not all cells were stained, as can be observed from the non-blue stained cells presentin
the picture (Fig. 4.2A). This was likely due to active efflux drug transporters in the IECs
[30]. Next, we fixed the cells in wells and stained them with DAPI. Because the IECs
were only loosely attached to the assay plate, and fixation and DAPI staining required
several washing steps, cells were often washed away after the procedure (Fig. 4.2B).
Next, we used brightfield (BF) images of the wells, obtained prior to the Seahorse
XF analysis, similar to a method performed for primary PBMCs [29] (Fig. 4.2C). We
observed a correlation coefficient of 0.95-0.99 between the number of cells we seeded
from three pigs and the number of cell-pixels counted using our R-algorithm (Fig.
4.2D). A drawback of this correction method is that there can be inter-plate differences
in image acquisition, necessitating the addition of a standard curve on each plate [29].
However, we observed that differences in image intensity did not result in different
amounts of counted cells, making the use of in-plate calibration curve unnecessary for
our experimental set-up and cell type (Fig. 4.2E). We combined the data of the three
piglets (Fig. 4.2D) and performed a second order polynomial fit analysis, which we used
as a calibration curve. Following transformation of pixel intensities to cell number using
the formula obtained from the combined data of the three pigs (R*=0.96), we applied
this normalization method to a group of piglets (n=7) that received an experimental diet
for two weeks. We found that normalization indeed reduced the within subject variation
of basal OCR values, as can be analyzed using the average z-score (or standard
score, see equation (1) for calculation; Fig. 4.2F). The standard score represents the
variation within the technical replicates (n=4-10 wells/pig) that are included during the
Seahorse XF analysis. The arithmetic mean of the standard score decreased from 0.78
to 0.76 after correction for cell number and the range of standard scores was smaller
(Fig. 4.2F). The coefficient of variation (CV), which represent the between pig variation,
decreased from 31% to 15% (Fig 4.2). These results indicate that normalization using
bright field imaging for pig IEC Seahorse analysis lowers both within and between
subject variation, which benefits statistical interpretation and the number of replicates
that are needed.

4
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Figure 4.2 Optimization of normalization for metabolic Seahorse measurements.
(A) Hoechst 33342 staining of isolated IECs. (B) Images depicting the same well pre-
run, post-run and post-fixation and DAPI staining. (C) Pre-run brightfield images are
processed for image analysis, yielding a white-object-on-black-background image. (D)
Correlation of cell-pixels to the number of cells expected to be seeded for three pigs
and their combined correlation coefficient (50,000-150,000 cells/well/n=4 wells per cell
concentration). The combined calibration curve for the three pigs was used to convert
cell-pixel values back into cell numbers. (E) Images with varying image intensities show
similar cell-pixel values, with corresponding also similar cell number values. (F) Within-
pig variation, as represented by standard score, of basal OCR measurement in a group
of piglets corrected using our cell-pixel image analysis (n=7 pigs). (G) Coefficient of
variation (%), as a measure of between-pig variation, of basal OCR measurement in the
same group of piglets (n=7). Representative images are shown.
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Optimization of metabolic analysis using isolated pig primary IECs

After establishing the proper strategy to correct for cell number, we determined the
number of cells needed to obtain a sufficient signal during a Seahorse run. We observed
a strong correlation between the number of seeded cells and basal OCR (Fig. 4.3A)
as well as basal ECAR when cells were seeded within a range of 50,000-150,000 cells
per well (Fig. 4.3B), showing that this range was suitable for analysis. Spare respiratory
capacity is an important metabolic parameter that often can distinguish metabolic
states between cell populations. Therefore, we studied the optimal FCCP concentration
needed for uncoupling. Both too low and too high concentrations of this drug will result
in sub-optimal uncoupling. We noticed that at a low cell seeding density (25,000 cells
per well) spare respiratory capacity (SRC) was not detectable. At 50,000 cells per well
and at 120,000 cells per well a different concentration FCCP was observed to induce
the highest SRC. For 50,000 cells per well 1.18 uM FCCP induced the highest increase
in respiration, while this was 0.75 pM FCCP at 115,000 cells per well, although there
were no significant differences between the different FCCP concentrations (Fig. 4.3C).
To achieve experimental uniformity, we decided to continue our experiments using
100,000 cells per well and 1 uM FCCP.
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Figure 4.3 Optimization of Seahorse metabolic flux analysis of isolated pig IECs.
(A,B) Comparison of the linear correlations between basal OCR and basal ECAR
versus seeded cells, in a range of 50,000-150,000 cells (n=4 wells per concentration).
(C) Optimization of FCCP concentration for different cell concentrations, ranging from
25,000-115,000 cells/well (n=3-5 wells per concentration, cells were isolated using the
‘gentle’ method). (D-F) Effect of leaving IECs in the plate for 1.5h on their OCR, ECAR
and energetic phenotype (n=3 pigs). (G-I) Effect of addition of antibiotics to the isolation
buffers and assay medium of IECs on their OCR, ECAR and energetic phenotype (n=4
pigs with and n=4 pigs without antibiotics). One-way ANOVA was performed to identify
the optimal FCCP concentration, while student’s t-tests were performed to compare OCR
and ECAR after leaving cells in the plate for 1.5h and the effect of antibiotics, * indicates
a p-value of <0.05.

Given that isolated primary IECs do not remain viable for extended periods of time, we
evaluated the effect of delaying metabolic function analysis by leaving cells in the plate
after isolation. We observed that leaving the cells in the plate for 1.5h prior to metabolic
measurement resulted in a significant decrease of basal OCR as well as ECAR,
compared to immediate measurement (Fig. 4.3D-E). In Figure 4.3F, when plotting OCR
and ECAR in an energetic phenotype plot, it can be seen that a delay of 1.5h already
resulted in movement of the energetic phenotype towards the less energetic quadrant.
These results indicated that the metabolic function should be analyzed as soon as
possible after isolation and at least at a defined time interval smaller than 1.5h.

Microbial contamination of the isolated cell population can disturb the metabolic
measurements of isolated cells. Therefore, antibiotics have been used in enterocyte
isolations to lower the risk of contamination. However, antibiotics have also been shown
to alter cellular metabolism [31, 32]. We therefore investigated the effect of isolation
of cells in the absence or presence of 1% (v/v) penicillin/streptomycin. We did not
observe differences in basal OCR and ECAR of intestinal cells isolated in the presence
of antibiotics as compared to absence of antibiotics (Fig. 4.3G-l). Even in absence of
antibiotics, bacterial contamination is unlikely to contribute substantially to basal OCR
and ECAR, because bacteria are much less dense than cells and it is thus likely that
during spin-down at low g-force most of the bacteria are still in the supernatant fraction.
In addition, the bacteria need to be attached to the bottom of the plate and be present
in the small transient measurement chamber during XF analysis to contribute to the
OCR and ECAR, which is likely not the case. To show that the OCR we measure is not
due to bacterial contamination, we collected the supernatant after the final wash-step
and added this to the plate. The gentle spin resulted in some cells being present
in the supernatant fraction (Supplementary Figure S4.2A). However, OCR levels of
supernatants were lower than the 20 pmol/min detection limit that is typically used
as a cut-off for reliable Seahorse OCR measurements (Supplementary Figure S4.2B),
whereas the cells had OCR levels ranging from 28-110 pmol/min (Supplementary Figure
S4.2B). Thus, the OCR that is measured cannot originate from bacterial contamination,
but is instead associated with the intestinal cellular fraction. Therefore, we decided not



Extracellular Flux Analysis Optimization for Isolated Pig IECs | 91

to use antibiotics and practiced robust sterile working conditions and proper washing
of cell isolates.

During XF analysis, Antimycin A and Rotenone are used to attain maximal inhibition
of mitochondrial respiration by respectively blocking complex Il and | of the electron
transport chain. We have titrated AM/Rot for several cell lines in the past and
always obtained maximal inhibition with the doses we use here. During analysis of
IEC metabolic flux analysis, we observed an additional decreased in OCR following
addition of 2DG (Fig. 4.4A). This additional decrease could be due to the presence
of non-mitochondrial oxidases, that may respond physiologically to inhibition of
glycolysis by injection of 2DG. Some of the known processes that can contribute to
non-mitochondrial respiration are NADPH oxidases and even electron cycling at the
plasma membrane [33], which can be dependent on glycolytic metabolism to generate

NADPH or NADH substrates, and are therefore inhibited by 2DG.
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Fi%ure 4.4 Effect of Oligomycin on oxidative and glycolytic function of isolated
IECs. (A,B) The average time-course trace for OCR and ECAR of n=7 pigs, following
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subsequent injections of Oligomycin, FCCP, Antimycin A, Rotenone and 2-DG, depicting
which time-points are used for_the calculations. (C) Change in OCR of isolated pig IECs
after Oligomycin injection (n=7). (D) Calculated proton leak of isolated pig IECs (n=7).
(E) Effect of Oligomycin on ECAR in pig IECs (n=7). (F,G) Time-course traces of OC
and ECAR, showing the effect of addition of a ten-fold higher Oligomycin concentration
(average traces of n=6 pigs).

Apart from FCCP, Antimycin A and Rotenone, the drug Oligomycin, a blocker of FF.-
ATPase (Complex V) is used to assess mitochondrial respiration and glycolytic flux.
Typically, Oligomycin lowers OCR and increases ECAR substantially in a response
of the cells to compensate for loss of mitochondrial ATP production. However, the
average OCR and ECAR time-course traces of primary IECs show only a slight effect
of 1.5 uM OM (Fig. 4.4A-B). Indeed, we observed only a limited decrease in oxidative
respiration, and a concomitant limited increase in glycolytic function (Fig. 4.4C-E).
As a result, the isolated IECs seem to have a relatively high proton leak (Fig. 4.4D).
We investigated whether the unresponsiveness to Oligomycin could be due to the
enzyme used during the dissociation method, but found that IECs isolated using the
non-enzymatic ‘gentle’ isolation method also did not respond to 1.5 uM Oligomycin
(Supplementary Fig. S4.3A). To rule out that unresponsiveness to Oligomcyin could
be due to bacterial contamination, we investigated the response to Oligomycin in the
presence and absence of antibiotics. If bacterial contamination indeed contributes to
the lack of response of Oligomycin, antibiotics treated cells should show an Oligomycin
response. However, we did not observe a significant difference between Oligomycin
inhibition of cells isolated with and without antibiotics (Supplementary Fig. S4.3B).
Another explanation was that the Oligomycin is unable to properly block complex V
activity, which has also been observed for other cell types [34-36]. Indeed, increasing
the Oligomycin concentration 10-fold did not elicit an additional response in OCR and
ECAR, indicating that Oligomycin is likely not able to properly inhibit complex V in
isolated primary pig IECs (Fig. 4.4F-G).

Discussion

Intestinal barrier function is decreased when energy production is impaired, which can
occur through inhibition by drugs, redirection of blood flow during strenuous exercise
or even upon bacterial infection [3, 6, 12]. Thus, IEC metabolism plays an important
role in supporting intestinal barrier function. However, there is a lack of availability
of good research protocols to study IEC metabolism. In this paper we successfully
developed a method to isolate primary pig IECs and optimized the analysis of their
energy metabolism. The method yielded a population of viable, single cells and can
be easily adjusted to facilitate e.g. better mucus removal by altering the number of
washing steps, without decreasing cell viability. In addition, the technique can be
applied to a wide range of pig ages, sexes and breeds, as we have demonstrated
by using a mix of ages, sexes and breeds throughout the optimization procedure.
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We also adapted an algorithm to normalize the Seahorse XF data for the number of
cells in the assay using brightfield images obtained before the run, which reduced the
coefficient of variation of basal respiration between the pig IEC isolates. Furthermore,
our data showed that delay of measurement after IEC isolation as well as the use of
antibiotics negatively impact the metabolic function of the primary IECs. Measurement
immediately after isolation is advised. Combined with optimization of cell densities,
medium and chemical composition and concentrations, we have obtained a robust
procedure to measure metabolic function of primary isolated pig IECs using the
Seahorse Extracellular Flux analyzer.

The method described in this paper will improve our understanding on the role of
mitochondrial function in intestinal health in pigs as well as humans. Applying this
method can be especially interesting for studies with interventions that alter the luminal
environment of the intestine, such as dietary interventions. Because such interventions
can be performed in vivo, this enables all the complex interactions within the
intestinal environment to take place. Currently, our knowledge on the impact of dietary
interventions on intestinal epithelial cell metabolic function is limited. There are some
reports of how dietary interventions, such as high fiber diets [19], can affect intestinal
mitochondrial function, but these are mostly limited to oxygen consumption analysis.
The use of Seahorse Extracellular Flux analysis facilitates simultaneous measurement of
oxygen consumption and pH change, and thus allows for the simultaneous assessment
of oxidative and glycolytic metabolism. Our isolation technique mainly results in the
isolation of fully differentiated IECs, which have a metabolically active phenotype, with
both high mitochondrial as well as glycolytic function [37, 38]. It is therefore important
to include both these pathways in metabolic analysis of intestinal epithelial cells. It will
be interesting to investigate whether interventions that reduce mitochondrial oxidative
functions also reduce glycolytic function, or if glycolytic function can actually be
increased to compensate for the loss of mitochondrial ATP production, as is sometimes
observed (e.g. [39]).

In this study, we used primary IECs to investigate the metabolic consequence of
antibiotics. In literature, antibiotics were found to inhibit mitochondrial function, increase
production of reactive oxygen species, disrupt mitochondrial biogenesis and induce
mitochondrial-mediated apoptosis in cancer cells [40, 41]. Specifically, antibiotics were
found to reduce the expression of the respiratory chain complexes in mouse ileal tissue
[42]. Also in cultured cell lines, including those derived from the intestine, antibiotics
were found to decrease the function of mainly complex | and Il of the electron transport
chain, with a concomitant increase in reactive oxygen species (ROS) production [32,
43, 44]. Antibiotics are typically used routinely in cell culture, even when those cells are
later used for metabolic assessments. In some |IEC isolation procedures, antibiotics are
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also added to the isolation medium, which is intended to reduce bacterial contamination
[19, 45]. This, however, may not be ideal if subsequent metabolic parameters are
analyzed. Since mitochondrial function impacts a wide array of cellular functions [14,
46], including barrier function [12], the use of antibiotics will likely also affect other
processes. Therefore, we do not recommend the use of antibiotics during isolation of
IECs, even though our results show no direct effect of antibiotics on cellular intestinal
metabolism fluxes (Fig. 4.3G-I). In addition, the lack of effect of antibiotics on OCR
and ECAR and the low OCR and ECAR measured in the supernatants (Supplementary
Fig. S4.2) also indicates that bacterial contamination does not significantly contribute
to the OCR and ECAR that we measure. Thus, antibiotic use may not be necessary to
accurately measure metabolic function of isolated IECs. Inclusion of additional wash
steps in the IEC isolation procedure may help to reduce bacterial contamination and
permits the omission of antibiotics during the isolation procedure. We showed that
more washing steps can be included, e.g. if the mucus layer is thick, without affecting
cell viability and yield (Fig. 4.1E-F).

During analysis of isolated pig IEC metabolism we observed a relatively small change
in OCR and ECAR upon oligomycin injection (Fig. 4.4). A possible reason for a lower
responsiveness of our cells to Oligomycin may be the presence of active efflux drug
transporter in these primary IECs [30]. Oligomycin analogues have been shown to
inhibit P-glycoprotein mediated calcein-AM transport, indicating that these oligomycin
analogues interact with these efflux transporters [47]. Furthermore, it has also been
shown that the mitochondrial ATPase enzyme itself can be less sensitive to Oligomycin
[34]. Mutations in complex V have been shown to block Oligomycin binding [35, 48],
but without compromising proton translocation [35], indicating that unresponsiveness
to Oligomycin is not always paralleled by uncoupled respiration. Also certain pig cells,
boar sperm, were found to be insensitive to Oligomycin with regard to decreases in
ATP production and oxygen consumption [36]. Interestingly, Oligomycin did result in
decreased sperm motility, indicating that Oligomycin probably caused off-target effects
in these cells [36]. With regard to IECs specifically, a inhibitory effect of Oligomycin has
been reported for the pig-derived cell line IPEC-J2 [49]. However, these are cultured
cells that are in long-time culture, and have possibly accumulated mutations which
can affect their metabolic responses. In mice, Fan et al. [50] also observed a small
increase in ECAR in response to Oligomycin and reported that the oxygen used for ATP
production was half of that contributing to the proton leak in isolated mouse colonic
crypts [50], which is in line with our observed Oligomycin responses.

In conclusion, we have successfully developed a method to isolate viable pig primary
IECs and faithfully measure their extracellular glycolytic and mitochondrial flux. As a
whole, the method we present may likely be a useful tool to be included for functional
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analysis of the effects of various interventions on intestinal health, thus providing new
insight into the complex interactions in the intestinal environment; the intestine that is
simultaneously the gateway and the gatekeeper towards the rest of the body.
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analysed the data, performed data interpretation and wrote the original draft; W.J.J.G.
performed data interpretation and edited the final manuscript; J.K. performed data
interpretation and edited the final manuscript; V.C.J.d.B. conceived and designed
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manuscript.
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Supplementary Figure S4.1 Comparison of metabolic function following non-
enzymatic enterocyte isolation methods. (A) Basal OCR and (B) basal ECAR of
colonocytes isolated with the vigorous or gentle methods (n=4 for vigorous method
and n=3 for gentle method). Student’s t-tests were performed to compare metabolic
parameters of the vigorous and gentle methods, * indicates a p-value of < 0.05.
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Supplementary Figure S4.2 Comparison of respiration of supernatant and IECs to
rule out bacterial contamination. (A) representative image showing a well where only
supernatant was plated (‘supernatant well’) and a well where cell suspension was plated
(‘cell plated well’). Some cells are present in the supernatant plated well. (B) OCR time-
course graph of supernatant compared to IEC plated wells.
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Supplementary Figure S4.3 Effect of Oligomycin IECs isolated using non-enzyme
method and in the presence of antibiotics. (A) OCR plotted as a % of basal OCR after
Oligomycin (OM) injection for cells isolated using the non-enzymatic ‘gentle’ method.
(B) OCR plotted as a % of basal OCR after Oligomycin injection for cells isolated in
the absence (without) or presence (with) antibiotics. Student’s t-tests were performed to
compare OCR response in the presence or absence of antibiotics, p-value is shown in
the graph.
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Supplementary protocol for pig primary intestinal epithelial cells
isolation and metabolic analysis

Isolation procedure

1)

Prepare in advance:

Modified Krebs Henseleit buffer (KHB; #K3753, Sigma Aldrich), according to
manufacturer’s protocol and set to pH 7.4. Can be stored at 4 °C for 2 weeks.

a) Modified KHB buffer (#K3753, Sigma Aldrich), containing 2.5 g/L bovine se-
rum albumin (BSA: #A7906, Sigma-Aldrich) and set to pH 7.4. Prepare on the
day prior to the assay and store at 4 °C until use.

b) Ca?*-free KHB (118 mM NaCl, 4.7 mM KCI, 1.2 mM MgS0O,, 1.2 KH,PO,, 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)) with 20 mM
Ethylenediaminetetra-aceticacetic acid (EDTA) and 10 mM Dithiothreitol (DTT)
and set to pH 7.4. Preferably make fresh on the day of assay, but no more than
one day ahead.

c) Ca?-free KHB (118 mM NaCl, 4.7 mM KCI, 1.2 mM MgS0O,, 1.2 KH,PO,, 10
mM HEPES) with 10 mM DTT and 400 U/mL hyalurondisase type IV (#3884,
Sigma-Aldrich) and set to pH 7.4. Preferably make fresh on the day of assay,
but no more than one day ahead.

d) Pre-coat Seahorse XF 96 well assay plate with CellTak (#354240, Corning,
New York, USA) according to manufacturer’s protocol. Seal the places and
store at 4 °C until use, but no more than one week in advance. On the morning
of the assay, plate at room temperature (RT).

e) Oxygenate the buffers prior to use with pure O,.

Kill the animal and remove the intestine.

Separate the intestine and determine where the desired segment of intestine is

located. For us, this was at 80% of the colon (from proximal).

Remove a + 20 cm tissue piece and place in oxygenated modified KHB buffer

containing 2.5 g/L BSA.

Once all the intestines are removed, flush the intestines using modified KHB buffer.

We recommend to include no more than 8 animals per isolation round. This allows

for fast isolation and fast metabolic analysis, in addition to allowing for sufficient

replicates on the Seahorse XF assay plate.

Invert the intestines, using for example a long crochet hook. Make sure to remove

any mesentery or fat tissue left on the segment, to allow for quick reversion in

subsequent steps.

Clamp off the ends of the segments and fill the intestines with modified KHB buffer.

Use a 50 mL syringe and standardize the amount of buffer between samples. With

a 12-week-old pig we used 50 mL for a 20 cm long segment of the colon. The
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13)
14)
15)
16)

17)

18)
19)

20)
21)

22)

23)
24)

intestine should be somewhat distended to increase surface contact between the
buffer and the intestinal mucosa.

Place the inverted segment in an Erlenmeyer with screwcap, containing about 150
mL Ca?*-free KHB with 20 mM EDTA, 10 mM DTT and 2.5 g/L BSA.

Incubate for 20 min at 37 °C in a shaking water bath.

Pour away the buffer and refill the Erlenmeyer with another 150 mL of new
Ca?*-free KHB with 20 mM EDTA, 10 mM DTT and 2.5 g/L BSA.

) Incubate for 20 min at 37 °C in a shaking water bath

Revert the intestines and fill them with Ca?*-free KHB with 10 mM DTT and 400 U/
mL hyaluronidase type IV (#3884, Sigma-Aldrich). Use about the same amount
as previously, making sure the intestine is slightly distended to increase surface
contact area between buffer and mucosa.

Place the intestinal segments in an Erlenmeyer containing 150 mL modified KHB
and incubate for 15 min at 37 °C in a shaking water bath.

Gently massage the intestines for about 15 seconds and collect the contents in a
conical 50 mL falcon tube.

Using a 70 um cell strainer, filter the cells and place in a new 50 mL falcon tube
Spin the cells down for 5 min at 400 x g.

Discard the supernatant, pour about 10 mL modified KHB buffer containing 2.5 g/L
BSA and shake the pellet loose.

Spin the cells down for 5 min at 400 x g.

Discard the supernatant, wash twice with 10 mL pH buffered Seahorse XF as-
say medium (#103575-100, Agilent Technologies) supplemented with 10 mM pH
balanced glucose (#103577-100, Agilent Technologies), 2 mM pH balanced glu-
tamine (#103579-100, Agilent Technologies), and 1 mM pH balanced pyruvate
(#103578-100, Agilent Technologies).

Count the cells using the Burker chamber.

Simultaneously measure viability with the K4 (Nexcelom biosciences) using Vi-
aStain (#CS2-0106, Nexcelom Bioscience).

Prepare cell suspensions, seeding cells at 100,000 cells/well in 80 pL in a CellTak
coated Seahorse XF 96 well assay plate.

Leave the cells to settle at RT for 10 minutes.

Spin down for 1 min at 200 G with zero break.

Imaging

25)

Take Brightfield images of the inner probe area of each well in the XF96 cell plates
using a 37 °C equilibrated Cytation 1 Cell Imaging Multi-Mode Reader (BioTek,
Winooski, Vermont, USA) with a 4x objective. Set the LED intensity to 5 and inte-
gration time to 80 milliseconds. Use the ‘User trained autofocus’ option to obtain



Extracellular Flux Analysis Optimization for Isolated Pig IECs | 103

the best image quality.
26) After images are obtained, add another 100 pL of supplemented pH buffered
Seahorse XF assay medium and place the plate into a non-CO, 37 °C incubator.

Seahorse XF assay

27) On the day prior to the assay, equilibrate the Seahorse XF analyzer to 37 °C

28) Hydrate a cartridge overnight in anon-CO, 37 °C incubator, using 200 pL sterilized
milli-Q water (MQ) per well.

29) Replate MQ for XF Calibrant no less than 1 hour prior to the assay and incubate in
anon-CO, 37 °C incubator.

30) Prepare 10x injections in supplemented pH buffered Seahorse XF assay medium
and pipet into the Seahorse cartridge:

Injection A (20 pL): 15 uM Oligomycin (#04875, Sigma-Aldrich)
Injection B (22 pL): 10 puM carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone (FCCP; #C2920, Sigma-Aldrich

Injection C (25 pL): 12.5 uM Rotenone (#R8875, Sigma-Aldrich)

and 25 pM Antimycin A (#A8674, Sigma-Aldrich)

Injection D (28 pL): 500 mM 2-deoxyglucose (2-DG; #D8375, Sigma
-Aldrich)

31) Run Seahorse protocol. Include an equilibration step, and measure 3 times for 3
minutes, with 2 minutes of mixing between each measurement. Then, inject port A,
and mix and measure another 3 times. Subsequently inject all other ports, always
measuring and mixing 3 times prior to the net injection.

32) Optional: After the Seahorse XF assay run, image the plate in a similar manner as
previously described, using the “user trained auto-focus” method to obtain the
best quality images. This step can be included to check the amount of cell de-
tachment.
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Abstract

The intestine is a highly metabolic organ that relies on energy production within the
intestinal cells to sustain its functions. In the colon, intestinal cell metabolic function
could be affected both positively and negatively by microbiota derived metabolites.
Protein fermentation metabolites are known to negatively impact intestinal metabolic
function, while fibre fermentation metabolites are generally thought beneficial. We
aimed to investigate whether proteins of different digestibility in the absence and
presence of fibres impact energy metabolism of colonocytes, with potentially adverse
health effects. We fed 32, 9-week-old boars one of four experimental diets for 14 days
in a 2x2 factorial arrangement. Whey and collagen were added as a well and a poorly
digestible protein source, respectively, and fibre was either included at 5 or 23%. We
examined the effects of the diets on flux of fermentation metabolites in colon digesta
and assessed the impact of the diets on functional metabolic capacity of isolated
colonocytes using the Seahorse XF analyzer. Feeding the poorly digestible protein
source collagen indeed increased nitrogen flow into the colon by 135% compared to the
well-digestible whey-protein source. Feeding high fermentable fibre increased colonic
fluxes of both fibre-derived metabolites acetate, propionate, butyrate and caproate, but
also increased flux of protein-derived metabolites ammonia, isobutyrate, isovalerate,
valerate and isocaproate. To analyse the impact of the diets and the induced differential
metabolic composition of the intestinal lumen on functional metabolic capacity of
the intestine, we used extracellular flux analysis on freshly isolated pig colonocytes.
Colonocytes isolated from high fermentable fibre fed pigs in the whey-protein diet, but
not in the collagen-protein diet had a reduced mitochondrial capacity, as indicated by
a 35% reduction of maximal respiration (interaction p<0.05) and a 20% reduction of
spare respiratory capacity (interaction p<0.05). Colonocytes from high fermentable
fibre fed pigs had a 37% decreased glycolytic activity as compared to the colonocytes
isolated from the low fermentable fibre fed pigs (p<0.001). This indicated that different
diets, and in particular different protein sources and fibre levels differentially affect
colonic epithelial cell metabolism in pigs. Especially high-fermentable fibre lowered
both colonocyte mitochondrial and glycolytic metabolism, indicating that high fibre
intake in pigs could lower colonocyte energetic status. Because metabolic capacity
of colonocytes is tightly linked with their functionality, assessment of intestinal cell
metabolic capacity may be a valuable tool for future research.

Keywo rds: diet, fermentation, metabolism, short-chain fatty acids, colon
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Implications

Sufficient energy production in intestinal epithelial cells (IECs) is important to support
intestinal functions. Inthis study, we investigated whether dietary interventions, designed
to impact colonic microbial fermentation, could alter metabolic function of colonocytes.
To do this, we isolated pig colonocytes and directly measured their metabolic capacity.
We found that pig colonocyte metabolic capacity was indeed modulated by two-week-
long dietary interventions, and that protein source and fibre level differentially affected
metabolic capacity. These results not only give us new insights into how diets can
impact intestinal health, but also show that assessment of IEC metabolic function may
be a sensitive tool to investigate the effects of diets on the intestine.

Introduction

The intestine is a major metabolic organ, which facilitates the selective entry of
nutrients into the body, while simultaneously providing a barrier against pathogens. The
intestine’s absorptive and barrier functions are actualised by intestinal epithelial cells
(IECs), a type of cell that is continuously generated from stem cells in the crypts, which
migrate to the villus top as they mature, in a 5-7 day cycle [1]. IECs form a physical
barrier to protect the host, comprising a tight layer with actively maintained cell-cell
junctions and specialised cells that secrete mucus to create a protective layer on top
of the IECs [2]. To perform its complex role, the intestine is divided into various regions
with distinct functions, which together comprise an enormous surface area, resulting
in a large, dynamic and active tissue, with high energy demand. The specific energy
demand for the intestinal processing of nutrients is illustrated by a 25% increase in
resting metabolic rate for humans [3], and 15-20% for growing pigs [4]. This increase
reflects a doubling of intestinal energy use, which is required to support digestion,
absorption and metabolism of sugars, proteins and lipids. In addition, adequate cellular
energy production was shown to be important for barrier integrity, and thus to maintain
intestinal health [5-7]. Disruption of intestinal energy production, for example due to the
absence of energy substrates or because of drug use, was found to increase intestinal
apoptosis and permeability [8-10]. As such, intestinal energy metabolism emerges as
an area of interest for the overall health of organisms.

For their metabolism, IECs use dietary energy substrates, of which the availability
differs across the intestinal tract. Rapidly digestible carbohydrates and proteins are
metabolised and absorbed in the small intestine [11]. Complex carbohydrates like
fibres serve as substates for microbiota, mainly in the colon [11, 12]. Microbial fibre
fermentation results in, among others, the production of short-chain fatty acids (SCFAs).
One of the SCFAs, butyrate, is regarded as a preferred energy substrate of colonocytes
[13]. Similar to carbohydrates, undigested proteins are subject to fermentation in the
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colon. Whereas colonic proteins can be used for microbial protein synthesis, they
can also be used as microbial energy sources, leading to the production of a wide
variety of protein fermentation metabolites [14]. Protein fermentation metabolites
are thought to contribute to intestinal dysfunction by negatively impacting intestinal
epithelial cell function, such as by disrupting colonocyte metabolic function [12, 15].
A good examples of a harmful protein fermentation metabolite is ammonia. Ammonia
was shown to decrease the ability of colonocytes to oxidize butyrate, their primary
energy source [13, 16]. In this study, we addressed whether functional colonocyte
metabolism is challenged by protein fermentation metabolites. Most studies have not
measured colonocyte energy metabolism directly, but we are able to do this with a
recently optimised protocol to assess energy metabolism of isolated IECs, measuring
their oxidative and glycolytic fluxes [17]. This allows us to study the effects of feeds on
colonic energy metabolism.

Given the upcoming feed transition to increased use of high-fibre co-products that
are also rich in moderately digestible proteins [18], we were interested in better
understanding the interactions between protein and fibre in the colon. In general, the
addition of fermentable fibre into pig feeds is thought to improve animal health through
multiple mechanisms [19, 20]. Firstly, it provides butyrate to colonocytes. Secondly,
it could reduce the production of metabolites originating from the fermentation of
undigested proteins [21, 22]. Thirdly, fibre fermentation metabolites, in particular
butyrate, are known for their beneficial effects, such as by improving barrier function
[5], and acting as an anti-inflammatory [23] and anti-tumorigenic agents [24, 25].

In the current study, we investigated whether proteins of different digestibility in the
absence and presence of fibres impact colonic energy metabolism, thereby potentially
affecting pig health. To investigate this, we fed pigs diets in a 2x2 factorial arrangement,
with protein source and fibre level as factors. Protein sources were either highly (whey)
or poorly digestible (collagen), and for each protein source fibre was included at either
5% or 23%, where starch was exchanged for soybean- and oat hulls in the high-fibre
diets. We examined the effects of the diets on colonic fermentation metabolites and
assessed the impact of the diets on functional metabolic capacity of IECs.

Methods

Animals

A total of 32 boars, 9 weeks of age, 22.8 kg BW (SEM=0.5) (TN70; Large White x
Norwegian Landrace, TopigsNorsvin, Vught, The Netherlands) originating from a
specific pathogen-free breeding farm were transported to CARUS, the research facility
of Wageningen University, the Netherlands. Pigs were group-housed with four pigs per
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pen, in 5 m?partly slatted pens with thick rubber mats for lying comfort. Upon arrival,
pigs were weighed and allocated to the pens based on their initial body weight, to
minimize variation in BW between pens and treatments. Temperature was kept between
22 and 25°C with a humidity of 65%, and lights and radio were switched on between
7:00 and 19:00h and lights were dimmed to 5% and radio was off from 19:00 till 7:00h.
The first two days, pigs were gradually switched to the experimental diets, which they
received throughout the next two weeks. Health and welfare were assessed visually
twice a day during feeding, and faecal consistency score was assessed (score of 1-5,
1 = liquid diarrhea, 5 = hard faeces).

The feeds were produced in meal form and produced by Research Diet Services (RDS
BV, Wijk bij Duurstede, The Netherlands) in a single batch. Collagen protein and the
amino acids L-Phenylalanine and L-Leucine were mixed into the feeds at the research
facility. Diets contained different protein sources and fibre levels in a 2x2 factorial
design (Table 5.1). The experimental diets contained either whey as a highly digestible
protein source or collagen as a poorly digestible protein source. For each protein
source, there was a low fibre diet that contained only 5% dietary fibre, and a high fibre
diet that contained 23% dietary fibre. To create the high fibre diets, maize starch was
exchanged for soybean hulls and oat hulls. Synthetic amino acids were added to the
collagen diets to meet the minimal requirements for essential amino acids. Pigs were
fed twice a day at 8:00h and 16:00h, and received 50% of the daily feed allowance
per meal. Feed intake was set at 1.4 times the maintenance energy requirement using
the formula from CVB (NE maintenance = 750 x BW%%, [26]), to ensure that all pigs
consumed the same amount of feed. To determine nutrient digestibility and the mean
intestinal retention time of the diets, TiO, was included at 2 g/kg as an indigestible
marker. Based on previous studies, it was modelled that feeding pigs every 6 hours
for a period of at least 36h could provide a constant flow of digesta through the colon
[27-29]. Therefore, starting 36 hours before slaughter, pigs were fed every 6 hours with
25% of the daily feed allowance, and constant flux of digesta through the colon was
assumed for all diets in this study. We verified that each pig consumed its own portion
of feed by visual observation. Water was available ad libitum throughout the entire study
period. At the end of the study period, pigs were sedated using intramuscular injection
of Zoletil+Xylazine (5:2 ratio, 1 mg/10 kg BW), and euthanised by lethal injection with
pentobarbital (24 mg/kg BW).
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Table 5.1 Ingredient and calculated nutrient composition of the four experi-
mental diets fed to pigs for two weeks, expressed on an as fed basis’.

Whey Collagen

Components Low Fibre High Fibre Low Fibre High Fibre

Ingredient composition (%)
Whey Protein iso-

late 21 21 - -
Bovine Collagen - - 18.1 18.1
Soy Protein Con-

centrate 31 0 31 0
L-lysine HCI 0.05 - 0.64 0.58
DL-Methionine - - 0.5 0.5
L-threonine - - 0.4 0.4
L-tryptophan - - 0.2 0.2
L-isoleucine - - 0.3 0.3
L-Histidine - - 0.3 0.3
L-Phenylalanine - - 0.3 0.3
L-Leucine - - 0.6 0.6
L-Valine - - 0.3 0.3
Sucrose 10 10 10 10
Wheat gluten meal 0.8 - 0.8 -
Maize starch 53.2 29 52.9 28.9
Soybean Hulls - 15.5 - 15.5
Oat Hulls - 13.2 - 13.2
Cellulose 3 3 3 3
Rape seed oil 3 3 3 3
Premix (vitamins +

minerals)? ! ! 1 !
MgO 0.2 0.1 0.2 0.1
CaCo03 1.5 1.2 1.5 1.2
Ca(H,PO,), 1.5 1.5 1.6 1.6
KCO, 0.3 - 0.5 -
KCI 0.3 0.3 0.1 0.1

NaHCO, 0.5 0.5 0.5 0.5
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TiO 0.2 0.2 0.2 0.2

2

Total 100 100 100 100

Nutrient composition (g/kg)

Dry Matter 920 921 924 925
Crude Protein 220 220 220 220
Digestible Crude

Protein 194 179 177 162
Crude Fat 36 40 34 38
Crude Ash 40 49 42 49
Starch 513 303 510 302
Sugars 113 111 112 109
Dietary Fibre® 47 1 231.5 47 231.3
NE (MJ/kg) 11.6 9.5 11.4 9.4

Abbreviations: NE = net energy.

" Nutrient composition was calculated based on ingredient composition and table val-
ues for the composition of the ingredients [30].

2 Supplied per kilogram of feed: retinyl acetate, 10,000 IU; cholecalciferol, 2,000 1U;
DL-a-tocopherol, 40 mg: menadione, 1.5 mg; thiamine 1.0 mg; riboflavin, 4 mg; pyridox-
in-HCI, 1.5 mg; cyanocobalamin, 20 pg; niacin, 30 mg; D-pantothenic acid, 15 mg; Cho-
line chloride, 150 mg; Folic acid, 0.4 mg; Biotin, 0.05 mg; iron(Il)sulphate monohydrate,
331 mg; copper(ll)sulphate pentahydrate, 80 mg; manganese(ll)oxide, 49 mg; zinc
sulphate monohydrate, 194 mg, potassium iodate, 1 mg; sodium selenite, 0.56 mg.
SDietary fibre was calculated as follows: organic matter — crude protein — crude fat —

starch — sugar.

Enterocyte isolations

Colonocytes were isolated according to [17]. Briefly, following excision from the
abdominal cavity, the entire intestine was separated from the mesentery, and the colon
was located. At 66% of the length of the colon, a clamp was placed to delineate the
distal part of the colon. Then, a piece of 20 cm proximal of the clamp was removed
and placed in aerated modified Krebs Henseleit Buffer (KHB) containing 5 mM glucose
(#K3753, Sigma Aldrich, hereafter referred to as modified-KHB), supplemented with
2.5 g/L bovine serum albumin (BSA, #A7906, Sigma-Aldrich). To ensure that isolated
cells maintained good viability, cell isolations for each slaughter-day were performed
simultaneously. Only eight pigs were slaughtered per day to ensure that each pig had at
least eight replicates for the metabolic analysis, which is performed on a 96-well plate.
When all samples were obtained, intestines were washed thoroughly with modified KHB
and inverted. Using dialysis clamps (#2371092, Sigma Aldrich), a sac was created by
filling the inverted intestine with modified-KHB, which was then placed in 118 mM
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NaCl, 4.7 mM KCI, 1.2 mM MgSO,, 1.2 KH,PO,, 10 mM HEPES (Ca?*-free KHB, pH
7.4), supplemented with 10 mM Dithiothreitol (DTT), 20 mM Ethylenediaminetetraacetic
acid (EDTA) and 2.5 g/L fatty-acid free BSA (#3117057001, Sigma-Aldrich) to wash
the mucus away. The intestines were incubated in this wash buffer for 20 minutes in an
oscillating water bath at 37 °C. Then, the buffer was discarded and the washing step was
repeated for another 20 minutes, using the same Ca?*-free KHB buffer supplemented
with 10 mM DTT, 20 mM EDTA and 2.5 g/L fatty-acid free BSA. The intestinal sacs were
then reverted and filled with Ca®*free KHB buffer containing, 10 mM DTT, 400 U/mL
hyaluronidase type IV (#3884, Sigma-Aldrich) and 2.5 g/L fatty acid-free BSA. After a
fifteen-minute incubation, the intestinal sacs were gently massaged for 15 seconds,
after which the content of the sacs was collected in 50 mL tubes. The cells were then
passed through a 70 pM cellulose filter top remove debris and large tissue pieces. The
collected cells were washed twice using modified-KHB containing 2.5 g/L BSA and
once with pH balanced XF DMEM assay medium supplemented with pH balanced 10
mM XF glucose, 2 mM XF glutamine and 1 mM XF pyruvate. Cells were spun down at
400 x g for 5 min. Then, cells were counted using the Burker chamber, and cell viability
was assessed by staining cells with ViaStain (#CS2-0106, Nexcelom Bioscience) and
imaging them using the Cellometer K4 (Nexcelom Bioscience).

Metabolic measurements

Metabolic function of the isolated colonocytes was measured in real-time using the XFe96
Seahorse Extracellular Flux Analyzer (Seahorse Bioscience, Agilent Technologies,
Santa Clara, USA). Isolated colonocytes were plated into Seahorse 96-well plates at
100,000 cells/well. Because isolated colonocytes are non-adherent cells, the plates
were pre-coated with CellTak (#354240, Corning, New York, USA) according to the
manufacturer’s protocol to ensure that cells adhere to the bottom of the plate throughout
the measurement. After calibration and initialization, basal metabolic function of the
plated colonocytes was measured. Then, 1 yM FCCP (#C2920, Sigma-Aldrich), 2.5 uM
Antimycin A (#A8674, Sigma-Aldrich) and 1.25 uM Rotenone (#R8875, Sigma-Aldrich)
and 2-deoxyglucose (2-DG; #D8375, Sigma-Aldrich) were consecutively injected into
the wells. The responses of the colonocytes to the different drug injections can then be
used to calculate non-mitochondrial respiration, basal oxygen consumption rate (basal
OCR), maximal respiration and spare respiratory capacity (SRC) from the oxygen
consumption rate. Extracellular acidification rate (ECAR) is measured simultaneously
and can be corrected for the contribution of mitochondrial CO,-production using the
buffer capacity factor of the medium to approximate lactate flux, which is expressed as
the glycolytic proton efflux rate (glycoPER).
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Normalisation

Seahorse XF assays were normalised using an adaptation of a previously in-house
generated R-script, that uses the EBImage package available for Bioconductor [31, 32].
The normalization method was validated and optimised together with the enterocyte
isolation protocol [17]. Brightfield images were obtained before the Seahorse XF assay,
using the Cytation 1 (BioTek Instruments, Inc., Winooski, VT, USA), with a 4x objective.
The images were processed as follows: a Gaussian blur low-pass filter was applied to
generate a background image, followed by subtraction of the background image from
the original. The background-corrected image was then inverted to generate a “white-
objects-on-black-background image”. This image was subsequently cropped by 5%
to remove potential noise from the XF assay plate moulded stops, that are present on
the plates to prevent the sensors from disrupting the cell monolayer. Images were then
analysed to calculate pixel intensity values for all the pixels in the image. All the pixels
with an intensity >1 was counted as representing the presence of a cell, and we refer
to these as “cell-pixels”. For conversion of cell-pixels back to cell numbers, an external
calibration curve was generated, using a second-order polynomial fit analysis on data
obtained from three individual pig colonocyte standard curves. These cell numbers
were subsequently used for normalization of the Seahorse XF assays.

Citrate synthase activity

To investigate mitochondrial density in colonic mucosa we used the Citrate Synthase
(CS) activity assay kit according to the manufacturer’s instructions (#CS0720, Sigma-
Aldrich). In short, intestinal scrapings were first crushed with a pestle in liquid nitrogen.
The crushed scrapings were then added to lysis buffer containing 50 mM Tris-HCI
pH 7.4 150 mM NaCl, 1% Triton X-100, 1 mM EDTA and protease and deacetylase
inhibitors (2 uM trichostatin A, 10 mM nicotinamide and one tablet per 10 mL of both
protease and phosphatase inhibitor cocktail (Roche)). Samples were first placed
in a thermoshaker at maximum speed for 5 minutes in a cold room, and were then
submitted to a freeze-thaw cycle (-80°C freezing, 4°C thawing), after which they were
sonicated on ice for 10 pulses of 2 seconds at 40 kHz. The sonicated samples were
then centrifuged at 10,000 x g and 4°C to remove cell debris. The protein content was
determined using the DC protein assay (Biorad) and protein content was equalised
across all samples using 1x citrate synthase assay buffer. A baseline measurement
was first taken, containing all relevant reagents and protein, but without oxaloacetate.
Then, oxaloacetate was added and changes in absorbance at 412 nm were monitored
for 30 minutes with a measurement interval of 24 seconds, using a Synergy HT Multi-
detection microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The CS
activity was then calculated using the change in absorbance in the linear section of the
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reaction according to the manufacturer’s protocol, accounting for the sample volume,
the pathway length and the protein input. CS activity is expressed as units (umol/mi/
min) per mg protein.

Digesta sample analysis

Intestinal digesta was collected from the distal colon by clamping off the colon
between 66% and 80%, and collecting the digesta within the intestinal segment. Dry
matter content of feed and freeze dried matter content of digesta were determined
according to the International Organization for Standardization (ISO) 6496 [33].
Nitrogen in digesta was determined by using the Kjeldahl method according to ISO
5893 [34]. TiO, was analysed in freeze-dried digesta samples according to [35]. To
determine short chain fatty acid (SCFA) concentrations in the samples, distal colon
digesta samples were homogenized, and subsamples were acidified using an equal
volume of Ortho-phosphoric acid (0.1M, #100573, Merck), and were then stored at
-20 °C until use. For the analysis, samples were thawed and centrifuged for 10 min
at 4816 x g to obtain the liquid fraction. To this liquid fraction, 15.89 mM 2-methyl
valeric acid was added as internal standard, and the mixture was centrifuged for 5

min at 20871 x g to remove any remaining debris. The clear supernatant (0.5 UL) was
injected onto a gas chromatograph (Trace 1300, Thermo Fisher Scientific, Waltham,
MA, USA) with a split/splitiess injector operated in split mode (split ratio 1:36) and
a temperature of 260 °C, using the HP-FFAP column (30 m x 0.32 mm x 0.25 um, #
19091F-413, Agilent J&W, Santa Clara, CA, USA) and hydrogen as mobile phase for
detection by FID. Using this method, we analysed specific metabolites of primarily
protein-fermentation (isobutyrate, isovalerate, valerate and isocaproate) and primarily
fibre-fermentation (acetate, propionate, butyrate and caproate). Because we aimed
to investigate how diets, through luminal metabolites in the distal colon, affected IEC
metabolic function, we expressed metabolite concentration as colonic flux in mmol per
hour (see data analysis for calculations). Metabolite concentrations in mmol per kg
digesta can be found in Supplementary Figure S5.1.

Data analysis and Statistics

For pig performance parameters, data are presented as mean with pooled standard
error (SE). Data of metabolite analysis, metabolic function and isolation parameters are
presented using bar-graphs with mean + SEM. For SCFA and N analysis, respectively
two and three samples were missing because they were exhausted. Two pigs
were excluded in the viability and metabolic flux analysis because of an inability to
accurately normalize the data. An additional eight pigs were absent from the analysis
of cell yield because the volume of isolating medium was not recorded. The number
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of pigs included for each group is described in the figure and table legends. For pig
performance parameters, data for pens were analysed. For metabolite fluxes and IEC
isolations, data from individual pigs were analysed, and a random effect of pen was
included to account for higher similarity within pens than between pens.

Mean retention time in hours was calculated using the following formula [27]:
mean retention time(h)= 24*(([T]sample*[Q]sample)/([T]diet*Intake/24h))

Where [T],,,and [T] (g/kg) are TiO, in the diet and distal colon digesta, Qsamp‘e(g) is
the tracer pool size in the distal colon, and intake is feed intake per 24h (kg).

sample

Metabolite flow in mmol/hour was calculated using the following formula:
metabolite flow=[M]sample*[Q]sample/mean retention time(h)

Where [l\/I]Samp‘e (mmol/kg digesta) is metabolite concentration in distal colon digesta,
and Q. (9) is the distal colon digesta pool size, obtained between 66 and 80% of

the colon.
Net disappearance of nitrogen was calculated using the following formula:

net N disappearance colon (g/day)=[N]intake*(apparent total tract digestibilityN-
apparent ileal digestibilityN)

Where [N], ... is daily nitrogen intake per day (g), ATTD (%) N is apparent total tract
digestibility of nitrogen and AID (%) N is apparent ileal digestibility of nitrogen.

Normality of model residuals was checked using the Shapiro-Wilk test, and if
assumptions were not met, data were transformed as indicated in the table and Figure
legends when applicable. Although model residuals were not normally distributed for
isobutyrate and isovalerate due to an outlier, removal of this outlier did not change the
conclusions and was therefore not removed for the final analysis. If all assumptions were
met, two-way ANOVA was performed with an a of 0.05, using protein source and fibre
type as factors and including pen as random effect. In case of significant interaction
between factors, a posthoc Tukey test was performed to determine differences between
groups. To correlate metabolites to IEC metabolic flux, fermentation metabolites were
subclassified as primary protein-fermentation metabolites (ammonia, isobutyrate,
isovalerate, valerate and isocaproate) and primarily fibre-fermentation metabolites
(acetate, propionate, butyrate and caproate). To ensure that metabolites with high
concentrations did not disproportionately influence the overall values of protein- or
fibre-fermentation metabolites, all metabolites were rank-scaled before they were
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added up. Then, the protein- and fibre- fermentation metabolite fluxes were correlated
to IEC metabolic flux parameters using Spearman correlation. All statistical analysis
was performed using R version 4.1, and data was visualised using GraphPad v.9
(GraphPad Software, CA, USA).

Ethics approval

All experimental procedures were approved by the Dutch Central Committee of Animal
Experiments (the Netherlands) under the authorisation number AVD1040020171667.

Data and model availability statement

All data generated or analysed during this study are available from the corresponding
author upon reasonable request. None of the data was deposited in an official repository,
but the R-script for brightfield analysis of microscopy image and data normalisation of
Seahorse XF Extracellular Flux analysis is available from GitHub (https://github.com/
vcjdebo er/seahorse-data-analysis-PIXI).

Results

Effects of the feeds on pig performance

Nor slaughter weight, nor small and large intestinal length was affected by the dietary
treatments (Table 5.2). Collagen-fed pigs had a reduced weight gain compared to
whey-fed pigs (Table 5.2, p<0.01).

Table 5.2 Effect of two-weeks of feeding diets differing in protein source and fibre

level on performance and intestinal traits in pigs. Data are presented as mean with
pooled SE, n=2 pens per group.

Whey Collagen

Low High Low High
Fibre  Fibre Fibre Fibre

SE P

fibre protein P interaction

(Sktggtweigm 234 224 226 228 07 046 071 0.27

Daily weight
gain (g/day) 355 365 286 258 36 0.99 <0.05 0.31

Slaughter
Weight (kg)' 29 28.1 271 26.8 0.7 0.23 0.06 0.28

Length Small
Intestine (m) 14.6 14 148 139 0.5 0.10 0.81 0.70

Length Large
Intestine (cm) 265 274 282 248 19 0.38 0.73 0.18

'Slaughter weight data was transformed using exponential transformation approach
normal distribution, reported values are back-transformed.
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Metabolite analysis in distal colon digesta

Collagen-fed pigs had reduced freeze-dried matter (FDM) content of the distal colon
digesta compared to whey-fed pigs, while the inclusion of high fermentable fibre
increased distal colon FDM (Supplementary Fig. S5.1A). We found that the net colonic
nitrogen disappearance was increased by 135% in the collagen-protein compared
to the whey-protein diets (Fig. 5.1A). The dietary treatments did not affect the mean
retention time (MRT) in the distal colon (Fig. 5.1B). The collagen-fed pigs had an
increased colonic flux of the protein-fermentation metabolites ammonia, isobutyrate,
isovalerate and valerate compared to the whey-fed pigs (Fig. 5.1C-G) as well as an
increased acetate flux (Fig. 5.1H). Feeding high fermentable fibre increased colonic
fluxes of all analysed SCFA’s, both fibre fermentation-derived metabolites (acetate,
propionate, butyrate and caproate, Fig. 5.1H-K), as well as those related to protein
fermentation (ammonia, isobutyrate, isovalerate, valerate and isocaproate, Fig. 5.1C-
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Figure 5.1. Distal colon digesta metabolite levels after two-weeks of feeding pigs
diets varying in dietary protein source and fibre level. Net nitrogen disappearance in
the colon (A). Mean retention time (MRT) in distal colon (B). Protein fermentation metab-
olites ammonia (C), isobutyrate (D), isovalerate (E), valerate (F) and isocaproate (G) and
fibre fermentation metabolites acetate (H), propionate (I), butyrate (J) and caproate (K)
were analysed in distal colon digesta of pigs following two-weeks on the four feeds. The
levels were corrected for mean retention time, yielding intestinal fluxes in mmol per hour.
Bars represent mean + SEM. For panel A, n=5 for low fibre whey group, n=8 for all other
groups. For panel B, n=8 for all groups, for panels C-K, n=7 for low fibre whey and col-
lagen groups, n=8 for high fibre whey and collagen groups. Significance was analysed
using two-way ANOVA, and results are presented in the top left corner of each graph.
Similar letters indicate no significant differences between groups in case of significant
interaction effects, as analysed using Tukey’s posthoc analysis. Data for nitrogen disap-
pearance, butyrate, acetate, propionate, valerate and caproate were log-transformed to
approach normal distribution.

Intestinal cell isolation parameters

Regardless of the fibre treatment, feeding pigs with collagen-protein, compared to
whey-protein, led to an increase in the viability of isolated colonocytes of 12% (Fig. 5.2A,
protein p<0.01). In contrast, the yield of cells/cm? was reduced by 32% in isolations of
pigs fed the high fibre diets, regardless of the protein source (Fig. 5.2B, fibre p<0.05).
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Figure 5.2. Intestinal epithelial cell isolation parameters after two-weeks of feeding
pigs diets varying in dietary protein source and fibre level. Viability as percentage
of dead cells over total cells (A; n=7 for whey-protein groups and n=8 for collagen-pro-
tein groups) and cell yield expressed as viable cells isolated per cm? intestinal tissue
(B; n=5 for whey-protein groups and n=6 for collagen-protein groups) were calculated
following isolation from the colonic segments. Bars represent mean + SEM. Significance
was analysed using two-way ANOVA, and results are presented in the top left corner of
each graph. Similar letters indicate no significant differences between groups in case of
significant interaction effects, as analysed using Tukey’s posthoc analysis

Extracellular metabolic flux analysis of isolated pig colonocytes

The dietary interventions did not affect basal mitochondrial respiration of IECs (Fig.
5.3A). Colonocytes of high fermentable fibre fed pigs in the whey-protein diet, but not
in the collagen-protein diet had a reduced mitochondrial capacity, as can be seen by
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the significant reduction of maximal respiration by 35% (Fig. 5.3B, interaction p<0.05)
and the significant reduction in spare respiratory capacity by 20% (SRC, Fig. 5.3C,
interaction p< 0.05). IECs (i.c. colonocytes) from high fermentable fibre fed pigs had
a 37% decreased glycoPER compared to IECs of low fermentable fibre fed pigs (Fig.
5.3D, p<0.001). The energetic phenotype plots (Fig 5.3E-F) show an overall decrease
of metabolic function of IECs in high fermentable fibre upon inclusion of fermentable
fibre in a whey-protein-based feed (Fig. 5.3E), while high levels of fermentable fibre
in a collagen-protein-based feed mainly reduced glycolytic function of isolated pig
colonocytes (Fig 5.3F). Mucosal citrate synthase level in colonocyte scrapings was
determined as indicator of mitochondrial density, and this was not affected by the
dietary treatments (Fig. 5.4).
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Figure 5.3. Extracellular metabolic flux analysis of isolated pig colonocytes after
two-weeks of feeding pigs diets varying in dietary protein source and fibre level.
Mitochondrial oxygen consumption is represented by basal oxygen consumption
(A), maximal respiration (B) and spare respiratory capacity (C). Glycolytic function is
measured using glycoPER (D). Energetic profile plots for the whey-protein based (E) and
collagen-protein based (F) feeds show the changes in basal metabolic function upon
inclusion of fermentable fibre. N=7 for the whey-protein diets and n=8 for the collagen-
protein diets. Bars represent mean + SEM. Significance was analysed using two-way
ANOVA, and results are presented in the top left corner of each graph. Similar letters
indicate no significant differences between groups in case of significant interaction
effects, as analysed using Tukey’s posthoc analysis.
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Figure 5.4. Citrate synthase activity in distal colon mucosal scrapings after two-
weeks of feeding pigs diets varying in dietary protein source and fibre level. Bars
represent mean + SEM, n=7 for low fibre whey, n=6 for high fibre whey and n=8 for both
collagen groups. Significance was calculated using two-way ANOVA on log-transformed
data.

Discussion

Intestinal epithelial cells rely on cellular energy production through glycolytic and
oxidative pathways to maintain their various functions [36, 37]. Factors that affect
epithelial energy production, such as metabolites produced from feedstuffs by the
microbiome, may thus have far-reaching consequences for intestinal homeostasis.
In this paper, we showed functionally that diet indeed affected the metabolism of
isolated pig colonocytes, and observed an interaction between protein source and
fibre level. We demonstrated that mitochondrial capacity of isolated IECs was reduced
by fermentable fibre only in whey-protein diets. At the same time, glycolytic function
of IECs was reduced by high fermentable fibre, irrespective of dietary protein source.
Especially in the well digestible whey-protein diets we thus observed an overall
reduction of metabolic capacity upon addition of high fermentable fibre to the diet.
These findings gave us valuable new insights into the interaction between various
dietary components.



122 | Effects of a Dietary Intervention on Metabolic Capacity of Pig Colonocytes
Possible implications of altered colonocyte metabolic function

In our study, pigs were growing at expected rates considering the nutritional strategies
imposed: a reduction of digestible protein in the collagen diets was reflected in
a lower rate of bodyweight gain. Apart from this difference in daily weight gain, no
clear differences in pig performance parameters were observed. However, we
show that the diets did affect colonocyte oxidative capacity. One of the hallmarks of
good intestinal health is a well-functioning intestinal barrier. To maintain this barrier,
sufficient ATP needs to be produced to allow for intestinal tight junction assembly
and maintenance of intestinal barrier integrity [9, 10], and the decreased metabolic
capacity that was observed in pigs fed a high-fibre diet could therefore impact barrier
function. Furthermore, it has been shown that elevated oxygenation of the colonic
lumen due to lower oxygen consumption in the colonocytes, could allow for higher
pathogenic bacterial growth [38, 39]. In our study, we identified lower mitochondrial
oxygen consumption capacity, which could translate into higher lumen oxygen levels
and possibly higher pathogenic bacterial growth.

Effect of dietary interventions on colonocyte metabolic function and mi-
crobial metabolite production

Although dietary fibre is often considered beneficial, partly by providing substrates
that increase mitochondrial function and intestinal energy production, some studies
indicate a reducing effect of high concentrations of SCFAs on intestinal barrier
function and IEC metabolism. For example, in vivo studies in rats showed that feeding
fructo-oligosaccharides decreased intestinal barrier function [7, 40, 41]. In addition,
especially in vitro studies have demonstrated that high concentrations of e.g. butyrate
can induce apoptosis [42, 43]. These findings challenge the view that dietary fibres
are always beneficial for intestinal health and function. In our study, the decrease in
metabolic capacity induced by high fibre feeds was especially prominent in the whey-
protein feeds. An explanation for this could be that because of the high digestibility of
whey-protein, less protein enters the colon which is thus less available as a colonic
energy substrate (Fig. 5.1A). To increase the efficient use of the remaining substrates,
mitochondrial capacity should be induced to most optimally obtain energy from the
limited remaining substrates [7]. This is consistent with our observation of higher
metabolic capacity of IECs from pigs fed with low fibre whey-protein diets (Fig. 5.3).
Furthermore, we observed a lower spare respiratory capacity of IECs isolated from
pigs fed the collagen-protein diets, possibly obscuring the negative impact of high
fibre in these diets. How collagen diets decreased spare respiratory capacity could be
explained by the increased nitrogen flow into the colon, in addition to increased fluxes
of microbial metabolites that could potentially harm mitochondrial function. Protein
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fermentation metabolites, such as HZS, ammonia and others, have indeed been shown
to impact mitochondria [15, 16, 44].

Interestingly, we did not find an interaction effect of protein source and fibre level
for glycoPER, and instead found that high fibre decreased colonocyte glycoPER
irrespective of protein source. High fibre diets were reported to increase intestinal
proliferation [45], crypt depth [46-48] and mucus layer thickness [49, 50], potentially
resulting in increased percentages of differentiated colonocytes in the isolated cell
population. Differentiated colonocytes are thought to be less glycolytic, while the
transit-amplifying cells, which are their precursors, rely more on glycolysis [36, 51, 52].
Thus, a larger proportion of differentiation colonocytes in the isolated IEC population
could underlie the observed decrease glycoPER in high fibre-fed pigs. Although
the lowered glycolytic function of differentiated colonocytes was shown to be due to
elevated mitochondrial function, we did not observe elevated mitochondrial function,
possibly because the mitochondrial oxidative capacity may be driven by fatty acids,
or even SCFAs like butyrate, which we did not add extracellularly during our metabolic
flux analysis. Since glycolytic function is not dependent on SCFAs, we observed the
effects of high fibre feeding irrespective of protein source.

In this study, our primary aim was to investigate whether colonocyte metabolism was
altered in response to dietary interventions. An important route for interaction between
diet and colonocytes is through microbial metabolites. Since the speed with which
metabolites, contained in digesta, travel through the colon could affect the exposure of
colonocytes to these metabolites, we calculated colonic fluxes of the metabolites. We
expected that the poorly digestible protein would increase the flux of protein-derived
metabolites, while including high levels of fermentable fibre would decrease the flux
of protein-derived metabolites and increase the fluxes of acetate, butyrate, propionate
and caproate. Indeed, we found that high fibre feeds significantly increased the
concentration of these fibre fermentation metabolites. However, the high fibre diets
also increased the flow of the protein fermentation metabolites ammonia, isobutyrate,
isovalerate, valerate and isocaproate. Even though protein fermentation in high fibre
diets is not always reported, valerate has been shown to increase upon in high fibre
feeding in pigs and other species [48, 53-55]. This is possibly due to an increased
microbial richness and stability [56], which could benefit not only fibre-fermenting
communities but also the proteolytic ones [57]. Additionally, high fibre feeds could
have led to increased mucus production, which consists of protein for about 20%, and
could thus also increase flow of protein fermentation products [49, 50, 58].

To investigate whether the colonic metabolite fluxes correlated with IEC metabolic
function, we pooled the metabolite fluxes into two groups: primarily protein-fermentation
derived metabolites (ammonia, isobutyrate, isovalerate, valerate and isocaproate),
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and primarily fibre-fermentation derived metabolites (acetate, propionate, butyrate
and caproate). We found comparable negative correlations between the protein
or fibre-derived fermentation metabolites and mitochondrial capacity parameters
maximal respiration and spare respiratory capacity (r= -0.46 and -0.63; r= -0.40 and
-0.40, respectively, Supplementary Table S5.1). In addition, fibre derived metabolites
correlated negatively with glycolytic capacity (r= -0.55, Supplementary Table S5.1).
Thus, we found that metabolites present in the intestinal lumen negatively correlate
to metabolic function of pig colonocytes, suggesting that microbial metabolites could
have played a role in the decreased metabolic function of IECs, and potentially affected
intestinal health through this route.

Methodological improvements and study limitations

We have taken several steps to ensure accurate measurement of IEC metabolic
function. Firstly, citrate synthase was analysed as a marker for mitochondrial density.
The observed unaltered citrate synthase levels ensure that the observed changes in
energy metabolism were not due to an altered mitochondrial density, but were true
alterations in the metabolic function of the IECs (Figure 5.4, [59]). Secondly, IEC viability
was measured to investigate whether this was affected by the diets, since a decreased
viability has been associated with a reduced mitochondrial metabolism [60]. We did
observe lower viability in both groups fed a whey-protein diet, but only in the fibre
containing group metabolism was decreased, rendering it unlikely that the metabolic
alterations were due to decreased |IEC viability. Isolated IEC yields were lower in the
high fibre diets. This may be due to the effects of fibre-fermentation metabolites on
intestinal proliferation [45], crypt depth [46-48] and thickness of the mucosal layer [49,
50]. It is however unlikely that differences in cell yield could have contributed to the
functional metabolic differences that were observed, since equal number of cells were
plated for metabolic analysis and on top of this, the cell numbers in the assay wells
were quantified and the data were normalised for this. In conclusion, neither difference
in viability, yield or mitochondrial density can explain the altered metabolic function of
colonocytes in response to the diets.

A limitation of this study is that metabolism of isolated colonocytes is evaluated only
in the presence of glutamine, glucose and pyruvate. The use of multiple substrates is
important since substrates preference could be altered by the diets, as was shown
in several studies in both pigs and rats [61-63]. In our study, it cannot be excluded
that IECs from the high fermentable fibre fed pigs have an increased dependency on
one of the SCFAs which were not included as substrates in the metabolic analysis.
A second limitation is that we did not assess possible alteration in IEC composition.
Altered composition of the cell population could impact the results, because each
intestinal cell type displays a distinct metabolic phenotype [64], and it would thus be
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relevant and interesting to specifically analyse possible alteration in the composition of
the isolated IEC population to better interpret the results.

Conclusions

In conclusion, we found that diets affect the metabolism isolated pig colonocytes, and
that there was an interaction between protein source and fibre level. Glycolytic activity
was reduced in colonocytes isolated from high fibre fed pigs, irrespective of protein
source, while metabolic capacity was reduced in only in high fibre-fed pigs in a whey-
protein diet. Metabolic analysis of isolated pig colonocytes could be a sensitive tool
to further assess functional metabolic effects of dietary interventions. This is important
because intestinal epithelial energy metabolism is tightly linked to cell function and
may impact intestinal health and function.
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Supplementary Figure S5.1. Effects of two-weeks of feeding pigs diets varying in
dietary protein source and fibre level on intestinal metabolite production. Freeze-dry
matter (FDM) content was analysed in the distal colon (A). Protein fermentation metabolites
ammonia (B), isobutyrate (C), isovalerate (D), valerate (E) and isocaproate (F) and fibre
fermentation metabolites acetate (G), propionate (H), butyrate (1) and caproate (J) were
analysed in distal colon digesta of pigs following two-weeks on the four feeds. SCFAs are
shown as mmol/kg fresh digesta. Bars represent mean + SEM, n=7 for low fibre whey and
collagen groups, n=8 for high fibre whey and collagen groups. Similar letters indicate no
significant differences between groups as was calculated using two-way ANOVA. Data
for acetate, isobutyrate, isovalerate, valerate and isocaproate were log-transformed and
caproate was inverse-transformed to approach normal distribution.
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Abstract

The small intestine requires energy to exert its important role in nutrient uptake and
barrier function. Pigs are an important source of food and a model for humans. Young
piglets and infants can suffer from periods of insufficient food intake. Whether this
functionally affects the small intestinal epithelial cell (IEC) metabolic capacity, and how
this may be associated with an increased vulnerability to intestinal disease is unknown.
We therefore performed a 48h fasting intervention in young piglets. After feeding a
standard weaning diet for 2 weeks, six-week-old piglets (n=16 per group) were fasted
for 48h, and mid-jejunal IECs were collected upon slaughter. Functional metabolism of
isolated IECs was analysed with the Seahorse XF analyser and gene expression was
assessed using RNA-sequencing. Fasting decreased the mitochondrial and glycolytic
function of the IECs by 50% and 45%, respectively (p < 0.0001), signifying that
overall metabolic function was decreased. The RNA-sequencing results corroborated
our functional metabolic measurements, showing that particularly pathways related
to mitochondrial energy production were decreased. Besides oxidative metabolic
pathways, decreased cell-cycle progression pathways were most regulated in
the fasted piglets, which was confirmed by 43% reduction of cells stained with the
proliferation marker Ki67 (p < 0.05). Finally, the expression of barrier function genes
was reduced upon fasting. In conclusion, we found that the decrease in IEC energy
metabolic function in response to fasting is supported by a decreased gene expression
of mitochondrial pathways and is likely linked to the observed decreased intestinal cell
proliferation and barrier function, providing insight in the vulnerability of piglets, and
infants, to decreased food intake.

Keywords: intestine; fasting; metabolic function; mitochondria; cell proliferation
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Introduction

The gastrointestinal tract is the gateway to the body: it enables digestion and selective
uptake of nutrients, while simultaneously maintaining a barrier against the outside
milieu. The intestine’s absorptive and barrier functions are actualized by intestinal
epithelial cells (IECs), a type of cell that is continuously generated from stem cells in
the crypts, which migrate to the villus tip as they mature, in a 5-7-day cycle [1]. The
intestinal epithelium forms a physical barrier to protect the host, with IECs comprising
a tight layer with actively maintained cell-cell contact and specialized cells that secrete
mucus to create a protective layer on top of the IECs [2]. To perform its complex role,
the intestine constitutes an enormous surface area, which is divided into various
longitudinal regions with distinct functions. Fermentation of poorly digestible nutrients
occurs distally, in the colon, which is also important for water and electrolyte transport
[3]. Digestion and uptake of nutrients mainly occurs in the small intestine [3]. Much of
digestion takes place in the first part of the small intestine, the duodenum, while nutrient
uptake primarily happens in the jejunum, the middle part of the small intestine, and this
is therefore an important site to study functional effects of nutritional interventions [3].

Sustaining intestinal functions requires an enormous amount of energy, which is
mainly produced in the mitochondria. Mitochondria consume oxygen in the oxidative
phosphorylation (OXPHOS) pathway to oxidize reducing equivalents that are
generated from substrates, to ultimately generate the cellular energy carrier adenosine
triphosphate (ATP). Energy demand in the intestine doubles upon intake of a meal, as
can be seen from the 25% increase in resting metabolic rate for humans [4], and 15-
20% for growing pigs [5]. Inability to produce sufficient energy to answer to intestinal
demands can impair intestinal barrier function. For example, inhibition of mitochondrial
ATP production was shown to induce internalization of the tight junction protein claudin
7, resulting in decreased barrier function [6]. Intestinal permeability was also shown to
be increased by the widely used drugs NSAIDs, as a likely consequence of induced
mitochondrial uncoupling, decreasing energy efficiency of ATP production per mole
substrate [7-9]. Furthermore, based on gene expression profiling, an increased ATP
utilization has also been proposed to explain a decreased intestinal barrier integrity
[10]. Together this indicates that an adequate mitochondrial energy production is
essential to maintain intestinal barrier and IEC function.

To produce energy, mitochondria require substrates that in the intestine can originate
either from the arterial blood supply or directly from the diet [11]. That luminal
substrates are essential for intestinal mitochondrial energy production is evidenced
by prolonged fasting in mice, which was found to decrease expression of electron
transport chain (ETC) and tricarboxylic acid cycle (TCA) genes in the intestine [12].
Reduced availability of luminal substrates may impair intestinal function by reducing
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the ability of IEC mitochondria to produce sufficient ATP, which is needed for nutrient
uptake and barrier integrity. In animal husbandry, a limited availability of substrates
from the diet is frequent in weaning, because it mostly associated with a check in
food intake [13, 14]. This is accompanied with an increased susceptibility for intestinal
disease, as evidenced by the high incidence of diarrhea at this time [15]. Globally, pig
diarrhea accounts for large losses of lives and industrial profits each year, as indicated
by several local studies [16-18]. Similarly in humans, childhood diarrhea accounts for
nearly 1.7 billion cases every year, leading to over half a million deaths in children
under 5 years of age [19]. Malnutrition is identified as one of the underlying causes
potentiating diarrhea development [19, 20]. However, it is unclear whether limited
luminal substate availability, and consequent decreased mitochondrial ATP production,
causally contributes to the increased susceptibility of piglets and infants to develop
intestinal diseases, because the effects of weaning and malnutrition are mostly studied
as a whole, without isolating the specific contribution of fasting to these complex
phenomena. In addition, the evidence for decreased mitochondrial function upon fasting
is currently primarily obtained using indirect measurements of mitochondrial function
in the intestine, using gene expression analysis as a tool. However, gene expression
does not necessarily accurately reflect altered mitochondrial oxidative capacity and
metabolic flux. Furthermore, it is not clear whether fasting impacts IEC ATP production
as a whole, or whether mainly mitochondrial ATP production is impacted, and glycolytic
ATP production largely compensates for this. Finally, it is unclear which IEC functions
are primarily altered in association with decreased mitochondrial function and whether
these may explain an increased vulnerability of the intestine to infection and diarrhoea.
Thus, we studied whether and how fasting functionally affects IEC energy metabolism
in vivo and with which altered molecular processes this is primarily associated. For
this, we weaned piglets and fed them a standard weaning diet for two weeks, and
then exposed them to a 48h fasting challenge, in order to isolate the effects of fasting
from other weaning-associated challenges. Mid-jejunal IECs were isolated to measure
mitochondrial respiration and glycolytic flux, using a previously optimized method [21].
In addition, molecular processes affected by the 48h fast were investigated in mid-
jejunal scrapings using RNA-sequencing and confirmed using immunohistochemistry.

Methods

Animals

All experiments and methods were performed in accordance local and (inter)
national guidelines. The Central Authority for Scientific Procedures on Animals
(CCD), and the Animal Welfare Body (IlvD) approved the protocol of the experiment
(AVD1040020209884), which was in accordance with the Dutch law on animal
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experimentation and the European Directive 2010/63/EU on the protection of animals
used for scientific purposes. The experiment was carried out in compliance with the
ARRIVE guidelines (http://www.nc3rs.org.uk/page.asp?id=1357). The study described

here was started together with another study, which ran in parallel until weaning. Thirty-
two gilts (Topigs Tempo x TN20) were selected from fourteen litters on a commercial
farm, from sows with a parity range between one and seven (parity 1, 2 sows; parity
3, 4 sows; parity 4, 3 sows; parity 5, 2 sows; parity 6, 2 sows; parity 7, 1 sow). Cross-
fostering was minimized, and if needed only applied to male piglets. Apart from Lianol
basdiar (Ardol BV, Susteren, The Netherlands) in the first post-natal week, the piglets
did not receive creep feed. Piglets were weaned between post-natal day 22 and 26,
and were transferred to CARUS, the research facility of Wageningen University. To
select gilts, all female piglets in the litter were weighed, and only the piglets with + 1
standard deviation (SD) from the mean were selected. At CARUS, piglets were allocated
to the pens based on the sow’s parity, the farrowing date, the genetic background
and their body weight at weaning, to minimize variation between pens and treatments.
Piglets were pair-housed in 2 m? partially slated pens, and temperature was kept
between 24-26.5°C with a humidity of 65%, lights and radio were switched on between
7:00 and 19:00h. Lights were dimmed to 5% and radio was off from 19:00 till 7:00h.
Health and welfare were assessed visually thrice a day during feeding, and faecal
consistency score was assessed (score of 1-5, 1 = liquid diarrhoea, 5 = hard faeces).
The feeds were produced by Research Diet Services (RDS BV, Wijk bij Duurstede,
The Netherlands) in a single batch in the form of pellets (Table 6.1). Piglets were fed
at 2.4x the maintenance energy requirement (NEm = 0.29 MJ NE/kg BW°7®), divided
over three equally portioned meals a day at 7:30h, 12:30 and 17:00h. Piglets were
weighed at the start of the experiment and then every week to adjust feed intake to their
current weight. Water was available ad libitum throughout the entire study period. 48h
before the end of the experiment piglets either continued to receive feed thrice a day
at 2.4x NEm, or were fasted until the end of the study period. At the end of the study
period, piglets were sedated using intramuscular injection of Zoletil+Xylazine (5:2 ratio,
1 mg/10 kg BW), and euthanized by lethal injection with pentobarbital (24 mg/kg BW).

Table 6.1 Ingredient and calculated nutrient composition of the starter diet’.

components
Ingredient composition (%)
Soybean meal 16.5
Sunflower meal 6
Wheat 271
Barley 25

Corn 20
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Soya oil 1.3
L-lysine HCI 0.52
L-threonine 0.16
DL-Methionine 0.15
L-tryptophan 0.035
L-valine 0.02
Premix? 0.5
CaCQ, 1.3
Ca(H,PO,), 0.9
NaCl 0.4
citric acid 0.1
Phytase 0.0025
total 100
Nutrient composition (g/kg)

Dry Matter 871.6
Crude Protein 181
Crude Fat 39.3
Crude Ash 52.9
Starch 433.6
Sugars 35.7
NE (MJ/kg) 10.1

Abbreviations: NE = net energy.

" Nutrient composition was calculated based on ingredient composition and table values
for the composition of the ingredients [22].

2 Supplied per kilogram of feed: retinyl acetate, 10,000 IU; cholecalciferol, 2,000 1U;
DL-a-tocopherol, 40 mg: menadione, 1.5 mg; thiamine 1.0 mg; riboflavin, 4 mg; pyri-
doxin-HCI, 1.5 mg; cyanocobalamin, 20 ug; niacin, 30 mg; D-pantothenic acid, 15 mg;
Choline chloride, 150 mg; Folic acid, 0.4 mg; Biotin, 0.05 mg; iron(ll)sulphate monohy-
drate, 331 mg; copper(ll)sulphate pentahydrate, 80 mg; manganese(ll)oxide, 49 mg;
zinc sulphate monohydrate, 194 mg, potassium iodate, 1 mg; sodium selenite, 0.56 mg.

Small intestinal cell isolation

The method for IEC isolation was previously optimized for colonocyte isolation [21], but
here successfully applied to small intestinal IEC isolation. Following excision from the
abdominal cavity, the entire intestine was separated from the mesentery, and the small
intestine was identified. The small intestine was spread out and 50% of the intestinal
length was identified, which corresponds to mid-jejunum. A 16 cm segment distal of
the 50% point was used for histological sample preparation and mucosal scrapings.
A 30 cm segment proximal of the 50% point was removed and placed in aerated
modified Krebs Henseleit Buffer (KHB) containing 5 mM glucose (#K3753, Sigma
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Aldrich, St. Louis, MO, USA, hereafter referred to as modified-KHB), supplemented with
2.5 g/L Bovine serum albumin (BSA, #A7906, Sigma-Aldrich). When all samples were
obtained, intestines were rinsed thoroughly with modified KHB and inverted. Using
dialysis clamps (#2371092, Sigma Aldrich) a sac was created by filling the inverted
intestine with modified-KHB, which was then placed in 118 mM NaCl, 4.7 mM KCI ,
1.2 mM MgS0O,, 1.2 KH,PO,, 10 mM HEPES (Ca?**-free KHB, pH 7.4), supplemented
with 10 mM Dithiothreitol (DTT), 20 mM Ethylenediaminetetraacetic acid (EDTA) and
2.5 g/L fatty-acid free BSA (#3117057001, Sigma-Aldrich) to further wash the mucus
away. The intestines were incubated in this wash buffer for 20 minutes in an oscillating
water bath at 37 °C. Then, the buffer was discarded and the jejunal sacs were reverted
and filled with Ca?*-free KHB buffer containing, 10 mM DTT, 400 U/mL hyaluronidase
type IV (#3884, Sigma-Aldrich) and 2.5 g/L fatty acid-free BSA. After a fifteen-minute
incubation, the intestinal sacs were gently massaged for 15 seconds, after which the
content of the sacs was collected in 50 mL tubes. The cells were then passed through a
40 uM cellulose filter top remove debris and large tissue pieces. The collected cells were
washed twice using modified-KHB containing 2.5 g/L BSA and once with pH balanced
XF DMEM assay medium supplemented with pH balanced 10 mM XF glucose, 2 mM
XF glutamine and 1 mM XF pyruvate. Cells were spun down at 400 x g for five minutes.
Then, cells were counted using the Burker chamber, and cell viability was assessed by
staining cells with ViaStain (#CS2-0106, Nexcelom Bioscience, Lawrence, MA, USA)
and imaging them using the Cellometer K4 (Nexcelom Bioscience). Cell yield did not
differ between groups, and cell viability was above 80% for all isolated cell populations
(Supplementary Figure S1).

Metabolic flux analysis

Isolated IECs were plated in a XF96 cell plates that were coated with Cell-Tak (#354240,
Corning, New York, NY, USA) according to manufacturer’s protocol, no longer than one
week prior to the assay. Per XF Extracellular Flux analysis run, IECs isolated from eight
piglets were included. A standard curve was included on every plate to allow better
normalization within and between plates, according to a previously published protocol
[23]. To generate the standard curve, IECs from all eight pigs were pooled and plated
at concentration ranging from 75,000-300,000 cells/well in 50 yL pH 7.4 balanced XF
DMEM assay medium supplemented with 10 mM XF glucose, 2 mM XF glutamine and
1 mM XF pyruvate. The IECs isolated from individual pigs were plated at 140,000 cells/
well in eight replicates in the same medium. Cells were then left to settle for 5 min prior
to spin-down (200 x g for 2" with zero break). After spin-down, cell plates were imaged
as described below, while kept at 37 °C. Following imaging, an additional volume of 130
uL assay medium was added and cell plates were incubated for another 20 minutes
in a non-CO, 37 °C incubator. Extracellular flux analyses (XF assays) were performed



Functional and Molecular Profiling of Fasted Piglet Intestine | 141

using the Seahorse XFe96 (Seahorse Bioscience, Agilent Technologies, Santa Clara,
CA, USA). XF assays were performed using serial injections of first a combination of
1.5 pyM Oligomycin (#04875, Sigma-Aldrich) and 1 uM FCCP (carbonyl cyanide-p-trifl
uoromethoxyphenylhydrazone, #C2920, Sigma-Aldrich), followed by a combination of
1.25 pM Rotenone (#R8875, Sigma-Aldrich) and 2.5 uM Antimycin A (#A8674, Sigma-
Aldrich) and finally 50 mM 2-deoxyglucose (2-DG, #D8375, Sigma-Aldrich). The XF
assay protocol consisted of 12 measurement cycles of 3 minutes, with 2 minutes of
mixing in between measurements.

Cell number quantification for metabolic Flux assay

Brightfield images of the inner probe area of each well in the XF96 cell plates were
obtained prior to the XF assay run using a 37 °C equilibrated Cytation 1 Cell Imaging
Multi-Mode Reader (BioTek, Winooski, Vermont, USA) using a 4x objective. LED
intensity was kept at 5 and integration time at 80 milliseconds for all cell plates. To
ensure optimal image quality, focus height was adjusted by visual inspection for
each cell plate. The brightfield images obtained prior to the XF assay run were then
processed and quantified using an in-house generated R-script [23], that uses the
EBImage package available for Bioconductor [24]. A low-pass Gaussian blur filter was
applied to generate a background image, which was subsequently subtracted from
the original image. The background corrected image was then inverted and cropped
by 5% to remove potential boundary noise from the XF assay plate molded stops.
The final processed images were used to calculate the total pixel intensity for each
image. To convert pixel intensities back to cell numbers, the values of the internal plate
standard curves were fitted with a second order polynomial regression. The obtained
cell numbers were finally used for normalization of the Seahorse XF assays. Per pig,
eight replicate wells were included during Seahorse XF analysis and normalisation,
and mean of all eight replicates was then used for further processing.

Tissue collection and RNA isolation

Mucosal scraping samples were obtained from mid-jejunal section. Mucosal scrapings
were snap frozen in liquid nitrogen and stored at -80°C until use. In order to isolate
RNA, mucosal scrapings were first crushed to powder in liquid nitrogen with pestle
and mortar. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden,
Germany), according to manufacturer's protocol. For each sample, 5-10 mg of
powdered tissue was dissolved in a mixture of RLT buffer (Qiagen, Hilden, Germany)
and -mercaptoethanol (M6250, Sigma Aldrich). Tissue samples were subsequently
lysed and homogenized by shaking at maximum speed in a thermomixer (Eppendorf,
Hamburg, Germany) at room temperature for at least 45 minutes. Then, 70% ethanol
was added, and total RNA was bound on the RNeasy spin column. After DNA
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digestion with DNase | treatment, the column was washed three times with RW1 and
RPE buffer, and total RNA was eluted in RNase free water. Quality of the RNA was
assessed using Nanodrop spectrophotometer (IsoGen Life Science, de Meern, the
Netherlands) and Agilent 2200 Tapestation (Agilent Technologies Inc., Santa Clara,
CA, USA). Samples met the criteria with a ratio higher than 1.8 for both 260/280 and
260/230 or an RNA integrity number (RIN) above 7.

RNA-seq and data analysis

RNA preparation, library construction, sequencing on the DNB-sequencing platform
and read clean-up were performed at Beijing Genomics Institute (BGI, Hongkong).
Quality check of the clean reads was preformed using FASTQC [25]. Reads were
aligned to the pig genome (Sscrofal1.1.104) using STAR2.7 [26], and counts were
quantified using HTSeq [27]. Average sequencing depth was 24M paired end reads, of
which at least 92.9% were uniquely mapped. After read alignment and counting, data
analysis and statistical testing was performed in R 4.1, using appropriate Bioconductor
packages.

Genes with a total sum of less than 10 counts were removed. Then, differentially
expressed genes (DEGs) between fed and fasted piglets were identified using the
DE2seq package, using Benjamini-Hochberg correction for multiple testing [28].
An adjusted p-value of below 0.05 was considered significantly regulated. Principal
component analysis was performed using variance stabilizing transformed (VST) data.
Gene set enrichment analysis (GSEA) [29] was performed using clusterProfiler [30]
for the Reactome annotated gene sets [31] that were extracted using the Molecular
Signatures Database (MSigDB [32]). Gene sets were considered enriched with a
Benjamini-Hochberg (BH) adjusted p-value < 0.05. Only the pathways with a p-value
< 3.5 x 10° were included for further analysis and clustering. The 25 pathways that
remained were then clustered based on semantic similarities in the Gene Ontology
(GO) description of the genes in each pathway, using the GoSEMSim Package [33].
The human MitoCarta 3.0 gene set was used as a reference inventory for mitochondrial
genes [34]. The gene set for barrier genes as assembled by Vancamelbeke et al. was
used to identify significantly regulated barrier genes [35]. Volcano plots and heatmaps
were generated using the EnhancedVolcano and ComplexHeatmap packages [36, 37]

Immunohistochemistry

Mid-jejunal tissue sections were cut longitudinally, washed in cold PBS, rolled up
proximally to distally, and placed inside a histology cassette. Tissue was then fixed in
4% Paraformaldehyde (1.040.051.000, Merck, Kenilworth, NJ, USA) and stored at 4°C
for 24h, after which tissues were dehydrated as follows; 4h 70% EtOH, 4h 80% EtOH,
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4h 90% EtOH, 4h 100% EtOH, 4h 100% EtOH, 4h 100% EtOH, 3h xylene, 2h xylene, 2h
xylene and 4h paraffin, and embedded in paraffin blocks.

Tissue sections of 5 um were cut using a Leica microtome, and subsequently placed
at ~42 °C to stretch the samples, before mounting them on a glass slide, and drying
them overnight at 37°C. Prior to staining, slides were deparaffinised (2x5’ Xylene, 2x3’
100% EtOH, 3’ 96% EtOH, 3’ 70% EtOH, 2x3’ demi water), followed by a ten-minute
heat-mediated antigen retrieval in 0.1M sodium citrate buffer (pH 6.0) at sub-boiling
temperatures by microwaving the slides. Slides were then cooled to room temperatures
and rinsed in Tris-buffered saline (TBS) (pH 7.4). To block aldehyde residues, slides
were then incubated in 0.75% glycine in TBS for 20 minutes. After rinsing with TBS,
sections were pre-incubated with 5% (v/v) normal goat serum (Vector Laboratories,
Peterborough, UK) in TBS for 60 min at room temperature in a humidifying box. Slides
were subsequently incubated overnight at 4°C in a humidifying box with primary rabbit
polyclonal anti-Ki67 (1:500, ab15580, Abcam, Cambridge, UK) anti-body diluted in
TBS-BSA-c (Aurion, Wageningen, The Netherlands). Slides were then rinsed with TBS
and treated with a fluorochrome labelled goat-anti-rabbit (Alexa Fluor 546, Invitrogen,
CA, USA) diluted 1:200 (v/v) in TBS-BSA-c for 1 hour at room temperature. Finally,
nuclear counterstaining was performed for 10 minutes using DAPI (1 pg/ml; Sigma-
Aldrich, Saint Louis, MO, USA). Sections were imaged at 10 times magnification using
fluorescence microscopy (Leica DM6B), a digital camera (DFC365 FX) and imaging
software (LasX; all Leica Microsystems, Amsterdam, The Netherlands). Per slide,
10 representative images were obtained and included in the analysis. Images were
analysed according to a previously published protocol [38]. First, images were loaded
into CellProfiler software (Broad institute) to select the appropriate objects. Briefly,
DAPI objects were identified that ranged between 2 and 20 pixels. Then, only Ki67
stained objects that overlapped with the previously identified DAPI stained objects
were selected. Data for the identified objects was then exported both as a spreadsheet
and as images, and those files further processed using the FCS express software
(De Novo software, Pasadena, CA). First, large DAPI objects, often due to artifacts
in the tissue during processing, were removed. Then, low intensity and high intensity
DAPI images were excluded. Lower bound of intensity was identified as median image
intensity — 2SD, and upper bound of image intensity was identified as median image
intensity + 3SD. Subsequently, the low intensity Ki67 stained object, which could be
artifacts or background staining, were removed by taking median image intensity +1
SD as the lower bound, and median image intensity + 10 SD as the upper bound. The
percentage of cells in the Ki67 gate over the total amount of cells in the DAPI gate was
taken as the final ratio of Ki67 over DAPI stained cells. See Choudhury et al. for further
details about image processing [38].
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Data availability

The RNA-sequencing data has been deposited in the GEO database under ascension
number GSE203439. The R-script for image analysis is available from GitHub.

Statistical data analysis

Data are presented as mean + standard deviation. Piglets were pair-housed for the
duration of the experiment, but due to the nature of the intervention and analysis
performed, individual pigs were analysed as experimental units. For the body-weight
measurements, eight datapoints were missing because they were not assessed, while
all other analysis were performed with n=16 per group. Normality of model residuals
was checked using Shapiro-Wilk test, and if assumptions were not met, data was
transformed as indicated in the figure legends. If all assumptions for normality were met,
statistical testing was performed using student’s t-test or repeated measures ANOVA,
as indicated in figure legends. A p-value of < 0.05, or a BH adjusted p-value of <0.05
was considered statistically significant. Repeated measures ANOVA was performed
in SPSS Version 25.0 (IBM Corp, Armonk, NY), all other statistical analyses and data
visualisations were performed using GraphPad Prism v.9 (GraphPad Software, CA,
USA) and R version 4.1.

Results

All piglets received an equal amount of a standard weaning diet throughout the two-
week period following weaning, resulting in equal growth in both fed and fasted groups
in the two weeks preceding the fasting intervention (Fig. 6.1A). As expected, the 48h
fasting intervention led to a significant decrease in weightin the fasted group (Fig. 6.1A-
B, p < 0.001), while the fed group continued to eat and gain weight throughout the 48h
intervention period (Fig. 6.1B). Fasting also significantly decreased small intestinal (Sl)
weight, both absolute SI weight and S| weight corrected for bodyweight (Fig. 6.1C-D,
p < 0.0001). Absolute Sl length was also decreased in response to fasting (Fig. 6.1E,
p < 0.01), but no significant effect of fasting on Sl length relative to bodyweight was
observed (Fig. 6.1E-F). S
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Figure 6.1 The macroscopic effects of 48h fasting in 6-week-old piglets. (A) Piglet
growth during the study-period, n=12 per group. (B) Piglet weight for the fed and fasted
groups before and after the start of the 48h fasting period, n=12 per group. (C-D) Small
intestinal weight at the end of the study period, raw values and corrected for bodyweight,
n=16 per group. (E-F) Small intestinal length at the end of the study period, raw values
and corrected for bodyweight, n=16 per group. Data are presented as mean + SD and
each dot in the bar-graphs represent an individual piglet. Significance was determined
using r)epeated measures ANOVA (piglet weight), or Student’s t-test (intestinal weight and
length).

Metabolism of isolated IECs was functionally assessed using seahorse XF analysis.
Fasting decreased basal mitochondrial OCR by 51+9.9% (Fig. 6.2A, p < 0.0001),
and likewise reduced mitochondrial capacity, as was shown by a reduction of
maximal mitochondrial OCR by 43+9.8% (Fig. 6.2B, p = 0.0001). In addition, fasting
decreased basal glycolytic function by 45+10.3% (basal glycolytic proton efflux rate
(glycoPER), Fig. 6.2C, p < 0.0001) and compensatory glycolytic function by 35+14.8%
(compensatory glycoPER, Fig. 6.2D, p < 0.05). Overall, fasting thus simultaneously
decreased oxidative and glycolytic IEC extracellular flux, leading to decreased
metabolic oxidative capacity during fasting (Fig. 6.2E).
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Figure 6.2 Metabolic function of isolated IECs. Mitochondria flux parameters represented
by: (A) Basal OCR and (B) Maximal respiration. Glycolytic flux parameters represented
by: (C) Basal glycoPER and (D) Compensatory glycoPER. (E) Metabolic phenotype
graph, showing basal OCR versus basal glycoPER. Data are presented as mean + SD,
n=16 per group. Significance was determined using Student’s t-test. Maximal respiration
and Compensatory glycoPER were log-transformed to meet normality assumptions.
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Intestinal epithelial gene expression was analysed using RNAseq analysis. PCA analysis
on transformed counts from RNAseq data using variance stabilizing transformation
revealed a clear separation between the fed and fasted six-week-old piglets; principal
component 1 explained 33% of the variation in the data (Fig. 6.3A). Gene set enrichment
analysis (GSEA) using the Reactome curated gene sets showed that 34 pathways were
significantly regulated upon fasting. To select the most regulated pathways, we only
included the pathways with a p-value below 3.5x102, which left us with 25 pathways.
These 25 most regulated pathways were grouped in five clusters, using an algorithm
based on semantic similarities in the gene ontology (GO) description of the genes
in the pathways (Fig. 6.3B; [33]). Fasting downregulated the pathways in clusters 2
through 5, while the pathways in cluster 1 were upregulated upon fasting. Cluster 1
consisted of five pathways primarily related to protein translation. The top 10 genes
in the cluster were involved in protein translation initiation (E/IF3A, EIF3G, EIF4B and
EIF3H) or were part of the ribosome machinery (RPL30, RPS16, RPS11, RPS28, RPS8
and RPL11) (Fig. 6.3C). Cluster 2 consisted of ten pathways that were primarily related
to cell-cycle. The top 10 genes in the cluster were related to cell-cycle progression
(ANAPC7 and HSP90AAT), microtubular organization (TUBB4B, TUBA4A, CETNZ2
and DYNC1LIT), chromatin structuring (WAPL) and organelle assembly (GORASP2).
Cluster 3 consisted of three pathways related to mitochondrial function. Top 10 genes
in the cluster were mainly TCA-cycle enzyme genes (DLTS, SUCL2A, IDH3A) and ETC
complex genes (COX6B, NDUFS1, NDUFS3, NDUFA6 and NDUFBS5), but also other
metabolically important genes such as malic enzyme (ME 1, converts malate to pyruvate)
and basigin (BSG, plays a role in correct localization of glucose transporters on the
cell-surface). Cluster 4 consisted of three pathways related to stress response. The top
10 genes in the cluster were involved in proteosome assembly and stability (PSMES,
PSMD14, PSMD11 and HSPAS), signal transduction (MAP2K3 and HSP90AAT),
nuclear protein import (KPNA4) and protein translation initiation and quality control
via protein (un)folding (EIF4E, CANX and HSP90BT). Cluster 5 was the least well-
defined cluster, containing four pathways related to protein folding, extracellular matrix
organization and transporters. The top 10 regulated DEGs in cluster 5 are involved in
protein quality control and extracellular matrix organization (COL8A1, CANR, CANX),
lipid metabolism (SCD and ELOVL6), glycoprotein and glycolipid production (GFPT1,
GMPPB and GNPNATT) or are transporters (SLC10A2 and VDR).
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Figure 6.3. Intestinal epithelial gene expression analysis. (A) PCA plot of Euclidean
distance between samples on variance stabilizing transformed data. Samples were co-
loured based on group. (B) Treeplot of Reactome pathway analysis of the differentially
expressed genes (DEGs), clustered on similarity using the Jaccard similarity coefficient.
(C) Heatmaps of the top 10 significantly regulated genes in each cluster. Scaled normal-
ized counts were plotted for each individual gene and piglet, n=16 per group.



148 | Functional and Molecular Profiling of Fasted Piglet Intestine

One of the primary regulated gene expression clusters consisted of the downregulated
mitochondrial energy metabolism pathways in cluster 3, which is in full accordance
with the downregulation of basal and maximal mitochondrial OCR upon fasting in our
functional metabolic analysis in freshly isolated pig IECs (Fig. 6.2). To gain an even
deeper understanding of the molecular changes that occur within the mitochondria
upon fasting, we specifically analysed mitochondrial gene expression. We used the
MitoCarta 3.0 annotated gene set: a gene set containing 1139 genes with strong
support for mitochondrial localization [34]. Fasting piglets led to altered expression
of 424 of the MitoCarta genes, which was 37% of all MitoCarta genes (Fig. 6.4A). Of
those, 147 DEGs were upregulated, while 278 DEGs were downregulated (Fig. 6.4B,
Supplementary Table S6.1). Especially the expression of PDK4, a critical regulator
of the pyruvate dehydrogenase complex, stood out as being highly upregulated
(Fig. 6.4B). We then performed GSEA analysis using the pathway annotation of
MitoCarta 3.0 (Fig. 6.4C). Fasting of the piglets resulted in a significant regulation of
eleven mitochondrial pathways, four of which were upregulated and seven that were
downregulated. The genes with the highest log,FC for each pathway are listed in Figure
6.4D, and are given below in brackets after each pathway. Upregulated pathways were
fatty acid oxidation (ACAD11 and ACAA2), ketone metabolism (BDH1 and ACAA2),
carbohydrate metabolism (PDK4 and GLYCTK) and pyruvate metabolism (PDK4 and
PDK2). When looking specifically at the genes regulated within the carbohydrate
and pyruvate metabolic pathways, we observed that mainly the gluconeogenic
genes were upregulated, while overall carbohydrate metabolism was downregulated
(Supplementary Fig. S6.2). Downregulated pathways were mainly related to expression
of TCA cycle enzymes (SUCLAZ2 and IDH3A) and electron transport chain complex |
(NDUFAB1 and NDUFA5) and complex IV (COX7A2 and NDUFA4). In addition, fasting
led to decreased expression of mitochondrial ribosomal protein expression (MRPS28
and MRPS27).
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37% regulated
of mitoCarta genes

C

D gene 1 log,FC gene 2 log,FC
fatty acid oxidation | ACAD11 1.74 ACAA2 0.88

pyruvate metabolism PDK4 3.4 PDK2 1.17

carbohydrate metabolism PDK4 3.4 GLYCTK 1.23
ketone metabolism BDH1 0.92 ACAA2 0.88

CIV subunits| COX7A2 -0.55 NDUFA4 -0.52

mitochondrial ribosome | MRPS28 -0.71 MRPS27 -0.66

TCAcycle| SUCLA2 -0.72 IDH3A -0.7

Cl subunits] NDUFAB'1 -0.65 NDUFA5 -0.58

Complex | | NDUFAF4 -0.86 NDUFAF5 -0.67

OXPHOS subunits| NDUFAB1 -0.65 NDUFA5 -0.58

OXPHOS| HIGD1A -1.15 NDUFAF4 -0.86

Figure 6.4 MitoCarta analysis of differentially expressed genes (DEGs). (A) Pie-chart
showmg that 37% of the 1 26Bgenes in the MitoCarta 3.0 set were significantly regulated
upon 48h fasting in piglets. (B) Volcano plot displaying the DEGs of the MitoCarta 3.0
gene set. 886 of the 1126 genes in the MitoCarta 3.0 set were present in our dataset and
Blotted in the volcano-plot. Of those 886 genes, 424 genes were differentially regulated

etween fed and fasted piglets. (.CR Gene Set Enrichment Analysis (GSEA) of the Mi-
toCarta 3.0 annotated mitochondrial pathways, showing which mitochondrial pathways
were significantly regulated with a nominal p-value < 0.05. (D? List of the two genes’in
each pathway with the highest Log2FC upon 48h fasting in piglets.
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In addition to regulation of mitochondrial genes, we found that fasting had the most
profound effect on cell cycle, since the largest of the five clusters, cluster 2, consisted
of ten pathways that were all related to cell cycle and proliferation (Fig. 6.3B). This
suggests that small intestinal jejunal cell turnover is lower in fasted piglets. To verify
this, we analysed cell proliferation immunohistochemically using the marker Ki67,
which is expressed only in the nucleus of dividing cells. Indeed, immunostaining
showed that fasting decreased the ratio of the proliferating cells over total number of
cells by 43t5.3% (Ki67/DAPI, Fig. 6.5A and B, p < 0.05), confirming the finding that
fasting significantly decreased cell proliferation in the jejunum of six-week-old piglets.

A Fed Fasted
B 0.4+ red = excluded cells (DAPI object size too large)
blue = DAPI stained cells
2 <005 green = Ki67 staining colocalized with DAPI
[}
So034
o
<
g
~ 0.2
©
X
o
gy B
: | |
0.0 T T

Fed Fasted

Figure 6.5 Cell proliferation analysis of piglet’'s small intestine. (A) Representative
images of processed immunohistochemical analysis of fed and fasted piglets stained
with Ki67. Red objects are DAPI stained objects that are larger than the defined size.
Scalebar is 200 mM. (B) Bar-graph of the Ki67 stained cells corrected for the total number
of cells per crypt. Data is presented as mean + SD, n=16 per group. Significance was
determined using Student’s t-test.

Decreased cell proliferation has been linked to a decreased barrier function [39].
We hypothesized that the fasting intervention, and the resulting decreased intestinal
metabolic function and cell proliferation, contributes to decreased intestinal barrier
function. Therefore, we investigated the effect of fasting on intestinal barrier function
related genes, using a gene set described by Vancamelbeke et al. [35], that includes
genes classified as being involved in one of eight categories: mucus layer, tight junctions,
adherence junctions, desmosomes, hemidesmosomes, cytoskeleton, extracellular
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matrix and regulating proteins. We found that of the 128 genes in this gene set, 93
were present in our dataset (Fig. 6.6A). Out of these 93 genes, 26 were significantly
regulated, the majority of which were downregulated (Fig. 6.6B). The most significantly
regulated genes were mucus genes (TFF1, TFF2 and EMCN), tight junction genes
(CLDN2, MARVELD®3), an adherence junction gene (CDH1, also known as E-cadherin),
regulating genes (MAGI3 and GNA12), and a cytoskeleton gene (MYL9). These data
suggest an overall decreased intestinal barrier function in response to fasting.
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Figure 6.6 Analysis of barrier function and detoxification gene sets. (A) Volcano-plot
of barrier function genes as annotated by [35]; 93 of 128 genes are present and plotted
in the volcano-plot, and 26 are significantly regulated. The top ten significantly regulated
genes are labelled. (B) Heatmap of the 26 significantly regulated genes in the barri-
er function gene-set, with scaled normalized counts per pig and an additional column
depicting the Log2FC of each gene in response to fasting (log2FC value plotted in the
square). (C) Volcano-plot of mitochondrial detoxification genes [34]. 42 of the 51 genes
are present and plotted in the volcano-plot, and 15 are significantly regulated. The elev-
en redox detoxification specific genes are labelled. (D) Heatmap of the 15 significantly
regulated genes in the detox gene-set, with scaled normalized counts per pig and an
additional column depicting the Log2FC of each gene in response to fasting (log2FC
value plotted in the square).
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Fasting is common during the weaning period in pigs. During the weaning transition,
increased oxidative stress has been observed in the intestine [40-44]. Because
mitochondria are a major source of reactive oxygen species (ROS) [45], we specifically
analysed the MitoCarta 3.0 annotated mitochondrial detoxification pathway. Out of the
42 genes present in the dataset, fifteen were regulated upon fasting (Fig. 6.6C and
D), nine of which were downregulated and six were upregulated. Out of the fifteen
significantly regulated detoxification genes, eleven were specific redox detoxification
genes (see labelled genes in Fig. 6.6C). Eight redox genes were downregulated (most
prominently GSR, TXNRD1, PRDX3 and SOD2), and three were upregulated (CAT,
HAGH and NITT). Thus, we observe both an up and downregulation of mitochondrial
redox genes, suggesting an adaptation of redox homeostasis rather than a change in
a specific direction.

Discussion

Intestinal tissues rely on sufficient energy production to maintain homeostasis. A
decreased expression of key energy-producing genes has been observed previously
upon fasting in mice and weaned in piglets, which is accompanied by reduced food
intake [12, 43], but concomitant functional data were lacking. In this study, we showed
that 48h fasting decreased both the mitochondrial and the glycolytic extracellular
flux of isolated jejunal IECs in six-week-old piglets. Since metabolic extracellular
flux analysis of the isolated IECs was performed in the presence of sufficient energy
substrates (pyruvate, glucose and glutamine), this indicated that metabolic function
of IECs is not only decreased because of a lack of substrates, but due to long-lasting
changes in mitochondrial function. We not only substantiate literature findings by
providing functional data, but also validated our own transcriptome analysis where
mitochondrial pathways were among the top regulated Reactome gene sets upon
fasting. Focussed analysis of mitochondrial gene expression indeed revealed that
especially the expression of TCA-cycle enzymes and ETC complex | and complex IV
were downregulated. Isolation of IECs and assessment of their metabolic flux is thus
a viable tool to assess IEC functionality in response to a physiological intervention.
This tool can be particularly useful to explore the contribution of fasting to the overall
decreased intestinal resilience observed upon weaning in piglets, by isolating the
feed-deprivation response from all other physiological challenges occurring during this
transitionary phase. We were therefore able to show that decreased metabolic function
upon fasting coincided and possibly underlies alterations in e.g. cell proliferation and
barrier function. Decreased or absent feed intake could thereby make the intestine
more prone to develop disease

In this study, 48h fasting induced significant metabolic changes in the intestine of
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young, six-week-old piglets, with PDK4 standing out. PDK4 was increased 3.4-fold and
was previously shown to be induced by fasting in the intestine of mice [12, 46]. PDK4
is a well-known metabolic regulator that drives cells away from glucose oxidation and
towards fatty acid oxidation [47]. Indeed, higher PDK4 expression has been suggested
as marker of increased fatty acid oxidation [48]. The higher PDK4 expression is thus
expected to induce fatty acid oxidation, which was indeed the most upregulated
mitochondrial pathway in our data (Fig. 6.4). Increased fatty acid oxidation, and likely
lipid breakdown, is strengthened by the simultaneous decreased expression of key
lipogenic genes such as ACLY and FASN (Supplementary Table S6.1). Mechanistically,
the increased expression of PDK4 may be also linked to the observed upregulation
of ketogenesis. The ketone body R-hydroxybutyrate has been identified as a post-
translational histone lysine modification [49], and histone R-hydroxybutyrylation
induced PDK4 expression in the intestine of fasted mice [50]. Via B-hydroxybutyrylation,
ketogenesis could thus potentially contribute to the induction of lipolysis in the intestine
of fasted piglets. This, however, requires experimental confirmation. Because PDK4
is expected to increase lipid oxidation and simultaneously decrease carbohydrate
metabolism, the apparent upregulation of carbohydrate metabolism was unexpected
(Fig. 6.4). Close inspection however, revealed that the key gluconeogenic genes
were upregulated, while overall carbohydrate metabolism was indeed decreased,
as expected (Supplementary Fig. S6.1). Increased gluconeogenesis is concomitant
with increased PDK4 expression [51], and is in line with the increased recognition
that intestinal gluconeogenesis upon fasting is important for maintaining whole-
body glucose levels [52-54]. The importance of gluconeogenesis for piglet health is
furthermore highlighted by the finding that decreased gluconeogenesis contributed to
postnatal growth retardation in pigs [55]. Together, our data underpin the role of PDK4
as a central regulator of metabolism upon fasting, also in the small intestinal epithelium.

Even though the intestine plays a key role during fasting by providing ketone bodies
and glucose to support whole-body metabolic function, this metabolic shift appears
insufficient to maintain nutrient flux in the IECs, as is apparent from the overall
decreased mitochondrial and glycolytic function of isolated IECs upon fasting as
measured using extracellular flux analysis in freshly isolated IECs. This can possibly
be explained by the fact that other organs could be prioritized over the intestine, as
occurs physiologically during intensive exercise to particularly support muscles [56]
or during starvation to ensure brain energy supply [57]. In addition, mitochondria are
key regulators of apoptosis [58]. Lowering mitochondrial metabolism could serve to
prevent induction of apoptosis [59]. Our gene expression data do not indicate that
apoptosis is regulated or that cell death is a prevalent response to fasting, possibly
because of the decreased mitochondrial metabolism.
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The decreased overall mitochondrial metabolic capacity may impact other key functions
of the intestine, either as a direct consequence of energy shortage or otherwise. We
therefore investigated which key intestinal functions are further affected by fasting
in piglets, and found that proliferation is markedly affected by 48h fasting. This has
also been described in the intestine of mice [12], and agrees with the decreased cell
proliferation that is often observed in response to the weaning associated decrease
in feed intake [60]. The IECs typically have a very high turnover rate, with renewal
every 5-7 days [1] and as many as 300 cells are being produced in a single adult
mouse crypt [61]. This high level of proliferation and renewal is needed to withstand the
constant exposure to the abrasive luminal environment. Failure to maintain intestinal
proliferation could contribute to intestinal dysfunction. Thus, a decreased proliferation
could possibly result in a decreased barrier function. That this may be the case is
supported by our data, because we observed an overall decreased expression of
barrier function genes (Fig. 6.6). Not only tight junction genes and adherence genes
(e.g., CLDN2 and CDH1), but also mucus genes were downregulated (e.g., TFF1,
TFF2 and EMCN). Barrier function maintenance, upheld by, among others, tight
junction gene expression and mucus production, is a crucial, but energy-demanding
process, that is often reported to be decreased upon insufficient feed intake upon
weaning [62, 63]. These findings highlight the importance of maintaining sufficient feed
intake throughout the post-weaning period, to support key intestinal processes such as
barrier function and cell proliferation.

A striking finding in our study was that translation initiation factors and ribosomal
gene expression was increased in response to fasting (Fig. 6.3). Possibly, this is an
example of “translation on demand”, meaning that mRNA transcription is maintained to
ensure rapid translation upon reintroduction of feed [64]. Indicative of the “translation
on demand” mechanism is increased mMRNA abundance observed in the intestine of
fasted young rats to prepare for elevated protein synthesis upon acutely increased
energy availability [65]. Alternatively, the initiation factors that are upregulated may
be involved in translation of mitochondrial genes, as was recently found for EIF3 [66].
Nonetheless, the increased expression of the eukaryotic initiation factors and the
ribosomal proteins appears inadequate to maintain critical intestinal functions such as
maintaining metabolic function, cell proliferation and barrier function upon 48h fasting
in piglets.

Several studies have found that weaning induced oxidative stress in piglets. For
example, ROS levels were found to be increased in serum and jejunal mucosa of weaned
piglets [41, 42]. It is often hypothesized that weaning is additionally accompanied by
decreased antioxidant capacity, further exacerbating oxidative stress. However, the
results in literature vary greatly. For example, the expression of antioxidant genes



Functional and Molecular Profiling of Fasted Piglet Intestine | 155

such as CAT and GPX2 [41], GPX2 and GPX4 [43], and GPX2, SOD3 and CAT [44]
were found to be decreased upon fasting. But some of those studies simultaneously
report antioxidant genes that are not regulated upon weaning, e.g. SOD1 and SOD2
[41]. In addition, and in contrast to the previously mentioned studies, Novais et al.
reported increased expression of antioxidant defence genes such as TXNRDZ2 and
GPX2 [40]. Interpretations of these findings is further complicated by the fact that
studies often employ very targeted analysis of only a small set of selected genes.
Because mitochondria are a major source of ROS [45], especially when they become
dysfunctional, we investigated the impact of fasting on specifically on mitochondrial
redox defence, and found no evident regulation in one direction (Fig. 6.4 and Fig. 6.6).
Thus, although there is both significant up and downregulation of specific genes, there
is no clear pattern in the mitochondrial redox homeostasis alterations. There may still
be increased ROS formation upon fasting. However, additional pathways could be
employed to mitigate them, such as decreased mitochondrial oxidation to prevent ROS
formation [67]. Thus, the observed decreased mitochondrial function may be a way to
alleviate redox stress.

The findings presented in this study are of obvious relevance for pigs, but also have
potential ramifications for humans. Malnutrition is a frequently in lower income countries,
where food availability is not guaranteed [68]. Because research in infants is not
ethically justified, alternative animal models with close similarity to humans are needed
to broaden our understanding of how the intestine of young individuals responds to
periods of fasting. Pigs are a good model for humans, especially for large organs
systems like the intestine [69]. In addition, pigs have similar responses as humans
upon nutritional interventions [70]. This makes the findings of our study interesting to
also translate to infants, highlighting the importance of adequate enteral feed intake to
prevent onset of disease.

We found that 48h fasting reduced the capacity of the intestinal epithelium to generate
sufficient ATP and that this coincides with decreased cell proliferation and intestinal
barrier function. Insufficient intestinal epithelial substrate availability may thus
contribute to enhanced susceptibility to infection and diarrhea. Our functional analysis
of metabolic function of IECs provides a tool to further study and substantiate this. In
addition, specific gene expression sets related to metabolic responses in the intestinal
epithelium can be developed using the tools presented in this study. However, this will
require further studies to develop sets that are robust to other influences than fasting.
Finally, our data indicate that targeted support of mitochondrial energy metabolism
may provide a strategy to prevent negative consequences of limited intestinal epithelial
substate availability. This may help to combat disease susceptibility in the weaning
period in pigs, but it may also have a role in preventing or alleviating infant diarrhea.
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Supplementary Figure S6.1 Isolation parameters of primary mid-jejunal epithelial
cells. (A) Yield in cells per cm, tissue and (B). viability were analysed to assess isolation
success. Values for yield were log-transformed to reach normality, and significance was
determined using student’s t-test. Data are presented as individual datapoint, together
with mean and standard deviation.
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Supplementary Figure S6.2 Regulation of glycolysis and gluconeogenesis. Glycolysis
genes are primarily downregulated (in blue), while gluconeogenesis genes are upregu-
lated (in red).
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Supplementary Table S6.1 Top 20 down- and upregulated MitoCarta 3.0
genes with gene symbol, Log2FC and Benjamin-Hoch adjusted p-value.

Genes Log,FC padj
Downregulated
AlFMA -0.59 9.4E-15
DLST -0.61 2.5E-14
SLC25A12 -0.91 5.9E-13
SERHL2 -0.81 1.3E-12
GHITM -0.69 2.3E-11
ACLY -0.51 1.2E-10
TIMM17A -0.81 1.3E-10
FASN -1.05 1.4E-10
AGPAT5 -0.75 2.2E-10
SUCLA2 -0.72 2.6E-10
IDE -0.51 6.0E-10
APOO -0.71 7.5E-10
NDUFS1 -0.51 1.1E-09
NDUFS3 -0.56 1.1E-09
NDUFAG -0.50 1.2E-09
GSR -0.62 1.8E-09
ACOT7 -1.33 2.0E-09
LETM1 -0.45 2.5E-09
NDUFB5 -0.51 4.6E-09
IDH3A -0.70 7.7E-09
Upregulated
PDK4 3.40 1.0E-50
ACAD11 1.74 6.4E-17
CHPT1 1.15 4.8E-15
PDK2 1.17 3.6E-11
OAT 1.28 6.9E-11
LACTB 0.47 8.7E-11
GLYCTK 1.23 1.8E-10
TOMM20L 1.01 2.2E-10
WARS2 0.71 3.1E-10

CROT 0.73 5.5E-10
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DHRS4 0.96 1.8E-09
BCL2L11 1.31 1.9E-09
SLC25A38 0.81 2.3E-09
TOPIMT 1.21 2.9E-09
CMC4 0.74 1.0E-08

METTLS 0.59 2.4E-08
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Abstract

The small intestine requires large amounts of energy to maintain its function. Especially
in young individuals, absence of enteral nutrition may enhance susceptibility to intestinal
diseases by limiting energy availability. This may interact with the developmental, feed
habituation stage of the small intestine We therefore investigated whether the molecular
response of the small intestine to 48h of fasting is different between four-week-old
suckling piglets and six-week-old feed habituated piglets. Using RNA-sequencing in
mid-jejunal intestinal scrapings, we identified molecular pathways affected similarly,
pointing towards robust regulation, and oppositely, indicative of differential regulation,
upon fasting in suckling and feed habituated piglets. In general, gene expression
was more strongly altered in suckling than in feed habituated piglets. Among the five
pathways similarly affected by fasting were two mitochondrial pathways that were both
downregulated, indicating the consistent downregulation of mitochondrial metabolism
upon fasting. Other similarly affected pathways include the downregulated pathways
“extracellular matrix organisation” and “asparagine N-linked glycosylation”, and
the upregulated pathway “eukaryotic translation initiation”. Eleven pathways were
oppositely regulated upon fasting, and could roughly be classified as either belonging
to cell cycle progression or immune function. All of these pathways were upregulated
in suckling piglets, while being downregulated in feed habituated piglets. Our results
provide mechanistic information on the effects of temporary unavailability of nutrients
inside the intestine on intestinal health at various stages of development, relevant for
pig and infants.

Keywords; Small intestine, nutrient availability, mitochondria, cell cycle, immune
function.
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Introduction

The small intestine is the body’s main site for nutrient absorption, while it simultaneously
maintains a barrier against the outside milieu. These processes are primarily
performed by the most abundant cell type, the intestinal epithelial cells (IECs) [1].
Maintaining the small intestinal functions requires large amounts of energy [2, 3]. Like
most differentiated cells, IECs predominantly produce energy in the mitochondria.
Mitochondria utilize various energy substrates to generate reducing equivalents, that
are oxidised in the oxidative phosphorylation pathway to generate cellular energy in the
form of ATP. IEC obtain these energy substrates from both the systemic circulation via
the basolateral membrane, and directly from the intestinal lumen via the brush border
membrane [4]. Low, or even absent, food intake makes the intestine more susceptible
to gastrointestinal disorders in especially young individuals. For instance, diarrhoea is
a common occurrence during the weaning-transition phase in pig husbandry [5-8], and
gastrointestinal diseases are also prevalent among children in especially low-income
countries, where it still ranks third in disability-adjusted life-years (DALYs) lost [9].

The maturation state of the intestine contributes to the increased susceptibility of
young individuals to periods of food deprivation. In pig husbandry, weaning mostly
occurs at a time when the intestine is not yet fully developed. It has been demonstrated
that increased solid feed intake in the preweaning period contributes to intestinal
development, alleviating post-weaning health problems [10, 11]. Through exposure to
plant proteins, starch and fibres, a solid diet induces structural changes in the intestine
of piglets that stimulates intestinal maturation to maintain proper nutrient digestion,
absorption and barrier integrity [12-15]. In human healthcare, the requirement for
enteral nutrition to support intestinal development is also recognised, and is especially
advised for preterm and low birth-weight infants [16, 17]. Prior exposure to solid feed
thus stimulates intestinal development and maturation, and this likely contributes to
the difference in the response to fasting that is observed between the developing
compared to the developed intestine. Indeed, a primarily beneficial effect is attributed
to fasting in adult vertebrates [18-20], while fasting has detrimental effects in young
piglets and mice [21, 22].

In addition, weaning-stress is not only caused by a low feed intake, butis also associated
with other stressors, such as maternal separation and a new environment [23, 24].
Incomplete development of the intestine at time of weaning may further exacerbate
these stressors. Therefore, fasting at time of weaning is one of multiple stressors. To
better distinguish the effect of fasting, we weaned and feed habituated piglets for
two weeks before performing a 48h fasting intervention. We found that 48h fasting
decreased IEC metabolic function in the jejunum of feed habituated, six-week-old
piglets, which was confirmed by decreased expression of metabolic, and especially
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mitochondrial, pathways [chapter 6]. In addition, we found that fasting feed habituated
piglets reduced the crucial molecular processes of cell proliferation [chapter 6]. Here,
we compare the molecular response of piglets to fasting at time of weaning (four-
week-old) to that of the feed habituated piglets (six-week-old), to investigate how
the developmental, feed habituation stage and additional stressors associated with
weaning impacted the fasting response.

Methods

Animals

All experiments and methods were performed in accordance local and (inter)
national guidelines. The Central Authority for Scientific Procedures on Animals
(CCD), and the Animal Welfare Body (IlvD) approved the protocol of the experiment
(AVD1040020209884), which was in accordance with the Dutch law on animal
experimentation and the European Directive 2010/63/EU on the protection of animals
used for scientific purposes. The experiment was carried out in compliance with
the ARRIVE guidelines (http://www.nc3rs.org.uk/page.asp?id=1357). Sixty-four gilts
(Topigs Tempo x TN20) were selected from fifteen litters on a commercial farm. Gilts
were from sixteen litters of sows with a parity range between one and seven (parity 1,
2 sows; parity 3, 4 sows; parity 4, 4 sows; parity 5, 2 sows; parity 6, 2 sows; parity 7, 1
sow). Cross-fostering was minimised, and if needed only applied to male piglets. Apart
from a nutritional supplement (Lianol basdiar , Ardol BV, Susteren, The Netherlands) in
the first post-natal week, the piglets did not receive creep feed. Piglets were weaned
between post-natal day 22 and 26. First, all female piglets in the litter were weighed,
and only the piglets with + 1 standard deviation (SD) from the mean were selected,
to ensure minimal variation in body weight. Female piglets were then allotted to
one of four experimental groups, based on sow’s parity, farrowing date and genetic
background. The four experimental groups were as follows: suckling fed, suckling
fasted, feed habituated fed and feed habituated fasted, n=16 per group (Fig. 7.1).
Suckling piglets remained at the commercial farm for the duration of the experiment,
while feed habituated piglets were transferred to the research facility of Wageningen
University (CARUS) at weaning. Suckling piglets either remained with the sows for the
duration of the experiment, or were transferred to a separate pen and housed in groups
of four, independent of litter, for the 48h duration of the fasting period. During this time,
piglets had ad libitum access to water. The comparison between fasted and fed piglets
after feed habituation has been reported previously [chapter 6].
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Figure 7.1. Visual representation of the study setup. Suckling piglets, ~four weeks
old, either remained with the sow throughout the study period, or were taken away from
the sow and fasted for 48h. Feed habituated piglets, weaned at ~four weeks, were fed
a solid feed for two weeks, after which one group of piglets continued to receive feed,
while another group was fasted for 48h. Sixteen female piglets were included per group.

At CARUS, piglets were allocated to the pens based on their initial body weight, to
minimize variation in BW between pens and treatments, and were pair-housed in
2 m? partially slatted pens. At the research facility, temperature was kept between
24 and 26.5°C with a humidity of 65%, lights and radio were switched on between
7:00 and 19:00h. Lights were dimmed to 5% and radio was off from 19:00 till 7:00h.
Health and welfare were assessed visually thrice a day during feeding, and faecal
consistency score was assessed (score of 1-5, 1 = liquid diarrhoea, 5 = hard faeces).
The feeds were produced by Research Diet Services (RDS BV, Wijk bij Duurstede, The
Netherlands) in a single batch in the form of pellets (Table 7.1). Piglets were fed at 2.4x
maintenance energy requirement (NEm = 0.29 MJ NE/kg BW°7®), divided equally over
three portioned meals a day at 7:30h, 12:30 and 17:00h. Piglets were weight at the start
of the experiment and then every week to correct feed intake for their current weight.
Water was available ad libitum for all piglets throughout the entire study period. 48h
before the end of the experiment, piglets either continued to receive feed thrice a day
at 2.4x NEm, or were fasted until the end of the study period. At the end of the study
period, piglets were sedated using intramuscular injection of Zoletil+Xylazine (5:2 ratio,
1 mg/10 kg BW), and euthanised by lethal injection with pentobarbital (24 mg/kg BW).
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Table 7.1 Ingredient and calculated nutrient composition of the starter diet'.

components

Ingredient composition (%)

Soybean meal 16.5
Sunflower meal 6
Wheat 271
Barley 25
Corn 20
Soya oil 1.3
L-lysine HCI 0.52
L-threonine 0.16
DL-Methionine 0.15
L-tryptophan 0.035
L-valine 0.02
Premix? 0.5
CaCO3 1.3
Ca(H,PO,), 0.9
NaCl 04
citric acid 0.1
Phytase 0.0025
total 100
Nutrient composition (g/kg)
Dry Matter 871.6
Crude Protein 181
Crude Fat 39.3
Crude Ash 52.9
Starch 433.6 7
Sugars 35.7
NE (MJ/kg) 10.1

Abbreviations: NE = net energy.

" Nutrient composition was calculated based on ingredient composition and table val-
ues for the composition of the ingredients [25].

2 Supplied per kilogram of feed: retinyl acetate, 10,000 IU; cholecalciferol, 2,000 1U;
DL-a-tocopherol, 40 mg: menadione, 1.5 mg; thiamine 1.0 mg; riboflavin, 4 mg; pyri-
doxin-HCI, 1.5 mg; cyanocobalamin, 20 pg; niacin, 30 mg; D-pantothenic acid, 15 mg;
Choline chloride, 150 mg; Folic acid, 0.4 mg; Biotin, 0.05 mg; iron(ll)sulphate monohy-
drate, 331 mg; copper(ll)sulphate pentahydrate, 80 mg; manganese(ll)oxide, 49 mg;
zinc sulphate monohydrate, 194 mg, potassium iodate, 1 mg; sodium selenite, 0.56 mg.
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Tissue collection and RNA isolation

Following excision from the abdominal cavity, the entire intestine was separated from
the mesentery, and the small intestine was identified. The small intestine was spread
out and 50% of intestinal length was identified, which corresponds to mid-jejunum.
A 16 cm segment distal of the 50% mark was used for mucosal scrapings. Mucosal
scrapings were snap frozen in liquid nitrogen and stored at -80°C until use. To isolate
RNA, mucosal scrapings were first crushed to powder with pestle and mortar in liquid
nitrogen. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany),
according to manufacturer’s protocol. For each sample, 5-10 mg of powdered tissue
was dissolved in a mixture of RLT buffer (Qiagen) and -mercaptoethanol (M6250,
Sigma Aldrich, St. Louis, MO, USA). Tissue samples were subsequently lysed and
homogenised by shaking them in a thermomixer at room temperature at maximal speed
for at least 45 minutes. Then, 70% ethanol was added, and total RNA was bound to the
filter on the RNeasy spin column. After DNase | treatment to digest DNA, the column
was washed three times with RW1 and RPE buffer, and total RNA was eluted in RNase
free water. RNA quality and integrity was assessed using Nanodrop spectrophotometer
(IsoGen Life Science, de Meern, the Netherlands) and Agilent 2200 Tapestation (Agilent
Technologies Inc., Santa Clara, CA, USA). Samples met the criteria with a ratio higher
than 1.8 for both 260/280 and 260/230 or a RNA integrity number (RIN) above 7.

RNA-seq and data analysis

RNA preparation, library construction, DNB-sequencing and read clean-up were
performed at Beijing Genomics Institute (BGI, Hongkong). Quality check of the clean
reads was preformed using FASTQC [26]. Reads were aligned to the pig genome
(Sscrofa11.1.104) using STAR2.7 [27], and counts were quantified using HTSeq
[28]ordImport. Average sequencing depth was 24M paired end reads, of which at
least 92.9% were uniquely mapped. read alignment and counting, data analysis and
statistical testing was performed in R 4.1, using appropriate Bioconductor packages.
The raw and gene-count data can be found in the GEO repository under ascension
number GSE203439.

Genes with a total sum of less than 10 counts were removed. Then, differentially
expressed genes (DEGs) between fed and fasted piglets were identified with the
DE2seq package, using Benjamini-Hochberg correction for multiple testing [29].
An adjusted p-value of below 0.05 was considered significantly regulated. Principal
component analysis was performed on variance stabilised transformed (VST) data.
Gene overlap to create the VENN diagram was calculated using the GeneOverlap
package [30]. Gene set enrichment analysis (GSEA) [31] was performed using
clusterProfiler [32] for the Reactome annotated gene sets [33] that were extracted
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using the Molecular Signatures Database (MSigDB [34]). Gene sets were considered
enriched with a Benjamini-Hochberg (BH) adjusted p-value < 0.05. To only include
the most significantly regulated pathways, the median adjusted p-value was
determined and only the gene sets with a BH adjusted p-value below the median were
included in further analysis. Volcano plots and heatmaps were generated using the
EnhancedVolcano and ComplexHeatmap packages [35, 36].

Statistical data analysis and sample inclusion

Statistical analyses and data visualizations were performed using R version 4.1. The
tight junction pathway was visualised using the online KEGG mapper tool [37].

Results

PCA analysis of transcriptome data

We performed a 48h fasting intervention in sucking piglets (aged four weeks) and two-
weeks feed habituated (aged six weeks; Fig. 7.1). RNA-sequencing was performed on
jejunal scrapings to identify the differentially expressed genes (DEGSs) in response to
the fasting intervention at both developmental stages. Normalised gene counts from
RNAseq were transformed using variance stabilizing transformation, and principal
component analysis (PCA) revealed a clear separation between gene expression data
in intestinal scrapings of fed vs. fasted suckling piglets, as well as a clear separation
between feed habituated vs. suckling piglets (Fig. 7.2A). Overall, the separation
between fed and fasted in feed habituated piglets appeared smaller than in the suckling
piglets. This indicated that fasting at the suckling stage had a more severe impact on
jejunal gene expression (Fig. 7.2A). This is also reflected in the total amount of DEGs.
Fasting suckling piglets induced differential expression of 8460 genes, while fasting
feed habituated piglets showed a differential expression of 5275 genes. In addition,
more genes were uniquely regulated in response to fasting suckling piglets (5078)
compared to fasting feed habituated piglets (1893; Fig. 7.2B).
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Feed habituated fed vs fasted

Figure 7.2 Jejunal effects of 48h fasting in suckling and feed habituated piglets

(A) PCA plot of Euclidean distance between jejunal samples (corresponding to individual
piglets) using variance stabilizing transformed data. Samples are coloured based on
group. (B) VENN diagram showing the effect of fasting suckling and feed habituated
piglets. Fasting of suckling piglets resulted in differential expression of 8460 genes, while
fasting of feed habituated piglets resulted in differential expression of 5275 genes. In
total, 3382 genes were commonly differentially regulated in fasting of suckling and feed
habituated piglets.

Pathway analysis of fasting response in suckling and feed habituated
piglets

We investigated which pathways are regulated by 48h fasting in suckling and feed
habituated piglets, using Reactome annotated pathways [33]. To focus on the most
significantly regulated pathways, only pathways with an adjusted p-value below the
median p-value of all the pathways were included in the analysis (Fig. 7.3). Five
pathways were regulated in a similar direction in both suckling and feed habituated
piglets in a similar direction, of which four were downregulated and one was
upregulated. Two of those five pathways are related to mitochondrial function: the more
comprehensive “TCA cycle and respiratory electron transport” pathway that includes
a lot of mitochondrial genes and pathways, and the more specific “respiratory electron
transport, ATP synthesis by chemiosmotic coupling, and heat production by uncoupling
proteins” pathway, which is focussed on respiratory electron transport. There were
also pathways only regulated in suckling or in feed habituated piglets. Among those
that were downregulated are “muscle contraction” and “neuronal system” in suckling
piglets, and “mitotic G2-G2 M phases” and “separation of sister chromosomes” in feed
habituated piglets (Fig. 7.3). Among those that were upregulated are “metabolism of
RNA” and “mitotic spindle checkpoint” in suckling piglets, and “cellular response to
starvation” and “biological oxidations” in feed habituated piglets. Finally, there were
eleven pathways that were regulated in the opposite direction in suckling compared
to feed habituated piglets. Among those were “M phase”, “mitotic metaphase and
anaphase”, but also “signalling by interleukins” and “interferon signalling. Combined,
the pathways that were oppositely regulated can be classified as belonging to two
categories: cell cycle regulation and immune or stress responses.
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Figure 7.3 Most significantly regulated Reactome pathways in response to 48h fast-
ing in jejunum of suckling and feed habituated piglets. NES = normalised enrichments
score.

Similarly regulated molecular pathways in suckling and feed habituated
piglets

The pathways that are similarly regulated between suckling and feed habituated piglets,
are likely pathways that respond robustly to fasting. These were studied in more detail.
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For the mitochondrial Reactome pathways, we selected “TCA cycle and respiratory
transport”, as this pathway also includes all the genes present in the “respiratory
electron transport, ATP synthesis by chemiosmotic coupling, and heat production
by uncoupling proteins” pathway. More genes responded respond to fasting in the
suckling piglets than in the feed habituated piglets (89 versus 70, respectively), and
the higher Log,FC and Log,, p values imply that the pathway was also regulated more
strongly in suckling piglets (Fig. 7.4A). Of the top five most significantly regulated
genes in suckling piglets, only one gene was also regulated in feed habituation piglets
(SUCLA2), while the four other genes (SLC16A3, NDUFV3, ND5 and Loc100517855)
were not regulated in the feed habituated piglets (Fig. 7.4A). In total, 44 genes were
regulated in both suckling and feed habituated piglets, which shows that, although the
pathway is more strongly regulated in suckling piglets, there is a large overlap in the
regulation of the pathway “TCA cycle and respiratory electron transport” in both groups

(Fig. 7.4A and supplementary Fig. S7.1A).
A. B.

sucl
feed habituate

feed habitu

suckling = 119 genes
feed habituat 7 genes

Figure 7.4 Similarly regulated jejunal pathways upon 48h fasting in suckling and
feed habituated piglets. Volcano plots of the differentially expressed genes (DEGs) in
the Reactome TCA cycle and respiratory electron transport’ (A), ‘extracellular matrix
organization’(B) ‘asparagine N-linked glycosylation’ (C), and ‘eukaryotic translation
initiation’(D) pathways.

The pathway “extracellular matrix organization” is also downregulated in both suckling
and feed habituated piglets (Fig. 7.4B). More genes respond to fasting in suckling then
in feed habituated piglets (84 versus 55 genes), and those differentially expressed
were downregulated with a higher log,FC and higher -log,, p value. Out of the top five
most significantly regulated genes in suckling piglets, two (BMP1and ADAMTS9) were
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also regulated in feed habituated piglets, while three (CAPN7, APP and P4HB) were
only regulated in suckling piglets. Because tight junction proteins are key components
of the extracellular matrix in the intestinal epithelium, we used the KEGG annotated
“tight junctions” pathway to visualise the effect of 48h fasting, and found that indeed
more genes were regulated in the sucking piglets, and they were regulated with a
higher log,FC (Fig. 7.5). Together, these data suggest that the intestinal barrier integrity
is decreased in both suckling and feed habituated piglets, but the suckling piglets are
more severely impacted by the 48h fasting intervention that the feed habituated piglets.

The pathway “asparagine N-linked glycosylation” describes the process of attaching
sugar-moieties to the asparagine amino acids of newly synthesised polypeptides in
the endoplasmic reticulum (ER), and is crucial for protein folding sorting and secretion
[38]. The pathway was downregulated in both suckling and feed habituated piglets
(Fig. 7.4C). Again, more genes were regulated in suckling than in feed habituated
piglets (119 versus 87 genes, respectively), and the regulation was more significant and
stronger in the suckling piglets, indicated by higher -log, p values andlog,FC. Of the top
five most significantly regulated genes in suckling piglets, four (ARF, LOC100157002,
BET1, and KDELR3) overlapped with feed habituated piglets, while one (SEC24D) was
only regulated in suckling piglets (Fig. 7.4C). In total, 49 genes in the pathway were
upregulated in both suckling and feed habituated piglets (Supplementary Fig. S7.1C),
which demonstrates the large similarity in regulation of this pathway upon 48h fasting
in both suckling and feed habituated piglets.

The pathway “Eukaryotic translation initiation” was the only common pathway
upregulated in suckling and feed habituated piglets (Fig. 7.4D). This pathway includes
genes that code for ribosomal and eukaryotic translation initiation factors (EIF), that
together enable mMRNA to protein translation [39]. More genes were regulated in
suckling than in feed habituated piglets (51 versus 43 genes, respectively). Although
the regulation was more significant in the suckling piglets, indicated by higher -log,
p values, the log,FC values were similar in suckling and feed habituated piglets. Of
the top five most significantly regulated genes in suckling piglets, four (RPS8, RPS5,
RPS9, and RPS4X) overlapped with feed habituated piglets, while one (PABPC1) was
only regulated in suckling piglets (Fig. 7.4D). In total, 41 genes in the pathway were
upregulated in both suckling and feed habituated piglets (Supplementary Fig. S7.1D),
which again shows the large similarity in regulation of this pathway upon 48h fasting of
both suckling and feed habituated piglets.
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Figure 7.5. Tight-g'unction genes regulated in the jejunum in response to fastin
of suckling and feed habituated piglets. Genes are coloured according to log2F
(see legend, blue = downregulated, red = upregulated, green = not regulated) and
mapped using the KEGG mapper tool.
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Oppositely regulated molecular pathways in suckling and feed habituated
piglets

The developmental feed habituation stage of the intestine may impact how the intestine
responds to fasting. We found that eleven pathways were regulated in opposite
direction in suckling vs. feed habituated piglets, many of which belong either to cell
cycle regulation or to the immune or stress response. We selected the pathway “cell-
cycle checkpoints” because of its key involvement in cell cycle regulation, and the
pathway “cytokine signalling in immune system” because this pathway includes also
all the genes present in the remaining two immune system related pathways.

All significantly regulated genes in the “cell-cycle checkpoints” pathways were
upregulated in suckling piglets, while they were downregulated in feed habituated
piglets (Fig. 7.6A). More genes in this pathway were regulated in suckling than in feed
habituated piglets (80 versus 69 genes, respectively), and the regulation was stronger
and more significant in suckling piglets, as can be seen from the higher fold-changes
and higher -log,, p values in the suckling piglets as compared to the feed-habituated
piglets (Fig. 7.6A). Of the top five most regulated genes in suckling piglets, two (RMI1
and NBN) were also regulated in feed habituated piglets, whereas the other three
(PSMBS8, PSMB9 and CENP) were not regulated in the feed habituated piglets (Fig.
7.6A). In total, there were 30 genes differentially expressed in both suckling and feed
habituated piglets, but in the opposite direction (Supplementary Fig. S7.1E).

For the “cytokine signalling in immune system” pathway, the genes were upregulated in
suckling piglets and downregulated in feed habituated piglets (Fig. 7.6B). More genes
were regulated in suckling compared to feed habituated piglets (144 versus 106,
respectively), while the genes also had a higher log,FC and were more significantly
regulated in the suckling piglets. Of the top five most regulated genes in suckling piglets,
two (OASL and BCL6) were also regulated in feed habituated piglets, while three other
genes (CXCL10, IRS1and TNFSF13B) were not regulated in feed habituated piglets. In
total, 44 genes were regulated in both suckling and feed habituated piglets, but in the
opposite direction (Supplementary Fig. S7.1F), demonstrating the difference between
the jejunal fasting response in piglets in different developmental feed habituation
stages.
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A B.

Figure 7.6. Oppositely regulated jejunal pathways upon 48h fasting in suckling and
feed habituated piglets. Volcano plots of the differentially expressed genes (DEGs) in
the Reactome ‘cell cycle checkpoints’ (A) and ‘Cytokine signalling in immune system’ (B)
pathways.

Discussion

Fasting is a common consequence of weaning, with up to 10% of piglets not consuming
their first meal up to 48h after weaning [40, 41], and this contributes to increased
intestinal susceptibility to gastrointestinal diseases [8]. Solid feed intake induces
intestinal maturation [13, 42], and may thereby exert a protective effect on the intestine
during times of feed deprivation. In this study, we therefore aimed to investigate whether
the fasting response of the jejunum was different between suckling piglets and piglets
two weeks habituated to solid feed, and which molecular pathways were differentially
regulated. We observed that in general, regulation upon fasting was stronger in suckling
piglets. Some molecular pathways were similarly regulated, indicative of a robust
response to the fasting intervention, even though the response to fasting generally was
more pronounced in the suckling piglets. These common robustly regulated pathways
are mitochondrial function (two times), extracellular matrix organization, asparagine
N-linked glycosylation and eukaryotic translation initiation. We also observed key
processes, mainly involved in cell cycle progression and immune signalling, that were
regulated in the opposite direction upon 48h fasting in suckling compared to feed
habituated piglets. Together, these results provide us with insight in the response to
fasting of the small intestine, and in developmental food habituation related responses.

Apart from differences in age and development, suckling and feed habituated piglets
differed in the type and amount of stressors they experienced during the fasting
intervention, which potentially impacts the molecular response to fasting. To be able to
fast suckling piglets, they were effectively weaned at the start of the fasting period. This
means that they experienced additional stress caused by maternal separation and a
new physical and social environment [23, 24]. In addition, prior to the fasting challenge,
suckling piglets were exclusively fed sows milk; a liquid that contains lactose, dairy
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proteins and is high in fat (~7-8%) [43, 44]. In contrast, the feed habituated piglets
were fed a solid diet, based primarily on starch and plant based protein, containing
fibres and lower amounts of fat (4%) (Table 7.1). While the jejunal pathways commonly
regulated in sucking and feed habituated piglets can be clearly attributed to fasting,
the pathways that respond differently between the suckling and the feed habituated
piglets may be due to differences in developmental feed habituation stage, but they
may also result from environmental stress or the different dietary contrasts.

In this study, we showed that mitochondrial function is a key process that is regulated
upon fasting in early life, independent of prior exposure to solid feed. Previously, we
functionally confirmed these transcriptome results by demonstrating that metabolic
flux of IECs isolated from feed habituated piglets was indeed decreased after 48h
fasting. This underpins the validity of our data. A decrease was seen in glycolytic
and oxidative fluxes, supporting a decrease in IECs energy generating capacity. Our
gene expression data shows that this is a robust fasting response common to suckling
and feed habituated piglets. As sufficient energy supply is needed to maintain a IEC
function (e.g. [2, 3].), the decreased IEC metabolic function may, at least in part,
explain the predisposition to intestinal diseases that is associated with malnutrition and
fasting in young piglets and infants [8, 24, 45-47].

Maintaining a barrier against the outside milieu is one of the key functions of the
intestine, and this is actualised in part by extracellular matrix proteins [48]. Fasting
decreased expression of extracellular matrix genes, irrespective of prior exposure to
solid feed. However, the extracellular matrix was more severely impacted by fasting in
suckling piglets, suggesting that the impact of energy substrate depletion during this
period is more critical then at a later age. Indeed, later weaning age was found to less
severely decrease intestinal permeability [49]. A component of the extracellular matrix
that is important to maintain the intestinal barrier function is the mucus layer, which
was previously also reported to be decreased in starved rat intestine [50]. In our visual
observations, we observed decreased thickness of the mucus layer in fasted piglets,
most prominently in suckling piglets (data not shown). In addition, the significantly
downregulated pathway “asparagine N-linked glycosylation” is not only crucial for the
highly energy demanding processes of protein folding, sorting and secretion [38], but
was also shown to be involved in protein production of mucus [51]. Combined, these
results suggest a compromised intestinal barrier function upon fasting in both suckling
and feed habituated piglets, with more prominent effects in the younger animals.

Eukaryotic translation initiation factors (EIFs) and ribosomal gene expression was
upregulated irrespective of prior exposure to feed, possibly indicating increased
mRNA translation. Increased mRNA levels were previously reported as a result of
fasting in the intestine of fasted young rats [52]. In this context, it is important that
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expression of EIFs and ribosomal genes does not equal increased protein synthesis,
because the function of EIFs and ribosomal genes are primarily regulated on a post-
translational level. Increased translation may be a mechanism to prepare for increased
protein synthesis upon renewed energy availability, and is known as “translation on
demand” [53]. This response may be especially prominent in developing tissues,
because protein translation in liver and muscle of neonatal piglets was found to be
more affected by fasting and refeeding than in older piglets [54]. Thus, the increased
EIF and ribosomal gene expression observed in response to fasting rather seems to
be a conserved ‘priming’ of the intestine in anticipation reintroduction of the luminal
nutrient supply.

We also found that fasting regulated certain pathways in the opposite direction
at different developmental feed habituated stages of the intestine. While cell cycle
pathways were upregulated in suckling piglets, these pathways were downregulated
in feed habituated piglets. Similar to our findings for the feed habituated piglets,
decreased cell cycle progression has been reported in piglets upon weaning [55-
58]. We hypothesize that the increased expression of cell cycle genes in suckling
piglets does not necessarily induce increased proliferation of the intestine, but
instead indicates a severe stress response. For example, among the top regulated
genes upon fasting in suckling piglets are PSMB8 and PSMBJ that are also regulated
in response to inflammation [59]. Additionally, the gene NBN, which is part of the
MRN complex involved in double-stranded DNA break repair [60], and the gene
RMI1, which is involved in maintaining genome stability [61] were among the most
prominently regulated genes, and are indicative of a stress response. The increased
stress response to fasting in suckling piglets can stem from the impactful separation
from the sow occurring at time of fasting, but also from the altered developmental stage
of the intestine. At birth, young piglets have an immature intestine, and rely on maternal
factors to complete maturation [62]. Increased maturation during this time is reflected
in high proliferation occurring in the first few weeks of life [58]. As the intestine matures,
the effects of fasting seem to become less severe, as was observed in chickens and
pigs [49, 63, 64]. Possibly, this is because the intestine becomes less dependent on
turnover and can therefore better deal with a short-term decreased metabolic function.
For future research, it would be interesting to separate age from developmental effects,
to better understand what causes the divergent cell cycle regulation in suckling and
feed habituated piglets.

Finally, we observed that pathways related to immune and stress signalling were
differentially regulated upon fasting suckling or feed habituated piglets. While fasting
increased inflammation in suckling piglets, it resulted in decreased immune function
in feed habituated piglets. This divergent response may be caused by several factors.
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Suckling piglets are removed from the sow at time of weaning, which also causes
an abrupt loss of maternal antibodies provided through sows milk. In addition, the
piglets are placed in a new pen and are mixed with piglets from other litters, causing
increased immunological stress. In contrast, feed habituated piglets have had time to
adapt to loss of maternal immunity, and were kept in the same pen during the fasting
intervention. Similar to our findings for the suckling piglets, weaning was previously
shown to induce a transient inflammatory state [65, 66]. However, in accordance with
our observation in feed habituated piglets, fasting was previously found to decrease
immune function and interferon signalling due to the decreased nutrient availability,
resulting in lower activation of mMTORC1, a central regulator of metabolic signals [67,
68]. Thus, our findings imply that the increased feed intake upon weaning is not the
primary cause for increased inflammation observed upon weaning, but instead is a
result of concurrent immunological stressors.

We found that fasting resulted in a stronger effects in the suckling compared to the
feed habituated piglets. As argued, a less complete intestinal development as well as
additional stressors may play a role in the more severe response in the sucking piglets.
However, all our data were obtained in young piglets. These responses may differ from
adult or older individuals. While we show that IEC metabolic function is decreased in
the suckling and still young feed habituated piglets, this response seems in contrast
to the fasting responses observed in older or high caloric diet exposed individuals,
where mitochondrial function and fatty acid oxidation were increased [18, 69, 70]. This
is thought to favour stem cells because of their dependency on mitochondrial fatty acid
oxidation [71]. Indeed, fasting or calorie restriction induced increased mitochondrial
function was found to translated into a better regenerative capacity of stem cells,
thereby ameliorating the age-related decline in stem cell function [72]. The differences
between our data obtained in piglets, compared to data obtained at a later age may
possibly be related to related to differences in growth, cell turnover and regenerating
capacity between young and old individuals. It would be of interest to analyse the
small intestinal fasting response in young feed habituated piglets of slightly different
age, to exclude the impact of other stressors and fully focus on intestinal maturation
state and include adult pigs and old pigs, preforming transcriptome analysis together
with functional metabolic analysis and analysis of the IEC maturation, proliferation and
turnover rate, to better understand whether and how the fasting response depends on
age.

In conclusion, we observed that fasting induced both similar and differential molecular
pathways in the small intestine of suckling and feed habituated piglets, with gene
expression being most strongly affected in suckling piglets. Together, our findings
provide mechanistic information on the consequence of feed deprivation at various
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stages of development, which enables us to identify which pathways are most likely
caused by cellular energy stress. Further analysis of especially the robustly regulated
pathways upon weaning can aid in the development of strategies to specifically support
intestinal energy production during periods of reduced feed intake. This is important
to improve piglet welfare and resilience in the pig rearing industry, which suffers from
losses due to intestinal diseases, especially during the weaning period. It is equally
important for infants, especially for those that suffer from an insufficient nutrient supply.
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Supplementary material

A. B. C D.

Supplementary Figure S7.1 log2FC of the genes regulated in both suckling and feed
habituated piglets in response to 48h fasting for each of the following Reactome
pathways: TCA cycle and respiratory electron transport (A), extracellular matrix
organization (B), asparagine N-linked glycosylation (C), eukaryotic translation initiation
(D), cell cycle checkpoints (E) and cytokine signalling (F).
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Main findings

The overall aim of my thesis was to increase our knowledge of how intestinal epithelial
cell (IEC) metabolism adapts to changes in nutrient supply under various conditions.
This was done by addressing two specific aims.

The first aim was to better understand how gut fermentation metabolites influence
IEC metabolic function. In chapter 2, | reviewed the literature on the effects of protein-
derived polyamines in the large intestine. This revealed that polyamines play a crucial
role in the intestine and can influence the metabolism of IECs, but whether luminal
polyamines affect IEC physiology in vivo remains unclear. This is a research gap to
be investigated in future studies. In chapter 3, | experimentally investigated the effect
of butyrate on metabolism of cultured colonocytes. | showed that butyrate itself was
not oxidised in cultured cells, but that it instead increased the oxidation of pyruvate
and increased lipid accumulation, presumably by being directly incorporated into lipid
droplets. In chapter 4, | optimised a method to isolate viable primary pig IECs and
measure their metabolic function ex vivo in the Seahorse XF analyser, allowing us to
investigate the functional metabolic impact of in vivo applied challenges in isolated
IECs. In chapter 5, | used this method to investigate the in vivo effects of low and
high levels of fermentable fibres and well and poorly digestible protein on colonocyte
metabolic function in pigs. | showed that the mitochondrial capacity of isolated
colonocytes was only reduced by high fermentable fibre levels in an easily digestible
whey-protein diet. In contrast, the glycolytic function of colonocytes was reduced by
high fermentable fibre, irrespective of dietary protein source. Due to the complexity of
the diets, it was difficult to link effects to specific colonic fermentation end products.

The second aim was to establish the functional metabolic and molecular consequences
of fasting on IECs. In chapter 6, | studied the functional metabolic and molecular
responses of IECs to fasting, in feed habituated piglets. | found that 48hrs of fasting
simultaneously decreased functional mitochondrial and glycolytic metabolism in
jejunal IECs of six-week-old feed habituated piglets. This also validated the global
transcriptome results, where, upon fasting, mitochondrial pathways were among the
top regulated Reactome pathways. Further gene expression analysis revealed that
decreased metabolic function coincided with decreased cell proliferation and reduced
expression of barrier function genes. In chapter 7, | investigated the differences in
the response to fasting between jejunal IECs of four-week-old suckling piglets and
six-week-old solid feed habituated piglets. | found that gene regulation upon fasting
was strongest in suckling piglets. Furthermore, while some molecular pathways were
similarly regulated in suckling and feed habituated piglets, indicative of a robust
response to the fasting intervention, other vital processes were regulated in the
opposite direction upon 48h fasting. This controlled fasting intervention proved to be a
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valuable way to further unravel the relationship between metabolism and IEC function.

The effects of specific fibre and protein-fermentation derived
metabolites

Undigested carbohydrates and proteins, derived either directly from the diet or from
endogenous losses (i.e. everything that originates from the intestine itself), end up
in the colon [1-3]. Here, they are fermented by the microbial community, giving rise
to a plethora of fermentation metabolites. These fermentation metabolites interact
with the host’s epithelium, and thereby potentially impact IEC function. To investigate
how colonic IECs cope with such fermentation metabolites, we first studied specific
fermentation-derived metabolites: butyrate as a major fibre-fermentation derived
metabolite (chapter 3), and polyamines as a major class of protein-fermentation
derived metabolites (chapter 2).

Fibre-fermentation derived butyrate

Fibre-fermentation derived butyrate was the main focus of chapter 3. Fibres are dietary
components that have a broad role in maintaining gastrointestinal health [4]. They help
to maintain stool consistency by adding bulk to the stool and improving gut contractility
[5]. In addition, they positively influence gut health through metabolites. Microbial
fermentation of fibre results in the formation of metabolites that are in contact with the
intestinal mucosa, and can thereby influence both mucosal and whole-body physiology.
The major fibre fermentation metabolites acetate, propionate and butyrate were
reported to decrease gut inflammation [6, 7], to protect against colorectal cancers [8],
to increase whole-body fatty acid oxidation [9], and to increase insulin sensitivity [10].
From these fibre-fermentation derived metabolites, we investigated butyrate, as this is
considered the primary energy source of colonocytes [11]. We explored how butyrate
exposure impacted IEC metabolism in both cultured and primary colonocytes, giving
special attention to the nutrient environment. This is relevant, because mechanistic
studies into the effects of butyrate are often performed using in vitro cultures, where
only a single specific nutritional condition and culturing environment is considered.

Our results in chapter 3 highlighted that the nutritional environment and metabolic
phenotype of cells are relevant considerations when interpreting metabolic responses
to fermentation metabolites. Butyrate was found not to be oxidised in cultured cells,
but instead, it rewired pyruvate oxidation in the presence of glucose and pyruvate.
Although long-term exposure to butyrate did not affect the basal oxidative metabolism
of cultured colonocytes, their glycolytic function was significantly decreased. We
therefore concluded that the presence of glucose impacted butyrate metabolism, likely
redirecting it towards incorporation in lipid droplets. Supporting this conclusion are
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several reports that butyrate increased glucose oxidation in various cultured colon cell
types [12-15]. However, it is important to note that cultured cells display the Warburg
effect, meaning they primarily rely on aerobic glycolysis and are less dependent on
mitochondrial OXPHOS than in vivo colonocytes [16, 17]. This could mean that our
cultured cells are less able to oxidise butyrate [18, 19], which may have influenced the
response of cultured cells to butyrate. However, we have found that isolated primary pig
colonocytes, that do not necessarily rely on Warburg-type metabolism, also displayed
decreased glycolytic function upon acute butyrate exposure. This indicates that this
may be a conserved phenomenon that is not (solely) the result of a Warburg type of
metabolism of cultured colonocytes.

Protein-fermentation derived polyamines

Protein-fermentation derived polyamines were the main focus of chapter 2. Undigested
protein is another dietary component that is fermented by the microbiome, but in
contrast to fibre, it is mainly regarded as being harmful to gastrointestinal health. For
instance, high protein diets have been associated with decreased fecal consistency
and decreased fecal dry matter content in pigs [20, 21]. The negative effects of protein
in the colon are principally attributed to the protein-fermentation derived metabolites that
are formed as a result of protein fermentation [22, 23]. Prominent protein-fermentation
metabolites are polyamines. To better understand their potential in vivo impact on IEC
health we performed a literature review that summarised the current knowledge on
the in vivo physiological effects of increased protein-fermentation derived polyamines
in the colon. This resulted in a more nuanced picture. Polyamines can potentially
impair IEC metabolic function, e.g. by depleting acyl-CoA levels or local production
of toxic compounds [24-26]. But, polyamines were also found to be crucial for cellular
physiology, because they are required for cell proliferation and protein translation, at
least in part through post-translationally modifying the translation initiation factor EIF5a
(as described in chapter 2, [24]).

An important research gap identified by the literature review performed in chapter
2, is whether in vivo luminal polyamine levels can change the intracellular polyamine
concentration of IECs. To investigate this, | performed experiments in in viiro model
systems using cultured HT29 colonocytes that were exposed extracellularly to
polyamines. To assess whether extracellular polyamines could impact intracellular
polyamine levels or function, | analysed protein post-translational modifications that
can be altered upon a change in intracellular polyamine levels, and analysed metabolic
profiles using Seahorse extracellular flux analysis. Exposing HT29 cells to polyamines
did not result in post-translational modification of EIF5a, and neither did polyamine
exposure alter the protein lysine-acetylation patterns or metabolic function of these
cells. However, | used only one cell line thus far, and | exposed the cells to polyamines



198 | General Discussion

for a relatively short duration (24h), which means that more experimental conditions
should be included to draw definitive conclusions considering the aforementioned
research gap. The in vitro experiments can be improved by using more cell lines
or organoid cell-systems to better represent the in vivo situation. In addition, longer
exposure times and more read-out measurements should be incorporated to better
evaluate the outcome of extracellular polyamine exposure. Finally, a useful approach
to study the impact of extracellular polyamine exposure could be to perform further
analysis on the dietary intervention study performed in chapter 5. In the future, we will
analyse the polyamine concentrations in the colonic digesta samples. Using western
blot and immunohistochemistry, we can then associate luminal concentrations of
polyamines with the expression of key enzymes involved in polyamine metabolism,
or with the level of EIF5a that is post-translationally modified by polyamines in pig
colonocytes. These analyses can give us insight into whether luminal polyamine levels
impact intracellular polyamine metabolism. Such information is needed to understand
whether and how high luminal concentrations of polyamines are potentially harmful to
colonocytes.

Challenging IECs with nutritional interventions

In chapters 5, 6 and 7 | aimed to challenge in vivo IECs with nutritional interventions.
Nutritional interventions can alter the luminal environment to which the intestinal
epithelium is exposed. As the composition of the luminal environment can affect the
function of IECs, nutritional interventions can be regarded as a challenge to the intestinal
epithelium. A challenge is defined as a ‘summons to take part in a contest or a trial
of strength’ by the Oxford dictionary, or as a ‘stimulating task or problem’ according
to the Merriam-Webster dictionary. In physiology, the term challenge is often used to
describe a method that aims to stimulate or trigger a response in an individual, organ
or cell system [27]. The challenge allows the experimentalist to study how the system
copes with the trigger: whether a new physiological state is reached or whether the
system returns to the initial physiological state [27]. Characterizing this response on
the cellular and molecular level generates relevant information about the (robustness of
the) physiology of the system under study. Used in this sense, a challenge is something
that triggers a response, but is not necessarily good or bad. In this thesis, | have
challenged IECs with two nutritional interventions: a dietary intervention to impact the
type and amount of fermentation metabolites in the colon, and a fasting intervention to
eliminate luminal nutrient supply to small intestinal IECs. These nutritional interventions
thus challenged IECs, since they needed to respond and adapt to the stimulus
applied. Below, | will further discuss the two nutritional interventions applied in this
thesis, elaborate on the main findings, and examine the way forward for studying the
role of IEC metabolism in intestinal physiology.
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First intervention: fermentable fibre and poorly digestible protein

As dietary carbohydrates and proteins are important substrates for microbial
fermentation, altering the diet can impact the type and amount of fermentation
metabolites that are produced (e.g. [28-30]). Due to several recent societal
developments that involve a shift in animal and human diet intakes, | was interested
in better understanding the interactions between protein and fibre in the colon. For
instance, pig nutrition is in transition to a more circular economy, involving increased
use of high-fibre by-products that are also rich in moderately digestible proteins [31]. In
human nutrition, plant-based diets are increasingly consumed, but such diets contain
more fibres, while plant proteins have poorer protein digestibility, potentially increasing
protein flow towards the colon [32].

To assess the in vivo effects of fermentation metabolites and the interaction between
protein and fibre fermentation, we performed a dietary intervention in which we fed
pigs diets in a 2x2 factorial arrangement, with protein source and fibre level as factors
(chapter 5). Because we aimed to investigate how diets, through luminal metabolites
in the distal colon, affected IEC metabolic function, we assessed metabolite
concentration as colonic flux in mmol per hour. As expected, feeding poorly digestible
collagen protein increased the flux of protein fermentation metabolites, and feeding
high levels of fermentable fibre increased the flux of all the SCFAs measured in the
colonic lumen. Based on the available literature, we expected that the presence of
fibre in a poorly digestible collagen protein diet would decrease protein fermentation
[28, 33]. Surprisingly, we observed that high fibre diets increased the colonic flux of
protein fermentation metabolites, of ammonia, isovalerate, valerate, isobutyrate, and
isocaproate (chapter 5). While this study was thus a relevant intervention to determine
whether protein and fibre fermentation interact, it turned out to be less suitable to obtain
a more mechanistic understanding of how the principal dietary constituents influenced
functional IEC metabolism. The concomitant increase of fibre and protein metabolites
upon feeding poorly digestible protein and fermentable fibres made it challenging
to determine whether changes in the flux of specific fermentation metabolites could
underlie altered IEC metabolism. In addition, the diets not only differed in metabolite
flux, but also in mean retention time, stool consistency, ingredient composition (e.g.
addition of synthetic amino acids in the collagen diets) and amino acid composition
of the proteins used. All these differences could have interacted, which may have
impacted their ultimate effect on colonic IEC function.

Second intervention: fasting

Low feed intake, or periods of fasting, contribute to the onset of post-weaning diarrhoea
in piglets [34-36]. Likewise, in humans malnutrition is recognised as one of the
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underlying causes of potentiating diarrhoea development in children [37, 38]. As fasting
and malnutrition are expected to alter the amount and type of nutrients and route IECs
are exposed to, it is likely that IECs adapt their function and metabolism in response
to these challenges, as is known to occur upon several nutritional interventions. For
example, the small intestinal epithelium of piglets fed low protein feeds showed altered
cellular metabolic substrate use compared to high protein fed pigs [39]. In addition,
a study in rats found that arterial glutamine becomes the preferential substrate for
enterocytes in the absence of luminal nutrients [40]. Also interesting is the finding
that calorie restriction was shown to decrease the mass of most organs, while the
alimentary tract is spared, possibly to ensure optimal uptake of available nutrients [41].
These findings thus show that the intestine can adapt to the unavailability or shortage
of certain metabolic substrates. While luminal nutrients are recognised to be significant
metabolic substrates for cells in both the small and the large intestine [42-44], the
question remains whether the absence of said nutrients is indeed detrimental to IEC
metabolism, or if it can adapt by switching to arterial nutrients.

In this thesis, | showed that fasting decreased the mitochondrial and glycolytic function
of isolated IECs in feed habituated piglets, signifying that overall metabolic function was
decreased (chapter 6). The RNA-sequencing results corroborated these functional
metabolic measurements, showing that pathways related to mitochondrial energy
production were decreased in both suckling and feed habituated piglets (chapters 6
and 7). Furthermore, | showed that extracellular matrix organisation gene expression
was decreased in suckling and feed habituated piglets. This could imply that intestinal
barrier function was decreased upon fasting [45]. Although weaning is well-known to
induce decreased barrier function [46, 47], the role of low or no feed intake therein
remained unclear. Although low or no feed intake at weaning is common, weaning is
also associated with many other stressors that could contribute to intestinal barrier
dysfunction at weaning, like maternal separation and a new environment [35, 48]. As
the feed habituated piglets did not experience these additional weaning stressors,
our findings strengthen the notion that low feed intake and mitochondrial dysfunction
contribute to loss of barrier function. Together, our findings underscore the importance
of luminal nutrient supply in maintaining IEC metabolic function.

Opportunities for marker development

Comparing the fasting response between suckling and feed habituated piglets
enabled us to identify a set of mitochondrial genes that was decreased in both suckling
and feed habituated piglets (chapter 7). This gene set could be used as a starting
point to develop robust markers for assessing mitochondrial function. Identifying
robust marker genes is valuable, as they can potentially be applied and translated
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to other tissues and species. In addition, these markers could be applied in future
studies to assess (intestinal) mitochondrial function, or, if tissue is preserved in already
performed studies, even retrospectively. The set of mitochondrial genes described by
us in chapter 7 in particular is valuable, since: 1) the decreased mitochondrial gene
expression was validated by decreased mitochondrial flux analysis, and 2) the genes
were regulated at two developmental time-points, and thus are more likely the direct
result of energy deprivation. However, the gene set needs further validation e.g. in other
species and other conditions, to ensure that the genes are indeed robustly regulated
upon mitochondrial dysfunction. Further validation will need to incorporate functional
metabolic analysis, to confirm that altered expression of the marker genes is indeed
linked to altered metabolic function. As we have shown, functional IEC metabolism can
be measured by isolating IECs and measuring their metabolic function, which | have
optimised (chapters 4, 5 and 6). This tool has proven to be useful and sensitive to
measure IEC metabolic function. Together, the set of overlapping mitochondrial genes
as identified in chapter 7, and further validation of these genes using the functional
assessment of IEC metabolism as described in chapters 4, 5 and 6, can help us to
develop robust markers to assess the mitochondrial function of IECs in future studies.

Differentially regulated pathways indicate increased disease susceptibility of
piglets upon fasting

Further investigating the differentially regulated pathways upon fasting suckling and
feed habituated piglets could help us to determine whether fasting itself primarily
causes the differential expression of genes, or other concomitantly occurring stressors.
For example, suckling piglets were effectively fasted at the time of weaning, meaning
that they experienced additional stressors such as maternal separation, new pen
mates, and a new physical environment [35, 48]. In addition, suckling piglets have
a less mature intestine than solid feed habituated piglets, as solid feed habituated
piglets were two weeks older at the time of the fasting intervention, and their intake of
solid feed is expected to enhance intestinal maturation [46, 49, 50]. The differentially
regulated pathways were already discussed in chapter 7, but a few will be highlighted
in the remainder of this section and placed in a broader context.

Our findings potentially point to a predisposition to disease onset in piglets upon fasting.
This is supported by the observed synchronous decreased expression of mitochondrial
and barrier function genes upon fasting in both suckling and feed habituated piglets.
Furthermore, we observed a striking divergent response in immune activation between
both groups of piglets, which could further point toward increased disease susceptibility.
Suckling piglets displayed a higher expression of immune pathways, which is indeed
also observed in weaned piglets [51, 52]. This is most likely not primarily caused by low
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feed intake around weaning, but by new pen mates and a new physical environment,
considering that fasting downregulated immune pathways in feed habituated piglets.
Decreased immune activation upon fasting was also described in the literature, as
fasting lowered activation of mTORCH1, a central regulator of metabolic signals, and
this led to decreased immune function and interferon signalling [53, 54]. This implies
that if piglets are fasted or have low feed intake at weaning, they could be less able
to launch an immune response, while they experience more immune challenges, and
a decreased barrier function. Together, these factors could translate to increased
disease susceptibility of weaned piglets.

The findings in our study thus reveal primarily negative impacts of fasting in piglets,
which is in contrast to the positive effects of calorie restriction and fasting in humans
and mice, where this is recognised as a means to increase longevity and healthspan
[565, 56]. | want to argue that such contradictions call for careful consideration of
factors that might influence the outcome of fasting. Firstly, it is important to consider the
different methods used to induce fasting or calorie restriction. Calorie restriction refers
to a decrease in total calories consumed without causing malnutrition. In mice, calorie
restriction is often enforced by limiting feed allowance and providing that feed only
once per day, which results in the mice ingesting one meal, followed by a prolonged
fast [57]. Calorie restriction thus not only limits the total amount of calories consumed,
but also results in cycles of fasting and refeeding. These fasting/refeeding cycles are
thought to prevent a build-up of damaged mitochondria [58], which aids in maintaining
optimal mitochondrial dynamics throughout life [59, 60]. Although calorie restriction
can thus resemble fasting in how it induces cycles of fasting and refeeding, a calorie
restriction intervention is likely not as severe as 48hs of fasting, as was applied in
this thesis. In part, the high severity of the 48h fasting intervention is due to the high
growth rate of young piglets which at that time have few metabolic reserves to fall back
on [61, 62], which means that they are more dependent on dietary nutrient supply.
In addition, it is important to consider that our fasting intervention was only a single
fasting cycle. Calorie restriction, on the other hand, is often performed much longer,
potentially giving the tissue time to adapt to this nutrition intervention. Secondly, an
important consideration with regard to the positive effects ascribed to calorie restriction
is that these studies are primarily performed in animal facilities that are kept sterile;
thus, these mice do not experience additional immune stressors. In our experiments,
it appears that piglets at weaning experience a lot of immunological stressors, which
they may be less able to cope with due to the fasting intervention as discussed above.
This corresponds with findings that calorie-restricted mice are less able to launch an
immune response against intact pathogens [63]. Thirdly, a factor that could influence
whether fasting or calorie restriction is beneficial is the developmental stage of an
individual, as will be further discussed later. Together, these considerations indicate
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that applying fasting or calorie restriction requires careful consideration with regards to
factors that may impact outcome of such an intervention.

Regulation of IEC metabolic function beyond gene expression

An intriguing observation in this thesis is that we found an altered metabolic function
of IECs, even though we analysed the metabolic flux of the isolated IECs ex vivo in a
nutrient-rich environment (chapters 5 and 6). Especially for the decreased metabolic
fluxes observed in chapter 6, we are confident that this reflects the in vivo situation.
Here, decreased metabolic fluxes coincided with decreased mitochondrial gene
expression, performed on mucosal scrapings snap-frozen immediately following
slaughter. These results are exciting, as we know from the literature that metabolic
function can rapidly respond to altered nutrient availability. For example, ingesting a
meal following an overnight fast increased the expression of key glucose and amino
acid metabolism proteins within two hours in human peripheral blood mononuclear
cells [64]. As we can measure decreased mitochondrial and glycolytic function of
isolated IECs even in a nutrient-rich environment, our results point towards longer-term
regulation or imprinting of IEC metabolic phenotype by the nutritional interventions.
Below, | will first highlight two regulatory mechanisms that are sensitive to nutritional
interventions, which can imprint metabolic adaptations. Thereafter, | will explore how
these mechanisms can program metabolic adaptations.

Post-translational modifications and their regulation of metabolic func-
tion

A well-known mechanism by which metabolic fluxes can be modified is by reversible
post-translational modification (PTM) of proteins. Proteins present in the nucleus
(mostly histones), cytosol and mitochondria are known to be modified by PTMs,
with diverse repercussions for their functionality. A form of PTM that was shown to
specifically modify metabolic enzymes, and may thus regulate metabolic flux directly,
is acylation. Acylation involves the modification of lysine residues through the covalent
binding of an acyl group, often derived from a metabolic intermediate. Metabolic
intermediates can react with proteins via acyltransferases or deacetylases, or directly
modify proteins through non-enzymatic mechanisms [65]. In response to acylation, the
function of acylated proteins changes for several reasons, including removal of the
positive charge of the lysine residue or through steric hindrance. The most well-known
protein acylation is acetylation, which derived from acetyl-CoA, but many others are
known. Through acylations, the function of almost all metabolic proteins can quickly
adjust to cellular needs [66]. For example, increased fatty acid concentrations in the
cell culture medium induced the acetylation of a central fatty acid oxidation enzyme,
leading to increased fatty acid oxidation [66]. Alterations in nutrient availability quickly



204 | General Discussion

affect protein acylation and nutrient fluxes, because acylation is highly dependent on
substrate concentrations [67].

There are some indications that changes in PTMs may have influenced our results.
We observed an increase in colonic SCFA flux in response to the dietary intervention
performed in chapter 5. The diets could thereby have changed PTMs in IECs, since
microbial metabolites have been shown to alter the host’'s epigenome [68]. Especially
the SCFAs acetate, propionate and butyrate have gained attention in this regard, since
they were found to increase the host’s histone acylation status, thereby increasing
gene expression [69]. Butyrate especially was shown to inhibit histone deacetylase
activity, thereby increasing histone and protein acylation patterns in enterocytes [18,
44]. Because we observed that butyrate altered pyruvate flux, we also performed
an experiment in which we exposed HT29 cells to 5 mM of acetate, propionate and
butyrate for 72h. We then analysed whether butyrate exposure led to post-translational
modification of central glucose oxidation enzymes. Pyruvate kinase M2 (PKM2), the
enzyme responsible for converting phosphoenolpyruvate to pyruvate, was previously
reported to be a direct binding target of butyrate [19]. However, we did not observe
acylation, butyrylation or crotonylation of PKM2 following 72h exposure of HT29 cells
to 5 mM of the SCFAs. Nevertheless, exposure of the cell lysate to acetic anhydride
did induce acetylation of PKM2, showing that acylation is possible but did not occur
at detectable levels after exposure of cells to these SCFAs. We also assessed whether
lactate dehydrogenase, the enzyme converting pyruvate to lactate, was butyrylated
and acetylated, but this was also not the case. Even though we did not observe
acylation of the analysed proteins after 72h exposure of HT29 cells to the SCFAs, we
did observe that PKM2 can be acetylated, proving that acetylation of this protein is
possible. In addition, other thus far unanalysed proteins could be acetylated. It would
be therefore be interesting to dive further into this relatively new and underexplored
field to identify novel protein targets that the SCFAs acylate.

Effects observed in the fasting study could also possibly be explained by alterations
in PTMs. For example, fasting feed-habituated piglets induced expression of both
ketogenic genes as well as the pyruvate dehydrogenase regulator, PDK (chapter 6).
Interestingly, the ketone body B-hydroxybutyrate was recently identified to be able to
post-translationally modify histone lysine residues [65]. Histone B-hydroxybutyrylation
was also shown to induce PDK4 expression in fasted mice’s intestines [70]. Via
B-hydroxybutyrylation of histones, ketogenesis could thus contribute to the induction
of lipolysis in the intestine upon fasting. In addition, lysine deacetylases appear to play
a major role in the molecular fasting response. Fasting and calorie restriction are well
known to increase the expression and activity of histone and protein deacetylases
[71, 72]. For example, recruitment of class lla histone deacetylases (HDACs) into



General Discussion | 205

the nucleus was found to upregulate expression of gluconeogenic genes in the liver
upon fasting [73]. We likewise observed upregulation of gluconeogenic genes upon
fasting in pig intestines (chapter 6). At the same time, at least fasting of up to 24h
seems to upregulate protein and histone acetylation in the liver and kidney of mice.
This could be caused by increased mitochondrial oxidation, leading to increased
availability of acylation substrates [74]. Although these findings seem contradictory
(increased protein and histone acetylation with concomitant increased HDAC activity),
this is likely needed to deacetylate specific proteins and gene promotor sites that have
been acetylated [75]. For example, promotor sites needed for the transcription of fatty
acid oxidation genes were shown to be deacetylated by SIRT3 upon fasting, enabling
their transcription [75]. Upon fasting, we observed that genes belonging to the histone
deacetylase superfamily were indeed primarily upregulated upon 48h fasting in both
suckling and feed habituated piglets (fig. 8.1). However, the expression of individual
deacetylases varies between suckling and feed habituated piglets, indicating the
global protein acylation pattern may differ between these age groups. Thus, it would
be interesting to further investigate how protein acylation is altered upon fasting in
the suckling and feed habituated piglets, and how this contributes to the molecular
regulation of gene expression.

Figure 8.1 Regulation of the histone deacetylase (HDAC) superfamily in the jejunum
of suckling and feed habituated piglets upon 48h fasting. Volcano plots of the genes
belonging to the HDAC superfamily regulated in suckling (A), and feed habituated (B)
piglets. Out of the eighteen genes in the gene set, eleven were significantly regulated in
both suckling and feed habituated piglets. Significantly regulated genes are labelled with
their gene symbol.

Mitochondrial remodelling as driver of mitochondrial efficiency

Another mechanism that determines the efficiency of mitochondrial ATP production
is mitochondrial morphology. Mitochondria are not single organelles, but operate
in dynamic networks [76]. Fused mitochondria form tubular networks with high ATP
synthesis capacity, but certain stressors can induce mitochondrial separation, called
fission, to eliminate dysfunctional organelles [77]. A fused mitochondrial network
improves metabolic efficiency by allowing the exchange of nutrients and cofactors.
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In addition, it prevents auto-phagocytic clearance of mitochondria, also termed
mitophagy [77, 78]. Interestingly, these processes of mitochondrial fission and fusion
were found to be regulated through the previously discussed PTMs [79]. Currently, it
is unknown whether and how quickly mitochondrial remodelling occurs in the intestine
in response to the nutritional interventions applied in this thesis. However, we know
from literature that the nutritional interventions applied potentially impact mitochondrial
remodelling. For fasting, there are clear indications that mitochondrial morphology
changes. Upon starvation, mitochondria were found to fuse into elongated tubes in
cell culture systems [78], and in murine skeletal muscles [77]. Likewise, butyrate and
acetate increased mitochondrial fusion in pancreatic islets and colon cancer cells [80,
81]. Whether butyrate, acetate and/or fasting also impact mitochondrial fusion in the
colon in vivo, would be an interesting avenue for further research.

In addition to these morphological changes induced by fission and fusion, mitochondrial
location within the cells is also important. Often, mitochondria reside in cellular locations
with high energy demand. In the intestine, mitochondria were found close to the cell-cell
junctions [82], suggesting that maintaining intestinal barrier function indeed is a highly
energy-demanding process. Indeed, mitochondrial uncoupling decreases expression
of tight junction proteins [83]. The processes of mitochondrial fission and fusion
potentially influence mitochondrial localisation within the cell, leading to local energy
shortages at critical cell locations, such as the cell-cell junctions. In future studies, it
would be interesting to investigate the impact of challenges on intestinal mitochondrial
morphology and localisation, to better understand the mechanisms underlying altered
metabolic fluxes. This can be done for example via immunohistochemical staining
of key mitochondrial proteins, such as COX4, to visualise the mitochondrial network
and localisation within the intestinal epithelium. If alterations in mitochondrial network
dynamics and localisation are observed, more detailed mechanistic studies are
required to further investigate how the nutritional interventions altered mitochondrial
remodelling and how this relates to the altered mitochondrial metabolic flux.

Imprinting of cellular adaptations to nutritional interventions

As stated above, the processes of PTM and mitochondrial remodelling are dynamic
and reversible, but they are known to be able to imprint metabolic adaptations. First,
together with the altered nutrient environment following nutritional interventions, these
processes impact metabolic fluxes. Thereby, the presence of mitochondrial and
glycolytic metabolites is altered, and these metabolites communicate the metabolic
status to the nucleus to align nuclear and mitochondrial activities. As we have also
observed, gene expression can be altered, but the chromatin can also be remodelled
with more permanent effects. For example, in humans, there is also evidence that in
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utero exposure to malnutrition leads to a higher risk of developing non-communal
diseases in later life [84]. Mechanistically, genetic imprinting can be induced by early
life events through the mechanisms described above. For example, yellow-coated
agouti dams that received a diet supplemented with methyl-donors (folic acid, vitamin
B12, choline and betaine) during gestation were found to produce offspring with a
coat colour closer to the brown pseudo agouti phenotype [85]. Furthermore, studies
showed that intrauterine growth restriction (IUGR) results in an increased risk to
develop insulin resistance [86]. In rats, it was found that this can at least be partially
attributed to decreased acetylation and methylation of the promotor site of Pdx-4, a key
transcription factor involved in pancreatic islet cell development [87].

Although especially in utero exposure was identified as a susceptible period for
nutritional programming, the critical developmental window extends into the postnatal
period [88]. In humans, the critical window that impacts life-long health is mainly
described as being the first 1000 days of life, from conception to about two years of
age. Indeed, multiple studies describe how post-natal exposure can program later life
health. For example, undernutrition in childhood was found to worsen non-communal
disease outcomes [89, 90]. In addition, protein malnutrition during the post-weaning
period induced metabolic alterations in rats long after re-administration of a balanced
diet [89]. Another study reported that in mice, consuming a diet rich in n-3 long-chain
polyunsaturated fatty acids in the first four weeks of life decreased fat accumulation and
improved plasma lipid profile [91]. Likewise, studies from our lab also found evidence
for post-weaning programming by dietary monosaccharides [92]. Also, exposure to
drugs in early life, such as pharmaceutical antibiotics treatment, was found to alter
the composition of the microbiome in later life [93, 94], which also affects later life
metabolism of IECs by altering nutrient availability [94]. Thus, there is clear evidence
for post-natal programming by nutritional interventions, but the effects on intestinal
programming have been poorly studied. Therefore, it would be of interest to study the
impact of the dietary and fasting interventions on later life intestinal function, and the
role of mitochondria therein.

Altered intestinal morphology as a result of transcriptional and post-trans-
lational regulations

Apart from life-long programming effects, it is also interesting to investigate how
long it takes for the intestine to recover after the dietary interventions. The fasting
intervention reduced absolute small intestinal length (chapter 6), and this is possibly
a first indicator of altered intestinal architecture. The previously discussed changes
in gene expression, mitochondrial morphology and acylation patterns could impact
intestinal architecture and physiology. The PPAR response genes, that are activated
by e.g. lipid intake, were shown to increase intestinal length [95], which could impact
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intestinal digestion and absorption abilities. In addition, a switch to secretory cell types,
such as Paneth and goblet cells, requires a rewiring of mitochondrial metabolism and
induction of a glycolytic phenotype [96, 97]. These metabolic changes are likely driven
by mitochondria fission. Indeed, mitochondrial fission was found to be required for the
differentiation of stem cells into Paneth and goblet cells [96], while defective fusion
inhibited differentiation of enterocytes in Drosophila [98]. Furthermore, increased
mitochondrial fusion induced by calorie restriction was shown to favour the stem-cell
niche and decrease the differentiation into new absorptive enterocytes in mice [99].
Differentiation of enterocytes into either absorptive or secretory phenotypes was also
shown to be steered through PTMs [100]. Thus, the intestinal architecture seems to
adapt in response to metabolic cues and in response to mitochondrial dynamics, and
these changes may last for some time, even when nutrients become available again

Next steps to identify the role of IEC metabolism in intestinal function

An important factor remaining to be answered is to what extent, and how, the metabolic
function of IECs contributes to intestinal functions. I have seen that the metabolic function
of IECs is altered upon many challenges, in this thesis mainly in response to microbial
fermentation products and fasting. However, thus far, | have not been able to establish
whether the decreased metabolic function of IECs also causes intestinal dysfunction.
To investigate this, it is first important to understand what a causal relationship is.
According to classical logic, a causal relationship implies an asymmetrical relationship:
‘A’ causes something in ‘B’, while this does not happen vice-versa. Can we conclude
that decreased metabolic function causes intestinal dysfunction, and not vice versa?
Although | observed simultaneous decreased metabolic function and decreased
expression of barrier function genes in the fasting intervention, this does not prove
causality. Moreover, barrier function was only assessed using barrier function genes,
and these results should be substantiated with a direct assessment of barrier function
to solidify the conclusions. Together, | cannot conclude on a causal relationship based
solely on the findings in this thesis. However, some findings do suggest there is at
least a relationship between intestinal metabolism and barrier function. A study from
our lab did show that disruption of mitochondrial energy production also decreased
barrier function of trans-well cultured Caco-2 cells [83]. In addition, the concomitant
decrease of both mitochondrial and intestinal barrier function genes upon fasting in
both suckling and feed habituated piglets does suggest that metabolic dysfunction
at least contributes to decreased barrier function (chapters 6 and 7). Three steps
need to be taken to establish this causal relationship: 1) selective manipulation of IEC
mitochondrial function, e.g. using mitochondrial inhibitors or genetic manipulations;
2) functional IEC metabolism and mitochondrial gene expression analysis, using e.g.
the tools provided in this thesis as described previously; 3) measure the physiological
impact of such manipulations.
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Manipulation and variations in mitochondrial function in vitro and in vivo

To establish a causal relationship, we need methods to manipulate or identify variations
in mitochondrial function in physiologically relevant systems. In vitro cells are a
relatively easy method to do this, because chemical mitochondrial inhibitors can easily
be applied. Interesting new technological developments, such as organoids [101]
and organ-on-chip [102], allow us to mimic the intestinal environment with increasing
accuracy, because they allow for culturing in a 3D space, using various cell types. It is
much more challenging to administer chemical mitochondrial inhibitors in vivo, since
the route of administration towards the intestine is more difficult to control, meaning
that the inhibitor could easily also impact other organs and cells than just the IECs.
Target drug delivery, e.g. using coated particles with specific properties, such as
pH-sensitive or starch coatings that are only degraded in the lower intestines [98],
are being developed to help circumvent this difficulty. In this way, the mitochondrial
function may be decreased in vivo to investigate how this affects intestinal physiology.

Another method to specifically target intestinal mitochondrial function is to create
genetically modified mouse strains. Mice are well-established animal models, and
many techniques have been developed to induce genetic modifications. For example,
it is possible to perform IEC-specific knock-down of critical mitochondrial genes,
or overexpression of mitochondrial uncoupling proteins to decrease mitochondrial
efficiency. Gene expression can further be modified during specific time points or
certain developmental periods using inducible promotor sequences that are activated
using the antibiotics Tetracycline and Doxycycline [103]. The fasting intervention, as
described in chapters 6 and 7, proved a valuable method to isolate the effects of
luminal nutrient deprivation from other stressors, and could be employed in future
studies, in combination with genetic manipulations, to further investigate the role of IEC
metabolism in intestinal physiology.

Methods to assess physiological impact of altered IEC metabolism

Apart from measuring and manipulating mitochondrial function, methods are needed
to assess the impact of such manipulations on intestinal physiology. As maintaining a
solid barrier is such a crucial function of the intestine, intestinal barrier function is often
measured to assess intestinal function. A relatively simple and inexpensive technique
is the ‘everted-sac’ method, first developed in 1954 by Wilson and Wiseman [104],
and is most often applied to study drug kinetics [105]. But the method has potential for
much broader application. Using the everted-sac method, it was for example reported
that exposure to bacterial cell-wall components increases colonic permeability of a 40
Kilodalton (KDa) marker in rats [1086].
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| have applied the everted-sac method to two animal experiments. The first experiment
was a prospective trial that aimed to investigate the mechanisms underlying diarrhoea
development. To do this, faecal samples of piglets were collected pre-weaning,
before the development of diarrhoea, and post-weaning, when some piglets had
developed diarrhoea. Piglets with and without diarrhoea were dissected five days
post-weaning. Using the everted-sac method, | assessed intestinal permeability in the
large intestine by measuring the flux of undigestible fluorescently labelled dextrans
of 4 and 40 KDa from the luminal to the apical side of the intestinal sac. For this, we
optimized and applied a plate-reader based assay. Importantly, the 40KDa TRITC-
labelled dextran was difficult to analyse, due to obtained signals that were around the
detection limit, making these results technically less reliable. To accommodate this, we
also measured glucose uptake as a marker for ATP-dependent transport. A negative
control for glucose uptake was included by incubating intestinal sacs in 0.1% sodium
azide, which blocks cytochrome ¢ oxidase and thereby inhibits mitochondrial ATP
production. The results showed no difference between control and diarrhoea piglets
in permeability of the 4 and 40 KDa markers, nor was there any difference in glucose
transport (fig. 8.2A-C). However, there was a significant decrease in glucose transport
upon sodium azide exposure, confirming that glucose transport across the everted-
sac is indeed ATP-dependent. However, inhibition of mitochondrial ATP production
did not increase everted-sac permeability of the 4 and 40 KDa markers (fig. 8.2A-
B). These results thus did not show increased permeability, nor decreased energy-
dependent glucose uptake, in the colons of piglets with post-weaning diarrhoea.
Neither did short-term energy deprivation, induced by sodium azide treatment, cause
increased permeability. The second experiment involved applying everted-sac method
in the dietary intervention study described in chapter 5. Here, we did not observe any
effect of the dietary intervention on colonic permeability of the 4 and 40 KDa markers
(fig. 8.2D-E). In conclusion, the everted-sac method did not reveal altered colonic
transcellular permeability of piglets with diarrhoea, following dietary interventions, or
upon mitochondrial energy deprivation induced by sodium azide.
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Figure 8.2 Intestinal permeability measurement using the everted-sac. Colonic
permeability and ATP-dependent glucose transport of control piglets and piglets with
diarrhoea were assessed in an on-farm experiment. Permeability to a 4KDa dextran (A)
and a 40 KDa dextran (B) was measured to assess paracellular permeability. Glucose
transport was measured as an ATP-dependent transport system (C). Sodium azide (0.1%)
was a negative control for ATP-dependent transport. Colonic permeability of pigs fed
diets differing in protein source and fibre level Permeability to a 4KDa dextran (D) and a
40 KDa dextran (E) was measured to assess paracellular permeability. KDa = Kilodalton.

There are several possible reasons why the everted-sac did not reveal differences in
permeability following the interventions. As alluded to above, the technique may not
be sensitive enough, e.g. because the markers are too large, and can only pass the
intestinal barrier if there are relatively large paracellular gaps, or the signals are just
too low to detect on our plate reader. In addition, the technique is subject to many
ex vivo manipulations of the tissue (a good overview is given by [105]), which can
impact permeability as measured using the everted-sac. The everted-sac method
could be improved to more accurately measure intestinal permeability. For example,
removing the muscle and serosa layers allows for more direct measurement of IEC
paracellular permeability. Noorman et al. [107] recently showed that intact everted-
sacs indeed result in an underestimation of jejunal permeability, and stripping away the
serosa and outer muscle layer could increase the accuracy of the everted-sac method.
Removal of the muscle and serosa layers is standard practice during permeability
assessment using Ussing chambers, which measures both paracellular permeability
and electrical resistance of the mucosal layer [108]. A significant advantage of everted-
sac and Ussing chamber analyses is that they enable the measurement of intestinal
permeability in specific intestinal locations. However, these are ex vivo analyses, and
it would be good to assess permeability in vivo. A possible method to do this is by
applying a multiple sugar test. This method allows for site-specific measurement of
intestinal permeability with markers that can be analysed in both plasma and urine
samples [109, 110]. Finally, combining manipulation of IEC metabolism with read-outs
of intestinal permeability will aid in further unravelling the role of IEC metabolism in
intestinal physiology.

Further recommendations for future research into IEC metabolic function

In addition to the methods to manipulate and assess IEC metabolism and its impact on
intestinal function as mentioned above, it would be valuable to study IEC metabolism
further. In this thesis, | was able to analyse the impact of nutritional interventions on
various levels of organismal organisation by combining multi-level analyses: the
molecular (e.g. transcriptome analysis), the cellular (e.g. functional metabolic analysis)
and the organismal (e.g. body weight). Although these multi-level analyses added
complexity to the data interpretation, | believe this is the way forward to determine
the true impact of nutritional interventions on IEC metabolism. Taking this further, this
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calls for an extensive analysis at multi-levels, including functional parameters, of all
animal experiments to better establish how interventions impact overall physiology.
In addition, we can further improve our interpretation of how nutritional interventions
impact IEC metabolism by simultaneously characterizing the luminal gut environment
and the arterial nutrient supply to and drainage from the intestine. Organs constantly
exchange nutrients through the bloodstream [111], and IECs can switch to these
arterial metabolic substrates, as was discussed previously. In response to nutritional
interventions, it is therefore likely that IECs adapt not only their mitochondrial and
glycolytic phenotype, but also their metabolic substrate use. To investigate whether IECs
alter their metabolic substrate use, we can adapt the Seahorse XF metabolic analysis
of IECs. This can be done by, for example, adding or removing specific metabolic
substrates, like SCFAs, long chain fatty acids or amino acids, or by blocking metabolic
pathways to assess their contribution to cellular ATP production. Furthermore, the in
vivo nutrient supply towards and away from the intestine can be analysed by sampling
the afferent and efferent blood vessels and performing metabolomics. In this way, we
can discern which nutrients are consumed or produced by the intestine during the
nutritional interventions. Understanding what metabolic substrates are used by IECs
during specific (nutrition) interventions, and how this affects intestinal metabolism, is
helpful to design interventions that support IEC metabolism.

Why understanding IEC metabolism is essential: a glance to current
societal challenges

The results of this thesis show that IEC metabolism is responsive to nutritional
interventions, but a better understanding of how this correlates with intestinal physiology,
and how IEC metabolism is impacted by other relevant nutritional intervention is still
needed. | would like to emphasise this need by highlighting some findings from our
study and placing them into the perspective of current societal challenges.

First, our findings highlight that enteral nutrition is essential to maintain IEC metabolic
function. We need further research to establish the link between IEC metabolism and
intestinal function, to better support IEC function during times of limited or absent luminal
nutrient supply. The importance of enteral nutrition to maintain proper intestinal barrier
function and immune regulation is already recognised in human healthcare [112],
where parental nutrition is only applied if tube feeding is not feasible. On a global scale,
a significant challenge for the coming decennia will be to provide adequate nutrition
and clean drinking water for the growing world population [113]. Understanding how
to support the gastrointestinal tract, the ‘gateway to the body’, to maintaining a solid
barrier, could reduce disease susceptibility in periods of nutrient and immunological
stress caused by malnutrition or contaminated drinking water. Some suggestions for
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how to support IEC metabolism will be given below.

Second, we found that diets high in poorly digestible protein and fermentable fibre
altered IEC metabolic function. These results are relevant for human nutrition in light
of the growing interest in switching to plant-based diets that have poorer protein
digestibility and more fibres [32]. Although we do not yet understand the impact of
the observed changes, it is clear that diets can impact IEC metabolism and possibly
gut function. In addition, these results are relevant for pig nutrition. To reduce the
competition of human edible food and animal feed sources for arable land, pigs will be
fed increasingly with by-products or alternative feed sources that do not compete as
much with human nutrition, such as grasslands or algae [114, 115]. As these sources
are often high in fibre content, the question raised with regards to the results presented
in this thesis is whether, and to what extent feeding such by-products will negatively
impact animal health, both by decreasing protein digestibility and increasing fibre level.

For the described societal challenges, there is a need for more in-depth analysis of
how they impact IEC metabolism and gut health in the long term. As IEC metabolism
appears to be a critical determinant of IEC function, it would be useful to further
understand the constraints and critical limits of IEC metabolic adaptations to tailor
interventions and try to prevent the onset or worsening of disease. The tools presented
in this thesis could be helpful to further elucidate the role of IEC metabolism in intestinal
function, and to find ways to boost IEC metabolic function and gut health.

There are several attractive candidates to boost IEC metabolic function in the intestine.
Specific co-factors that are essential for regulating and maintaining mitochondrial
respiration, such as NAD*, could be provided through the diet to support mitochondrial
function [116]. Supplementation with a precursor of NAD*, nicotinic acid, was found to
increase stem cell proliferation [117], which could be beneficial to promote intestinal
maturation in the post-weaning period or after times of intestinal injuries caused by
infections. In addition, dietary supplementation of nutrients that are known to be
important nutrient sources of IECs, such as glutamine for small intestinal IECs or
targeted delivery of butyrate to colon IECs, could support IEC metabolic function, even
if other substrates are limited [44, 118]. Finally, because the intestinal developmental
stage seems an important factor in determining whether the gut can cope with
challenges or not, increasing intestinal maturation could be a good strategy to improve
intestinal resilience in infants and piglets. Polyamines were found to increase intestinal
maturation, thereby improving intestinal resilience, especially around weaning and in
pre-term infants with underdeveloped intestines [119-121].
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Conclusions

The tools provided in this thesis could aid in improving our understanding of IEC
metabolism in health and disease. The isolation of primary pig IECs proved a valuable
method to assess the impacts of dietary and fasting interventions. In addition, the set of
mitochondrial genes that was decreased in both suckling and feed habituated piglets
could assist in developing gene markers for assessing mitochondrial function in future
experiments. Furthermore, the two nutritional interventions applied in this thesis, which
focused on fermentation metabolites and fasting, clearly impacted IEC metabolic
function. By altering IEC metabolic function, these interventions could impact the health
of an individual, but the exact mechanisms, and implications for intestinal physiology
need to be further investigated. Ultimately, understanding the role of IEC metabolism in
intestinal physiology, and how it responds to the challenges of the present and future,
can drive discoveries to beneficially manipulate IEC metabolism, to finally support the
overall health of humans and animals.
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Summary

The intestinal tract is a complex organ that is vital for maintaining organismal health.
It transports provides essential nutrients and minerals that are needed to sustain all
bodily functions, while keeping out unwanted environmental agents and compounds.
An optimally functioning intestine is thus indispensable, and suboptimal intestinal
function can result in gastrointestinal diseases. Gastrointestinal diseases are prevalent,
especially at a young age. Childhood diarrhea accounts for nearly 1.7 billion cases
every year, leading to over half a million deaths in children under 5 years of age,
primarily in low income countries. Likewise, also young animals like piglets frequently
suffer from diarrhea, which globally accounts for large losses of lives and industrial
profits. Pigs are thus an important target species in their own right. Moreover, they are
a good model for humans, and pigs were therefore chosen as the main focus of the
research presented in this thesis.

To perform all its tasks, the intestinal lining is made up of a layer of tightly connected,
terminally differentiated cells called intestinal epithelial cells (IECs). The IECs, like
all living cells, need to produce sufficient energy to support their cellular functions.
Cellular energy metabolism is a highly dynamic process, and it can adapt and change
in response to intrinsic and extrinsic stimuli. Currently, it is poorly understood how
the metabolism of IECs responds when faced with altered nutritional environments.
The overall aim of my thesis was therefore to increase our knowledge of how IEC
metabolism adapts to changes in nutrient environment under various conditions. In
my research, we have applied two nutritional interventions, constituting challenges to
the intestine, that are relevant for both human and animal nutritional: diet and fasting.

My firstaim was to study how IEC metabolic functionisinfluenced by diet. Carbohydrates
and proteins that are not digested in the small intestine end up in the colon, where they
are fermented by the microbes present there, giving rise to a plethora of fermentation
metabolites. These fermentation metabolites interact with the hosts’ epithelium, and
can thereby potentially impact IEC function. | investigated polyamines because they
are a major class of protein-fermentation derived metabolites. and butyrate, because
it is a major fibre-fermentation derived metabolite. In chapter 2, | reviewed the current
knowledge of the biochemical, cellular and physiological functions polyamines in the
intestine. This revealed that polyamines play a crucial role in the intestine, and can
influence metabolism of IECs. However, it remains unclear whether luminal polyamines
affect IEC physiology in vivo, and this is a research gap to be investigated in future
studies. In chapter 3, | investigated the effect of butyrate on the metabolism of cultured
colonocytes. Butyrate is considered the primary energy source of colonocytes, and it
has been widely studied for its beneficial health effects. Because mechanistic studies
on the effects of butyrate are principally performed using cultured cells, which differ from
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in vivo cells in crucial aspects such as nutrient availability and metabolic phenotype, |
investigated how exposure to butyrate affected the metabolism of cultured colonocytes.
| showed that butyrate itself was not oxidized in cultured cells, but that it instead
increased the oxidation of pyruvate and increased lipid accumulation, presumably by
being directly incorporated into lipid droplets. These results highlight that the nutritional
environment and metabolic phenotype of cells are important considerations when
interpreting metabolic responses to fermentation metabolites.

In addition to assessing the effects of fermentation metabolites in vitro and using
literature research, | assessed how the functional metabolism of IECs is impacted
by relevant nutritional interventions in vivo. Therefore, | first optimised a method to
isolate viable primary pig IECs and measure their metabolic function in the Seahorse
XF analyzer in chapter 4. In chapter 5, | used this method to investigate the in vivo
effects of fermentable fibres and poorly digestible protein on colonocyte metabolic
function in pigs. | showed that the mitochondrial capacity of isolated colonocytes was
only reduced by high fermentable fibre levels in an easily digestible whey-protein
diet, while the glycolytic function of colonocytes was reduced by high fermentable
fibre, irrespective of dietary protein source. Due to the complexity of the diets, it was
difficult to link effects to specific colonic fermentation end products. However, this
study did demonstrate that dietary interventions, and subsequent alterations in luminal
fermentation metabolites, affect the metabolic function of IECs.

The second aim of my thesis was to establish the functional metabolic and molecular
consequences of fasting on IECs. During periods of fasting, luminal nutrient supply
is completely abolished for a certain amount of time, leading to altered supply of
metabolic substrates to IECs for cellular ATP production. In chapter 6, | studied the
functional metabolic and molecular responses of IECs of feed habituated piglets to
fasting. | found that 48hs of fasting simultaneously decreased functional mitochondrial
and glycolytic metabolism in jejunal IECs of six-week-old feed habituated piglets. This
also validated the transcriptome results, where mitochondrial pathways were among
the top regulated Reactome pathways upon fasting. Further analysis of the gene
expression revealed that decreased metabolic function coincided with decreased cell
proliferation and barrier function. In chapter 7, | investigated the differences in the
response to fasting of jejunal IECs of four-week-old suckling and six-week-old solid
feed habituated piglets. | found that gene regulation upon fasting was strongest in
suckling piglets. Furthermore, while some molecular pathways were similarly regulated
in suckling and feed habituated piglets, indicative of a robust response to the fasting
intervention, other key processes were regulated in the opposite direction upon 48h
fasting. Together, these findings underscore the importance of luminal nutrient supply
to maintain IEC metabolic function, and reveal molecular pathways that may underlie
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increased disease susceptibility during times of nutrient stress.

In chapter 8, the final chapter of my thesis, | discussed my main findings, future
perspectives and recommendations for future research. There is a need to better
understand how metabolic function of IECs contributes to intestinal functions intestinal
physiology, and the tools provided in this thesis could aid in facilitating this research.
Ultimately, understanding the role of IEC metabolism in intestinal physiology, and
how it responds to the challenges of the present and future, can drive discoveries to
manipulate IEC metabolism in a beneficial manner, to improve overall health of humans
and animals.
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Samenvatting

Een fundamenteel criterium voor alle levende organismen en de cellen waaruit die zijn
opgemaakt, is dat er voldoende energie beschikbaar moet zijn om de vitale processen
in stand te houden. Dit geldt ook voor de darm, waar een dunne laag cellen voor de
taak staat om het binnenkomende voedsel te verteren en de vrijgekomen nutriénten en
mineralen op te nemen. Tegelijk moeten ongewenste organismen en stoffen die via de
mond zijn binnengekomen, buiten worden gehouden. Deze taken vergen veel energie,
die in onze cellen voornamelijk wordt geproduceerd in mitochondrién. Mitochondrién
worden om die reden ook wel de energiefabriekjes van de cel genoemd. Uit deze
informatie volgt direct de centrale hypothese van mijn proefschrift: goed functionerende
mitochondrién zijn nodig om voldoende energie te produceren om alle cellulaire
processen te laten werken. Daarmee dragen zij bij aan het in stand houden van een
goede balans in de darm. Als mitochondrién om wat voor reden dan ook, niet goed
functioneren, zorgt dit voor een cellulaire energiecrisis, waardoor essentiéle processen
niet in stand gehouden kunnen worden. Dat leidt uiteindelijk tot een onbalans in de
darm (zie ook Fig. S1).

Om deze hypothese te testen hebben we onderzoek gedaan in varkens. In de eerste
plaats omdat varkens een belangrijke doelpopulatie zijn wat betreft darmonderzoek.
Vooral jonge biggen leiden namelijk veelvuldig aan darmziektes zoals diarree, wat
resulteert in biggensterfte en grote economische schade. In de tweede plaats zijn
varkens ook een model bij uitstek voor het menselijke maag-darmkanaal. Deze twee
dingen samen maakte varkens ideaal voor dit onderzoek.

centrale hypothese:
gezonde mitochondrién

darm in balans

ongezonde mitochondrién

BN
AT
(TR

darm in onbalans

Figuur S1 Centrale hypothese. Om de darmin balans te houden, zijn goed functionerende
mitochondrién nodig om voldoende energie te produceren waarmee alle cellulaire
processen in stand worden gehouden. Als mitochondrién niet goed functioneren leidt
dit tot een cellulaire energiecrisis, waardoor cellulaire processen niet in stand kunnen
worden gehouden, wat uiteindelijk leidt tot onbalans in de darm.

A
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Om te onderzoeken hoe de mitochondriéle functie bijdraagt aan het optimaal
functioneren van de darm, hebben we de darm uitgedaagd door blootstelling aan
twee nutritionele interventies (zie Fig. S2). De eerste interventie had als doel om te
onderzoeken hoe de mitochondriéle functie van darmcellen wordt beinvioed door het
dieet. Eiwitten en vezels die niet zijn verteerd in de dunne darm, komen in de dikke
darm terecht, waar ze worden afgebroken door de vele microben die hier leven. Tijdens
de microbiéle afbraak ontstaan er producten die in contact komen met de darmcellen,
en daar een directe invloed op kunnen hebben. Eindproducten van vezelfermentatie
worden over het algemeen gezien als positief voor de darmgezondheid, terwijl
eiwitfermentatie-eindproducten juist negatief te boek staan. In onze studie gaven we
varkens een dieet hoog aan vezel, hoog aan onverteerbaar eiwit of een combinatie.
Hoewel we duidelijk zagen dat de diéten de mitochondriéle capaciteit van darmcellen
beinvioedden, was het onduidelijk wat hieraan ten grondslag lag, en daardoor was het
moeilijk om de resultaten te interpreteren. Wel zagen we dat de diéten de mitochondriéle
capaciteit van darmcellen beinvioedden, en dat er een interactie was tussen vezel en
eiwit. Onze tweede nutritionele interventie had als doel om te onderzoeken wat het
effect is van vasten op de mitochondriéle functie van darmcellen. Normaal gesproken
halen darmcellen een belangrijk deel van hun voedingsstoffen direct uit het voedsel dat
binnenkomt, wat wegvalt tijdens vasten. We vonden dat de mitochondriéle functie van
darmcellen sterk was verminderd na 48 uur vasten, wat we hebben bevestigd aan de
hand van andere moleculaire analyses. Naast een vermindering van de mitochondriéle
functie, zagen we ook dat de celdeling, een belangrijk proces in de snel-delende
darm, was afgenomen na vasten. Ook zagen we dat de expressie van genen die een
rol spelen bij het in stand houden van de darmbarriere afgenomen was na vasten.
Al deze resultaten wijzen erop dat vasten in jonge biggen kan bijdragen aan een
onbalans in de darm, wat uiteindelijk kan leiden tot ziekte. Hoewel er zeker nog meer
onderzoek nodig is, kunnen we uit mijn onderzoek concluderen dat de mitochondriéle
functie van darmcellen inderdaad wordt beinvioed door nutritionele interventies, en
het lijkt dat voldoende voeding inderdaad van belang is voor het in stand houden
van darmgezondheid in jonge individuen. Met deze opgedane kennis hopen we bij
te dragen aan ons begrip van darmgezondheid, en hoe we dit in de toekomst op een
positieve manier kunnen beinvioeden.



Appendices | 231

Nutritionele uitdagingen

dieetinterventies vasten
Dikke darm s ;i[ microbioomi Dunne darm met voedsel E zonder voedsel
= R o :
g /n ﬂ(}}# =z vertering
) AN 5\
vezel fermentatie a’?‘ N 3 &)ﬁf
% | v

?:i 4’%’ eiwit fermentatie

)

Diéten beinvloeden mitochondriele capacieit van de darm,
maar uitkomsten zijn heterogeen en moeilijk te interpreteren

Figuur S2 Overzicht van de belangrijkste uitkomsten en interventies. Twee nutritionele
interventies zijn toegepast: dieetinterventies en vasten. Hoewel we zagen dat diéten de
mitochondriéle capaciteit van darmcellen beinvloedde, waren de effecten heterogeen en
daardoor moeilijk te interpreteren. We zagen dat vezel en eiwit elkaar beinvloedden in
de effecten op mitochondriéle capaciteit van dikke darmcellen. Vasten zorgde voor een
vermindering van mitochondriéle functie van darmcellen.
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