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GENERAL INTRODUCTION

CARDIOMETABOLIC DISEASE

Cardiometabolic disease represents a cluster of metabolic abnormalities that are risk factors
for cardiovascular disease (CVD) including atherosclerosis. The world is facing an epidemic
increase in atherosclerosis which is currently one of the major leading causes of deaths worldwide
[1]. Cardiometabolic disease is predominantly driven by overweight and obesity and is further
characterised by insulin-resistant glucose metabolism, dyslipidemia and hypertension which can
ultimately lead to atherosclerosis. The mechanisms responsible for developing cardiometabolic
disease are intensively investigated, and it is generally acknowledged that hyperlipidemia and

inflammation play a prominent role.

HYPERLIPIDEMIA AND INFLAMMATION IN CARDIOMETABOLIC DISEASE

OBESITY AS A PRECURSOR FOR TYPE 2 DIABETES AND ATHEROSCLEROSIS

Obesity develops as a result of a long-term positive energy balance where energy intake exceeds
energy expenditure. After a meal, dietary triglycerides (T'G) and cholesterol are taken up by
intestinal cells, which assemble the lipids into TG-rich lipoproteins named chylomicrons, that
subsequently travel via the lymph to the blood. From the blood, chylomicrons can provide
skeletal muscle and white adipose tissue (WAT) TG-derived fatty acids (FA). The TG-depleted
chylomicrons or chylomicron-remnants are cleared by the liver. The majority of the cholesterol
in the chylomicrons is ultimately used as a component of cell membranes and as precursor for
synthesis of bile acids (BAs), steroid hormones, and vitamin D.

Excess energy intake that is not used for the production of energy in various tissues
will be stored primarily in WAT; causing WAT to expand. However, excessive WAT expansion
lead to dysfunctional WAT that renders a pro-atherogenic profile (reviewed in [2]). In brief, the
balance between TG storage and TG removal from adipocytes determines WAT mass. The
removal of TG from WAT is dependent on intracellular lipolysis in which TG are broken down
to FA and released from the adipocytes into the circulation. In healthy conditions, circulating

free fatty acids (FFA) can be oxidised in other organs such as muscle, liver and brown adipose
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CHAPTER 1

tissue. Obesity on the other hand is characterised by hypertrophy of white adipocytes together
with increased release of FA into the circulation due to both elevated basal lipolytic rate as well
as a reduced regulated lipolysis response to insulin [3,4]. The decreased response of expanded
WAT to insulin can be a result of increased WAT inflammation. For example, extensive WAT
hypertrophy stresses adipocytes and induces the secretion of inflammatory proteins (adipokines)
which subsequently attract pro-inflammatory leukocytes that also release pro-inflammatory
cytokines and chemokines into the circulation [5,6]. In the presence of WAT inflammation,
the inflammatory cytokines tumour necrosis factor a (7nf~a) and interleukin-6 (/L-6) have been
shown to directly inhibit the insulin signalling pathway and thereby induce insulin resistance
predominately in WAT itself| liver, and muscle [7—10]. The numbers of pro-inflammatory M1
macrophages and cytotoxic T cells in expanded WAT are increased, whereas the numbers of
anti-inflammatory M2 macrophages and regulatory T cells are reduced [11,12]. In addition
to macrophages and T cells, increased abundance of B cells and neutrophils and reduced
abundance of eosinophils are also hallmarks of WAT inflammation [13-15]. This increased
pro-inflammatory state in expanded WAT is also associated with the development of glucose
intolerance and type 2 diabetes. After a meal, plasma glucose levels rise and in response insulin
1s released by the pancreas. Insulin acts on its target tissues including muscle, liver and adipose
tissues and induces the uptake of glucose by these tissues which subsequently lowers plasma
glucose again [16]. However, inhibition of insulin signalling by e.g. dysfunctional expanded
WAT leads to hyperglycemia, signalling the pancreas to produce more insulin. Progressive
insulin resistance and compensatory increases in insulin production will ultimately result in
failure of the pancreas and the development of type 2 diabetes [9,17,18].

The combination of insulin resistance and the rise in circulating FFA in obesity leads
to reduced FFA oxidation and therefore decreased clearance of FFA from the circulation
by other organs [19]. The excess FFA that cannot be oxidised by other organs build up in
plasma and can serve as a substrate for hepatic TG-rich very-low-density lipoprotein (VLDL)
production [20]. Hepatic TG-VLDL are either synthesised de novo, extracted from the

circulation as non-esterified FFA, or recycled from lipoprotein remnants cleared by hepatic
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GENERAL INTRODUCTION

receptors. As a consequence, plasma levels of TG-VLDL are increased, called hypertrigly-
ceridemia. TG-VLDL particles carry 90% of the plasma TG in the fasted state. TG-VLDL
are substrates for the lipolytic enzyme lipoprotein lipase (LPL) mediating TG removal, which
finally renders smaller lipoprotein particles with a low density of TG and relatively high in
cholesterol, called low-density lipoproteins (LDL). High levels of plasma cholesterol is called
hypercholesterolemia. WAT Inflammation, systemic inflammation, hypertriglyceridemia, and

hypercholesterolemia form major risk factors for the development of atherosclerosis.

ATHEROSCLEROSIS
The development of atherosclerosis is thought to start with some form of damage of the
arterial wall, for example due to high shear stress caused by the blood flow, allowing for the
retention of LDL to infiltrate and accumulate in the sub-endothelial space of the arterial wall.
These trapped lipoproteins are subject to oxidation resulting in oxidised LDL (oxLLDL)[21].
The presence of oxLLDL activates endothelial cells to express adhesion molecules. Adhesion
molecules form the entry point for monocytes to invade the arterial wall where they differentiate
towards macrophages. These macrophages scavenge oxLLDL which under chronic conditions
results in the formation of lipid-laden foam cells and a fatty streak in the arterial wall. This
fatty streak is the hallmark of atherosclerosis development [22]. Activated endothelial cells and
foam cells also produce pro-inflammatory cytokines and chemokines, leading to proliferation
of vascular smooth muscle cells (VMCis) that produce a collagen cap, and attraction of more
immune cells towards the lesion. Due to cell death within the lesion, a necrotic core may be
formed, containing dead cell debris and cholesterol crystals that are released from foam cells.
The shape and cellular composition of arteries is dynamic and the arterial wall can
respond to the presence of lesions by vascular remodelling. Inward vascular remodelling in
arteries results in lumen loss, whereas outward vascular remodelling can compensate for lumen
loss due to plaque accumulation in the arterial wall [23]. Outward remodelling together with a
preserved luminal area often indicates a plaque phenotype that is more vulnerable to rupture

[24]. A stable plaque phenotype is defined by a thick collagen cap and a small necrotic core. In
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CHAPTER 1

contrast, an unstable plaque 1s characterised by a low collagen content and thin cap [25], a large
necrotic core and a high amount of macrophages within the lesion [21]. An unstable plaque
prone to rupture might cause a local thrombotic event and the formation of a thrombus that
will stop the blood flow at the site of the lesion, or at some distant site. Occlusion of arteries

in the heart can cause an infarction and in the brain it can cause a stroke [21].

Taken together, hyperlipidemia and inflammation play an important role in the development
of cardiometabolic disease, including atherosclerosis. Therapeutic interventions that can both
decrease hyperlipidemia and inflammation may help to mitigate the underlying pathologies
of cardiometabolic disease. Although relatively efficient drugs are available that inhibit the
development of atherosclerosis by targeting plasma cholesterol levels and inflammation directly,
additional strategies that reduce inflammation and hyperlipidemia are urgently required.
Recently, it has become clear that factors deriving from the intestinal tract play a role in the

initiation and progression of cardiometabolic disease [26,27].

GUT MICROBIOTA

GASTROINTESTINAL TRACT AND GUT MICROBIOTA COMPOSITION
The gastrointestinal tract comprises the entire path from mouth to stomach, duodenum,
jejunum, ileum, cecum, and colon. The major functions of the gastrointestinal tract are to
extract and absorb energy and nutrients from food we ingest, and excrete the remaining waste
as feces [28]. Although the digestive process starts in the mouth, a substantial part of the
enzymatic digestion of food takes place in the small intestine, whereas the remainder of the
food components that cannot be digested in the small intestine will reach the cecum and colon
of the large intestine. Predominantly complex carbohydrates, but also proteins, which are not
digested by host enzymes in the upper gut, are metabolised by gut bacteria in the distal gut [29].
Microorganisms that specifically live within the intestinal tract are collectively known

as gut microbiota. This gut microbiota harbours bacteria, viruses, fungi, archaea, and protozoa.
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GENERAL INTRODUCTION

New molecular techniques such as next generation sequencing have made it possible to further
identify and study the composition of the human gut microbiota [30-32]. Itis estimated that the
gut microbiota harbour some 10 bacteria and consists of more than 1000 different bacterial
species [33,34]. In the jejunum and ileum, the diversity of the microbiota composition is greater
than in the duodenum and is composed of mainly anaerobic bacteria. The gut microbiota
can be classified using phylogenetic trees, ranging from kingdom, phylum, class, order, family,
genus, to species level. The dominant phyla in human gut microbiota are Bacteroidetes and
Firmicutes [35], but many other phyla are present, including Actinobacteria, Proteobacte-
ria, and Verrucomicrobia [36]. Most of the species are difficult or impossible to cultivate in
vitro, due to required anaerobic conditions and unknown substrate requirements. However,
exploitation of new analytical techniques based on genomics, proteomics and metabolomics
approaches, makes it possible to obtain more insight into the diversity of the gut microbiota,

their metabolic activities, and their functions and effects on the host [37-39].

GUT MICROBIOTA SYMBIOSIS AND DYSBIOSIS
Babies acquire intestinal microbiota from the mother and environment during and after birth and
are thus affected by mode of delivery and neonatal nutrition. The gut microbiota composition
diversifies after the first few years of life, and will eventually converge an adult-like phylogene-
tic structure [40,41]. Although gut microbiota composition within each individual has been
reported to be relatively stable over time [42,43], the intestinal microbiota composition varies
greatly between individuals [36,44]. Major differences in gut microbiota composition can be
caused by changes in environmental factors such as diet, exercise, medication use, hygiene as
well as by specific diseases [39,45-47].

In a symbiotic relationship, interactions between the host and the gut microbiota play
a crucial role in the maintenance of normal physiology by extracting remaining energy from
food components, shaping the immune system, offering protection against invading pathogens,
and by producing essential vitamins [48,49]. Despite strictly controlled interactions between

host and gut microbiota, the symbiotic relationship of the host and intestinal microbiota can
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become impaired. Dysbiosis is a term for gut microbiota imbalance or maladaptation inside the
body and is thought to be associated with disease. Abundant scientific evidence indicates that
the increased prevalence of obesity, type 2 diabetes, and atherosclerosis cannot be attributed
solely to changes in the human genome, nutritional habits, or reduced physical activity in our

daily lives [50], but by the gut microbiota as well [51-53].

GUT MICROBIOTA DYSBIOSIS, OBESITY AND TYPE 2 DIABETES
The mechanisms linking gut microbiota and cardiometabolic disease are under intense
mvestigation. The role of gut microbiota in energy homeostasis and obesity development has
been pioneered by Backhed et al. They found that mice raised in the absence of microorga-
nisms, 1.e. germ-free (GF) mice, had about 40% less total body fat than mice with normal gut
microbiota, even though GF mice ate 30% more than the conventional mice [56]. When GF
mice were conventionalised again with a normal gut microbiota harvested from the cecum
of a “normal” mouse, body fat content was increased by 60% and fasting glucose and insulin
levels were elevated despite a significantly lower food intake compared to unconventionalised
GF mice [56]. The mechanisms behind the weight gain in the conventionalised mice may be
ascribed to energy extraction from indigestible food components by the acquired microbiota,
an increase in intestinal carbohydrate absorption, and concomitant increase in de novo hepatic
lipogenesis which are associated risk factors for the development of obesity and type 2 diabetes.
Besides affecting energy homeostasis, the gut microbiota also influence local and
systemic immune responses [57,58]. It has been suggested that high-fat diet (HFD) feeding
leads to gut microbiota dysbiosis and inflammation in the small intestine, characterised by
activation of specific immune cells and production of pro-inflammatory cytokines [9,59].
These pro-inflammatory factors may contribute to increased intestinal permeability and
leakage of lipopolysaccharides (LPS) from the lumen into the circulation. Systemic LPS may
lead to activation of circulating immune cells and to infiltration of macrophages in adipose
tissue, liver, and muscle. As mentioned previously, increased infiltration of macrophages in

e.g. WAT may contribute to the development of systemic inflammation and insulin resistance.
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Furthermore, short chain fatty acids (SCFA) produced by the gut microbiota also play a role in
the inflammatory phenotype, which will be described in the section ‘Short-chain fatty acids’.
Together, this suggests that HFD-induced gut microbiota dysbiosis may also play an indirect

role in the development of cardiometabolic disease.

GUT MICROBIOTA DYSBIOSIS AND ATHEROSCLEROSIS

Gut microbiota dysbiosis is not only associated with insulin resistance, but recent studies also
indicate a prominent role for gut microbiota in the development of atherosclerosis. The gut
microbiota may affect atherosclerosis development via different mechanisms, e.g. by affecting
the immune system and/or by affecting cholesterol metabolism [60,61].

During bacterial infections, it was found that bacteria can translocate from the
intestinal lumen to the site prone to atherosclerotic lesion development, as evidenced by the
presence of bacterial DNA in human atherosclerotic plaques [62,63]. Moreover, some infectious
microorganisms have been shown to be potentially associated with atherosclerosis. For example,
microorganisms such as A. actinomycetemcomitans, C. pneumoniae, Helicobacter pylori,
and P, gingivalis might contribute to atherosclerosis by increasing atherosclerotic lesion areas
in various experimental models [64]. However, although the presence of bacterial DNA in
human atherosclerotic plaques is established, it is uncertain whether an infection initiates or
promotes atherosclerosis development in humans.

Despite the site of infection (local or systemic), the immune system responds to
microbial-derived components, leading to the activation of several inflammatory pathways. For
instance, several studies demonstrated that low levels of LLPS are detectable in the circulation
of healthy humans [65,66], suggesting that LPS can translocate from the intestinal lumen
into the bloodstream. It was found that LPS leads to the recruitment of adaptor proteins
e.g. MYDS8 to the cytoplasmic domain of Toll-like receptors (TLRs). After recruitment of
adaptor proteins, downstream signalling cascades can be triggered that lead to the production
of pro-inflammatory cytokines and chemokines [67]. It has been suggested that LPS may

lead to the induction of a low-grade inflammatory state and can aggravate the progression
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of atherosclerosis [61,68].

In addition to affecting inflammation in atherosclerotic plaques, the gut microbiota
may also affect atherosclerosis development by influencing the enterohepatic circulation of
BAs and therefore cholesterol metabolism. BA metabolism and cholesterol metabolism are
mter regulated. In the liver, the BAs cholic acid (CA) and xenodeoxycholic acid (CDCA) are
synthesised from cholesterol. In rodent liver, most of the CDCA is converted to a-muricholic
acid (a-MCA) and 3-muricholic acid (3-MCA)[69,70]. After formation, BAs are predominantly
conjugated in the liver to either glycine in humans, or to taurine in rodents [71,72], after which
primary BAs are secreted in the bile canaliculi and directed to the gall bladder. Upon ingestion
of ameal, bile is released into the duodenum to facilitate the digestion and absorption of dietary
lipids by pancreatic lipase. Approximately 95% of the conjugated BAs are actively reabsorbed
by the apical sodium-dependent bile acid transporter (ASBT) in the distal illeum and returned
to the liver via enterohepatic circulation. Although the major component of BA absorption is
active, some of the absorption of BAs is passive, less intensive compared to active absorption,
and occurs along the entire small intestine and colon. BAs that are unconjugated and more
lipophilic such as CDCA and deoxycholic acid (DCA) diffuse more readily through the apical
membrane than hydrophilic BAs such as CA. On the other hand, active transport via ASBT
is primarily responsible for absorbing conjugated BAs in the ileum which are more hydrophilic
[73]. A fraction of the BAs that escape active or passive absorption in the small intestine is
subject to bacterial modification in the colon. Gut microbiota that possess active bile salt
hydrolase (BSH) activity in the colon first deconjugate BAs, followed by a 7a-dehydroxylation
reaction leading to the formation of secondary BAs [74,75] including hyocholic acid (HCA),
DCA, and w-muricholic acid (w-MCA)[76]. The deconjugated secondary BAs may then be
either absorbed passively in the colon or excreted in the feces. Both the absorbed primary BAs
and the secondary BAs formed by the gut microbiota are recycled back to the liver via the
portal vein and again undergo biotransformation through conjugation to glycine or taurine
[77,78]. Thus, gut microbial metabolism of BAs increases BA diversity but also contributes

to a more hydrophobic and toxic BA pool. To prevent accumulation of potentially cytotoxic
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BAs, BA transport and metabolism are tightly regulated within the liver and intestine. As such,
hepatic conversion of cholesterol to BAs balances fecal bile excretion, being the major route
for cholesterol catabolism and accounting for almost half of the cholesterol eliminated from
the body per day [79]. Therefore, differences in fecal BA excretion affect the enterohepatic
circulation of cholesterol and may ultimately affect plasma cholesterol levels [80]. Although
it is widely accepted that BAs are important regulators of metabolic homeostasis, the exact
relationship between BAs and atherosclerosis development is still elusive.

Finally, the gut microbiota interacts with dietary components and synthesise or convert
specific metabolites that, when taken up by the host, directly affect physiological processes and
promote or prevent CVD. An example of a CGVD-promoting metabolite is trimethylamine
N-oxide (TMAO). The group of Hazen et al, found that metabolism of dietary phosphati-
dylcholine and L-carnitine by intestinal microbiota results in the formation of the metabolite
trimethylamine (TMA). TMA enters the circulation and is converted in the liver to TMAO.
In patients that are vulnerable to a cardiovascular event, increased TMAO was associated
with increased risk of cardiometabolic disease and atherosclerosis [81,82]. The same group
recently showed that TMAO directly increases platelet hyperreactivity and thus the risk for
a thrombotic event [83]. Synthesised metabolites by the gut microbiota that are linked to the
prevention of CVD are e.g. SCFAs. The role of SCFAs in the prevention and onset of GVD

1s described in the section ‘Short-chain fatty acids’.

Taken together, evidence implicates a role for the gut microbiota in the development of obesity,
type 2 diabetes, and atherosclerosis via different pathways. Targeting the gut microbiota may
be a promising tool for the prevention and treatment of these diseases including the underlying

pathology such as inflammation and hyperlipidemia.
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DIET AND GUT MICROBIOTA

It has long been known that diet is a major contributor to the risk of developing cardiome-
tabolic disease [84]. Not surprisingly, diet and its components are also a main driver of gut
microbiota dysbiosis and underlying pathologies [45,85]. The primary source of energy
that sustains the gut microbiota composition is obtained via the fermentation of indigestible
carbohydrates [86—88]. Previous studies have shown that a diet rich in indigestible carbohy-
drates can improve health by increasing bacterial diversity and bacterial richness [89-91]. In
contrast, intake of diets rich in fat and sucrose lead to the extinction of several taxa of the gut
microbiota [92]. Furthermore, degradation of indigestible carbohydrates by the gut microbiota
yields SCFAs, which are acknowledged to have beneficial effects on the intestinal epithelium
and gut immune system [93]. Reasonably, this puts indigestible carbohydrates in the spotlight
as a tool to modify gut microbiota composition and induce microbial diversity and richness to

improve health and prevent disease.

INDIGESTIBLE CARBOHYDRATES

Indigestible carbohydrates are food ingredients considered as ‘roughage’ material that comprises
portions of food that are not broken down by the enzymes of the human digestive tract. They

are predominantly plant-derived and abundant in fruits, vegetables, cereals, and legumes.

PREBIOTICS

Based on the growing evidence for a link between the human diet and the gut microbiota
composition in the large intestine [94,95], the term prebiotics was introduced for substances
that cause specific advantageous shifts in the gut microbial composition. The term prebiotic,
first introduced by Gibson and Roberfroid (1995), was defined as “a non-digestible food
ingredient that beneficially affects the host by selectively stimulating the growth and/or activity
of one or a limited number of bacteria in the colon, and thus improves host health” [96]. This

definition was later refined and adjusted with the addition of three criteria: 1) neither hydrolysis
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nor absorption in the stomach or small intestine may occur, 2) the ingredient is fermented by
intestinal bacteria, and 3) a selective response with regard to beneficial commensal bacteria
in the colon is required [97]. Inulin and mannan-oligosaccharides (MOS) are two examples
of indigestible carbohydrates with prebiotic activity and/or prebiotic potential that will be

discussed below.

INULIN

Inulin 1s a water-soluble polysaccharide present in >45,000 plant species [98] which belongs
to a group of indigestible carbohydrates called fructans. Inulin-type fructans are storage
carbohydrates of plants containing 1-70 fructose units in their structure linked to a terminal
sucrose molecule. Due to the 3-configuration of the fructose monomers, these molecules are
not absorbed in the small intestine and resistant to hydrolysis by digestive enzymes in the
gastrointestinal tract [99]. Instead, inulin-type fructans are fermented by colonic microbiota
stimulating the growth and activity of presumably beneficial gut bacteria. Therefore, inulin
is an indigestible carbohydrate that meets the three classification criteria for being considered
a prebiotic [96].

Inulin is widely studied for its potential to improve intestinal health. Most of the
effects of inulin on the gut microbiota composition and function occur via changes in the
prevalence and abundance of Bifidobacteria, Bacteroides, and Lactobacilli [100-102]. In
addition, dietary intake of inulin has been associated with a number of health benefits including
reduction of gastrointestinal diseases [103], regulation of food intake and appetite [104], but
also stimulation of the immune system [105,106], and decreasing hyperlipidemia [107-110].
As immune-related inflammation and increased hyperlipidemia are important risk factors in
the development of cardiometabolic disease and its underlying pathology, dietary inulin is an
interesting tool for prevention and or treatment of cardiometabolic disease via interactions

with the gut microbiota.
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MANNAN OLIGOSACCHARIDES

Another important potential, but relatively unknown type of prebiotic, are MOS. MOS can
be derived from the outer cell-wall membrane of yeast, plants, or bacteria [111]. The main
constituents of the outer cell wall of yeast consists of B(123)-D-glucan, B(1->6)-D-glucan,
chitin, mannan and proteins [112], which cannot be hydrolysed by host digestive enzymes.
MOS obtained from the yeast Saccharomyces cerevisiae generally consist of glucomannan
complexes [113].

Yeast Saccharomyces cerevisiae-derived MOS have been widely used in livestock
industry as an alternative to antibiotics and as food supplementation to ameliorate performance
by reducing pathogenic contamination [114—116]. However, the mechanism by which MOS
exert their effect on the immune system is not fully established. One suggested mode of action
by which MOS may improve inflammation is via interaction and modification of the gut
microbiota. According to Spring et al., MOS bind to type-1 fimbriae of pathogenic bacteria
and prevent their adherence to the intestinal mucosa [117], thereby reducing pathogen-induced
inflammation. Although the majority of the studies using MOS were conducted in species
such as chickens [118,119], juvenile rainbow trout [120], or turkeys [121], it has been shown
that MOS can decrease inflammation both within the gastro-intestinal tract [122] as well as
systemically [123,124].

Moreover, in different studies using a variety of experimental animal models, it was
shown that dictary supplementation with MOS lowered plasma cholesterol levels [125-127].
Similar to inulin, as inflammation and hyperlipidemia are associated with the onset of car-
diometabolic disease, this warrants further research on the effect of MOS in the development

of cardiometabolic disease and its underlying pathology.

SHORT-CHAIN FATTY ACIDS

Via interaction with specific gut bacteria, fermentation of indigestible carbohydrates leads to
the production of SCFAs. When indigestible carbohydrates reach the colon to be fermented

and metabolised by gut microbiota, they form SCFAs. SCFAs can serve as energy substrates,
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directly activate G-protein coupled receptors (GPRs), inhibit histone deacetylases (HDAC)
[128]. SCFAs consist of 1-6 carbons, of which acetate (C:2), propionate (C:3) and butyrate
(C:4) are the most abundant (295%) [87,129,130]. Generally, acetate, propionate and butyrate
are present in an approximate molar ratio of 60:20:20 in cecum content and feces [87,131].
The production rate and amount of SCFAs depend on the composition and density of the gut
microbiota in combination with the type of indigestible carbohydrates available for microbial
fermentation [97]. For example, when there is shortage in the supply of indigestible carbohy-
drates, gut microbes can switch to other sources to support their growth, such as amino acids
or dietary fats [95,132]. These less favourable sources of energy lead to reduced fermentative
activity of the microbiota and reduced SCFAs as end products [133]. However, supplemen-
tation of diets rich in protein or fat with additional indigestible carbohydrates, restores the
levels of beneficial gut microbes, and increases SCFAs [134]. SCFAs in turn can be utilised
by other bacterial species, or can be readily absorbed by the host. In the cecum and large
intestine, 95% of the produced SCFAs are absorbed by the colonocytes, while the remaining

5% is excreted in the feces [135—138].

TRANSPORT OF SHORT-CHAIN FATTY ACIDS
Studies that investigated SCFA transport have been performed mostly in colonocytes, which
are physiologically exposed to the highest concentrations of SCFAs. SCFAs can be transported
across the apical and the basolateral membranes of colonocytes either via passive diffusion
or via active transport mediated by a number of different transporters, including MCT'1 and
SMCTT1 for transport across the apical membrane, and MCGT4 and MCT) for the basolateral
membrane [139]. Depending on the strength of acidity (pK) and pH in the gut lumen, either
passive diffusion or active transport of SCFAs takes place [139].

Currently, it 1s still elusive which transporters are exactly responsible for the uptake
of SCFAs from the circulation into the tissues. However, OAT2 and OAT7 were identified to
transport propionate and butyrate, respectively, across the membranes of hepatocytes [140,141].

Further research is needed to investigate the uptake of SCFA by different organs in order to
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better understand the role of SCFAs in various tissues.

SHORT-CHAIN FATTY ACIDS AS A SUBSTRATE AND THEIR REGULATION OF GLUCOSE AND LIPID METABOLISM
When SCFAs are taken up, a large part can be used as a substrate for energy. For instance, it is
known that humans can use SCFAs for approximately 10% of their daily caloric requirements
[142]. Furthermore, around 60-70% of oxidised butyrate is used for the provision of energy
in colonocytes [143,144]. Once absorbed, the SCFAs that are produced by gut microbiota in
the cecum and colon will end up in the portal vein, the liver, peripheral blood, and in other
peripheral tissues [87,145]. For example, while butyrate is hardly absorbed and mainly used as
an energy source for colonocytes, acetate and propionate produced after colonic fermentation
enter the portal vein of which the majority is taken up by the liver [87,146,147]. In general
it i3 believed that the liver clears a large fraction of propionate from the portal circulation,
but absolute values are still unknown. The remainder of the SCFAs will enter the peripheral
blood circulation where they will be taken up by other organs and tissues such as adipose tissue,
heart, muscle, and kidneys [148].

SCFAs play a role in the regulation of lipid and glucose metabolism [149-153].
For instance, acetate can be used as a substrate for hepatic de novo cholesterol and fatty acid
synthesis [147], while propionate inhibits cholesterol synthesis and can be used as a substrate
for gluconeogenesis [153]. Variation in the ratio of propionate:acetate can therefore be used
to determine either hepatic stimulation or inhibition of lipogenesis which may consequently
affect plasma lipid levels [154]. However, the extent to which propionate contributes to energy
metabolism in humans is largely unknown due to the lack of data on actual production rates
of propionate. SCFAs are able to regulate glucose metabolism by normalising plasma glucose
levels and increasing glucose handling via activation of the hepatic AMPK pathway and by
increasing the gut hormones peptide YY (PYY) and glucagon-like peptide-1 (GLP-1)[139].
Thus, when SCFAs are taken up and absorbed by various tissues and organs, they play an

important role as a substrate in lipid en glucose metabolism.
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SHORT-CHAIN FATTY ACIDS AS SIGNALLING MOLECULES

SCFA can serve as signalling molecules either as HDACs inhibitors or via activation of GPRs.
Predominantly butyrate and, to a lesser extent, propionate are known to act as HDAC inhibitors,
changing the expression of multiple genes with various functions, including proliferation, dif-
ferentiation, apoptosis, and inhibiting inflammation (reviewed in [128]). Besides its function as
HDAC inhibitors, SCFAs predominantly act via activation of the G-protein coupled receptors
(GPR) GPR41 and GPR43 [155,156]. They are expressed on various cells residing in the
intestine, but also on extra-intestinal cells like adipocytes, pancreatic cells, renal smooth muscle
cells, enteric neuronal cells [157,158] and to a lower extend on hepatocytes [159]. Immune
cells that can be activated by SCFA are granulocytes, some myeloid cells, macrophages, and
dendritic cells [160—163]. SCFAs are well known for their potential to beneficially affect the
immune system either directly or via indirect activation their receptors (reviewed in [164,165]).
The possible immune-modulatory functions of SCFAs are revealed by a recent study in Gpr43~-
mice [166]. This study showed exacerbated inflammation in various models including colitis,
arthritis and asthma. The underlying mechanisms on how SCFAs can modulate the immune
system in obesity and atherosclerosis is via the effects of SCFAs on reducing chemotaxis and
adhesion of immune cells. By preventing chemotaxis and cell adhesion, SCFAs might prevent
infiltration of monocytes in adipose tissue and atherosclerotic lesions and can have a protective

effect against systemic inflammation.
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THESIS OUTLINE

As the occurrence of cardiometabolic disease is still increasing, strategies to target the underlying
risk factors inflammation and hyperlipidemia are urgently needed.

As evident from chapter 1 of this thesis, the gut microbiota have been strongly
associated with the development of cardiometabolic risk factors and disease, including obesity,
type 2 diabetes, and atherosclerosis. Since gut microbiota composition and function is highly
susceptible to modification via dietary intervention, insight in the role of different dietary
components in the modulation of the gut microbiota is crucial. This is a prerequisite for the
development of novel strategies to modify risk factors associated with cardiometabolic disease.

Since we exploited the use of high fat and high cholesterol diets in the development
of cardiometabolic disease, it was important to have the ability to determine blood lipid
composition. Therefore in chapter 2, we describe a method to determine the medium- and
long chain fatty acid composition of blood of mice using gas chromatography-mass spectrome-
try (GC-MS) analysis. Simultaneously, we have exploited the use of indigestible carbohydrates
to modulate microbiota activity and composition. The potential role of SCFAs in mediating
the beneficial role of plant-derived indigestible carbohydrates necessitates the development
of comprehensive, sensitive, and reliable methodologies to quantify the SCFA composition in
biological samples such as blood, cecum content and feces. For that reason, in chapter 3 we
established a method to determine SCFAs in blood, cecum, and feces samples using GC-MS
analysis.

To examine the effects of indigestible carbohydrates on cardiometabolic risk outcome,
we performed two mouse studies in which we investigated the effect of the prebiotic inulin on
atherosclerosis development. In chapter 4 we investigated the effect of the prebiotic inulin on
accelerated atherosclerosis after placement of a non-constrictive perivascular cuff around the
femoral artery. In chapter 5 we studied the effect of the prebiotic inulin on cholesterol-driven
long-term atherosclerosis development.

Dietary MOS have proven effective at improving growth performance, while also

reducing inflammation and hyperlipidemia in livestock. In this thesis, two studies are included
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that focus on the effect of dietary supplementation with MOS on diet-induced obesity and
atherosclerosis development. In chapter 6 we investigated the effect of MOS on innate
immune composition in mesenteric white adipose tissue and liver as well as on diet-induced
obesity and glucose intolerance. The effects of MOS on hyperlipidemia and atherosclerosis
development were studied in chapter 7.

Finally, in chapter 8, methods to map gut microbiota composition and function,
SCFAs as markers for gut microbial function, factors that determine gut microbiota function,
the role of the gut microbiota in the development of atherosclerosis, the translatability of

mouse models in gut microbiota research, and implications for prebiotics will be discussed.
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ABSTRACT

Our body contains a wide variety of fatty acids that differ in chain length, the degree of
unsaturation, and location of the double bonds. As the various fatty acids play distinct roles
in health and disease, methods that can specifically determine the fatty acid profile are needed
for fundamental and clinical studies. Here we describe a method for the separation and quan-
tification of fatty acids ranging from 8 to 24 carbon chain lengths in blood samples using gas
chromatography-mass spectrometry following derivatization using pentafluorobenzyl bromide.
This method quantitatively monitors fatty acid composition in a manner that satisfies the

requirements for comprehensiveness, sensitivity, and accuracy.
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GC-MS ANALYSIS OF MEDIUM- AND LONG-CHAIN FATTY ACIDS

INTRODUCTION

Lipids and fatty acids (FAs) are present in all organisms and constitute essential structural
elements of biological membranes, regulate and control cellular function, and are involved in
the onset and progression of various diseases [1]. The majority of FAs are present as esters in
lipids, such as triacylglycerols, sterol esters, and phospholipids. Only a small fraction is nones-
terified, generally termed free FAs (FFAs) [2]. The role of FAs in health and disease has gained
extensive interest. FAs differ in chain length, the degree of unsaturation, and location of the
double bond(s). As various types of FAs have different associations with disease outcomes, the
assessment of the FA composition in biological samples may provide suitable information.
Therefore, great effort has been put in the development of comprehensive, sensitive, and
reliable methodologies to quantify the FA composition. Here we describe step-by-step the
quantitative analysis of the FA profile in plasma using GC-MS, measuring FAs with a chain
length ranging from 8 to 24 carbons.

GC-MS is an analytical technique that is well-suited for the analysis of the total
amount of FAs as well as the FA composition within a sample [3]. As blood contains both
esterified FAs and FFAs, a separate hydrolysis step is required during sample preparation to
determine the total FA composition. For the analysis of FAs by GC-MS, it is of importance
to convert FAs into suitable volatile derivatives by derivatization (e.g., alkylation or silylation)
[4]. Traditionally in GC-MS analysis, FAs were being transformed into their methyl ester or
trimethylsilyl ester derivatives [5]. Alternatively, pentafluorobenzyl bromide (PFBBr) can be
used to derivatize FAs. It has been successfully applied for the analysis of FAs with different
chain lengths [6-9]. The benzyl bromide group reacts with the carboxylic acid group to form
a pentafluorobenzyl ester. In addition, this pentafluorobenzyl ester contains ideal properties
for electron capture negative ionisation (ECNI), a highly selective and sensitive ionisation
technique. The combination of PFBBr derivatization and ECNI ionisation allows for the
analysis of negatively charged molecular ions. These ions are usually detected in the single ion
monitoring (SIM) mode on quadrupole-based mass spectrometers. Isotopically labelled internal

standards (IS) have to be used for quantitative analysis of FAs by GC-MS. The addition of IS
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in GC-MS analysis enables quantitative analysis of biological samples and greatly improves

detection specificity [10].

MATERIALS

Use only high-purity solvents (preferably LC-MS grade) in order to prevent increased background

signals (seeNote 1). If vendors from different materials are mentioned in this method section,

the use of these chemicals is recommended based on our previous experiences. The use of

10 M NaOH forms an exception. In order for the method to succeed, it is urged to use the

specific items mentioned in the Materials section. An overview of the amount of materials

and chemicals is provided in Table 1.

MATERIALS FOR SAMPLE PREPARATION

1.

56

Glass autosampler vials, inserts, and caps. It is recommended to use Agilent certified 2
mL vials with screw top; Agilent certified 250 pL inserts with polymer feet; and Agilent
screw caps with PTTFE/red silicone septum.

1 pg/mL IS solution in ethanol (EtOH) (sec Note 2): accurately weigh decanoic acid-d19,
palmitic acid-d31, and arachidonic acid-d8, and dissolve in EtOH to a final concentration
of 1 pg/mL. Store at —80°C.

Concentration series of FA standards in EtOH: use GLC reference standard 85 mix
(Nu-Chek Prep), eicosapentaenoic acid (Gayman), docosapentaenoic acid (Cayman), and
docosahexaenoic acid (Cayman), and serially dilute using EtOH. Prepare concentrations
ranging from the lower limit of quantification (LLOQ) (see Table 2) to 50 pg/mL. Store
at —80°C.

172 mM PFBBr in acetone: add 26.8 pLL PFBBr to 1 mL acetone. Prepare fresh daily.
10 M NaOH in water. In order for the method to succeed, it is urged to use a prepared

solution from Sigma-Aldrich (Art. No. 72068) (sec Note 3).
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Table 1. Chemicals and materials needed per sample for the quantification of FAs

Chemical / material Calibration series per sample

Plasma / serum sample

Plasma / serum -

Acetone 250 pLb
10 M NaOH -

1 pg/mL IS solution 10 pL.
Standards in EtOH 10 pL*
EtOH -

172 mM PFBBr 100 pL.
n-hexane 500 pL.
Water 250 pL.
Glass autosampler vials 2

Glass autosampler inserts 1

Glass autosampler caps 2

10 pL
250 pL
10 L
10 L.
10 L
100 pL
500 pl.
250 plL
9

1

2

For every batch of samples, take along three blank samples. Blank samples should be processed in exactly the same way as biological

samples

“For every individual sample of the calibration series, a specific concentration of standards in EtOH is used

MATERIALS FOR GC-MS

1. GC with split/splitless injector, coupled to a quadrupole mass spectrometer with chemical

lonisation source.

2. Injection: autosampler (recommended).

3. GC column: use an Agilent VF-5 ms column (5% phenylmethyl; 25 m X 0.25 mm internal

diameter; 0.25 pm film thickness).

4. Pure helium (99.9990%) and methane (99.9995%) are used as carrier and chemical

lonisation gas, respectively.
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METHODS

Palmitic acid and stearic acid are ubiquitous. Hence, extra care has to be taken to prevent

sample contamination. Sources of contamination include low-quality plastics and (low-purity)

solvents (scc Note 1).

SAMPLE PREPARATION

1.

38

Facilitate rapid sampling. Store samples at —80°C upon collection if the samples are not
prepared immediately (see Note 4).

Prepare a glass autosampler vial for every sample: for calibration samples, add 250 pL
acetone and 10 pL of your calibration series FA standards at the desired concentration.
An indication of the expected LLOQ) for every FA is provided in Table 2. For biological
samples, add 250 pL acetone (see Note 5), 10 pL. EtOH (see Note 6), and 10 pL. plasma
or serum into a glass autosampler vial. For blank samples, add 250 pL acetone and 10 pL
EtOH into a glass autosampler vial. For every experiment, three blank samples should
be included.

Hydrolyse the biological and blank samples (see Note 7): add 10 uL. 10 M NaOH to the
biological and blank samples. Vortex all samples. Heat the biological and blank samples
at 60°C for 30 min in a laboratory stove. Let the samples cool down to room temperature
(approximately 15 min).

Add 10 pLL I pg/mL IS solution (see Notes 2 and 8) to every sample and vortex all samples.
Add 100 pLL 172mM PFBBr in acetone (seec Note 9). Vortex the samples.

Heat the samples at 60°C for 30 min in a laboratory stove. Let the samples cool down to
room temperature (approximately 15 min) (sec Note 10).

Add 500 pL. n-hexane and 250 pL. water to the samples. Shake vigorously in vertical
direction of the vial for 10 sec. Let the samples rest for 1 min at room temperature.
Prepare a new empty glass autosampler vial with a glass insert for every sample. Transfer

250 pL of the n-hexane (upper layer) into the glass insert.
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Table 2. Overview of FAs

RT Monitored LLOQ

FA Name IS
(min) m/z (M) (ng/mL)*
FA 08:0 Octanoic acid 10.14 143.1 200 FA 10:0-d19
FA 10:0 Decanoic acid 11.01 171.1 50 FA 10:0-d19
FA 10:0-d19 Decanoic acid-d19 10.92 190.3 N/A N/A
FA 11:0 Undecanoic acid 11.42 185.2 50 FA 10:0-d19
FA 12:0 Lauric acid 11.87 199.2 100 FA 10:0-d19
FA 13:0 Tridecanoic acid 12.40 213.2 50 FA 10:0-d19
FA 14:0 Myristic acid 13.03 227.2 50 FA 16:0-d31
FA 14:1 (n-5)  Myristoleic acid 12.97 225.2 20 FA 16:0-d31
FA 15:0 Pentadecanoic acid 13.78 241.2 50 FA 16:0-d31
FA 15:1 (n-5) 10-Pentadecenoic acid 13.72 239.2 10 FA 16:0-d31
FA 16:0 Palmitic acid 14.68 255.2 500 FA 16:0-d31
FA 16:0-d31 Palmitic acid-d31 14.43 286.4 N/A N/A
FA 16:1 (n-7)  Palmitoleic acid 14.50 253.2 50 FA 16:0-d31
FA 17:0 Heptadecanoic acid 15.72 269.3 20 FA 16:0-d31
FA 17:1 (n-7) 10-Heptadecenoic acid 15.53 267.2 10 FA 16:0-d31
FA 18:0 Stearic acid 16.54 283.3 500 FA 16:0-d31
FA 18:1 (n-9)
) Oleic acid 16.37 281.3 100 FA 16:0-d31

cis
FA 18:1 (n-9)

Elaidic acid 16.41 281.3 50 FA 16:0-d31
trans
FA 18:2 (n-6)  Linoleic acid 16.34 279.2 50 FA 16:0-d31
FA 18:3 (n-6) ~ Gamma linolenic acid (GLA) 16.15 277.2 50 FA 16:0-d31
FA 18:3 (n-3)  Alpha linolenic acid (ALA) 16.40 277.2 50 FA 16:0-d31
FA 20:0 Arachidic acid 17.66 311.3 50 FA 20:4-d8
FA 20:1 (n-9) 11-Eicosenoic acid 17.55 309.3 20 FA 20:4-d8
FA 20:2 (n-6)  11,14-Eicosadienoic acid 17.54 307.3 10 FA 20:4-d8

Homo-Gamma linolenic acid
FA 20:3 (n-6) 17.43 305.3 10 FA 20:4-d8

(DGLA)
FA 20:3 (n-3)  11,14,17-Eicosatrienoaic acid 17.58 305.3 10 FA 20:4-d8
FA 20:4 (n-6)  Arachidonic acid (AA) 17.28 303.2 10 FA 20:4-d8

(Continued)
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Table 2. Continued

RT Monitored LLOQ

FA Name IS
(min) m/z (M) (ng/mL)*

FA 20:4-d8 Arachidonic acid-d8 (AA-d8) 17.26  311.3 N/A N/A

FA 20:5 (n-3) Eicosapentaenoic acid (EPA) 17.33 301.2 10 FA 20:4-d8
FA 22:0 Behenic acid 18.48  339.3 50 FA 20:4-d8
FA 22:1 (n-9) Erucic acid 18.40  337.3 20 FA 20:4-d8
FA 22:2 (n-6) 13,16-Docosadienoic acid 18.39  335.3 10 FA 20:4-d8
FA 22:4 (n-6) Adrenic acid (AdA) 18.21 331.3 10 FA 20:4-d8
FA 22:5 (n-3) Docosapentaenoic acid (DPA) 18.25 329.3 10 FA 20:4-d8
FA 22:6 (n-3) Docosahexaenoic acid (DHA) 18.15 327.2 20 FA 20:4-d8
FA 24:1 (n-9) Nervonic acid 19.28  365.4 20 FA 20:4-d8

For each FA, an indication of the retention time (RT), the m/z value, an indication of the LLOQ), and the IS to be used are shown.
N/A not applicable

* An indication of the lowest concentration to be included in the calibration series. This LLOQ) is determined for every individual
experiment. The calibration series samples are measured twice. A specific concentration is included if signal/noise >10 and if the

accuracy based on the calibration obtained 280 and <120% for both measurements

GC-MS ANALYSIS

1. Inject I pL in the GC-MS, splitless at 280°C.

2. Use helium as carrier gas at a constant flow rate of 1.20 mL/min.

3. Use the following temperature gradient: 1 min at 50°C, linear increase at 40°C/min to
60°Ci, held for 3 min at 60°C, linear increase at 25°C/min to 237°C, linear increase at
3°C/min to 250°C, linear increase at 25°C/min to 315°C, held for 1.55 min at 315°C.
Set the transfer line temperature at 280°C.

Keep the ionisation source temperature at 280°C.

Use methane as chemical 1onisation gas at approximately 15 psi.

N o ook

Detect ions obtained in the negative mode using SIM analysis (sec Notes 11 and 12).

Table 2 provides the m/z values to be monitored and an indication of retention times (RT).
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As a consequence of small chromatographic differences (e.g., GG column length), the
exact RT varies between various GC systems. Hence, calibration using external standards

is mandatory.

DATA ANALYSIS

1.
2.

Integrate the obtained signal (see Note 13).

Calculate the relative retention times (RRT) and area ratios using the respective IS (see
Table 2) (secc Notes 14 and 15).

Determine the slope and LLOQ) for every FA by performing linear regression. It is
recommended to use a weighing factor of 1/x* [11].

Calculate the FA concentrations by using the area ratios obtained from the biological
samples, average signal of the blank samples as intercept (sec Note 16), and the slopes

obtained from the analysis of the calibration series samples.

NOTES

1.

Palmitic acid and stearic acid usually give high background signals, resulting in a relatively
high LLOQ) (Fig. 1). Sources of these FAs include solvents and plastic containers of inferior
quality. Background signals of these FAs can be diminished by using high-purity solvents
(preferably LC-MS grade). Additionally, use glass vials for organic solvents.

The IS signal should be present in every sample. The IS are used to correct for differences
in sample preparation between the samples. Use exactly the same batch of 1 pg/mL IS
solution in EtOH for the entire experiment, as minor differences in IS composition might
translate into systematic under or overestimation of FAs in samples.

Sodium hydroxide pellets can be heavily contaminated by FAs.

Collect the biological samples as quickly as possible, and store the samples at —80°C.
Levels of FAs can change upon sample collection if the collection is performed slowly
or when samples are stored improperly by auto-oxidation of polyunsaturated FAs and

enzymatic hydroxylation.
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Area ratio (AU)

0.001

10003 e Palmitic acid
1003 B Stearic acid
A DHA

104
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Palmitic acid
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0.010.1 1 10 10
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Fig. 1 Background signal of palmitic acid and stearic acid. Palmitic acid and stearic acid usually show a

high background signal. As a consequence, the LLOQ for these FAs is higher than for FAs which do not show a high

background signal like docosahexaenoic acid (DHA). The dashed lines in the graph show the size of the background

signals.

5. Acetone facilitates the precipitation of proteins.

6. The addition of 10 pLL EtOH to the samples ensures that the solvents of the biological
samples are matched to the solvents in the calibration samples.

7. No esterified FAs are present in the calibration series samples. Therefore, no hydrolysation
step 1s needed.

8. Under highly alkaline conditions, risk of hydrogen—deuterium exchange exists [12].
Therefore, the IS need to be added after hydrolysis.

9.  Within this protocol no base is added to catalyse the derivatization reaction, since the
addition of base can severely increase FA background [7].

10. n-Hexane is added after the samples have been cooled down in order to prevent evaporation
and spilling.

11. Sensitivity is higher when the mass spectrometer is operated in SIM mode as compared
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to the full scan mode. However, the full scan mode can be very useful to detect FAs that

are not incorporated in the SIM method or to determine the RT of a specific FA. If one
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12.

13.

14.

15.

16.

decides to operate in full scan mode, an m/z range of 100-400 can be used.

For isotopologue analysis, either m/z values corresponding to isotopologues can be added
to the SIM method (e.g., MO, M1, M2, etc. for every FA) [7] or the MS can be operated
in scheduled scan mode (e.g., scan window including m/z values corresponding to MO,
M1, M2, etc., for every FA).

Oleic and elaidic acids have equal masses and are not baseline separated. In some cases, it is
therefore not possible to accurately and precisely quantify one or both of these two FAs within

the same sample. FA 20:1 (n-9) and FA 22:1 (n-9), co-elute with, respectively, FA 20:2 (n-6)

and FA 22:2 (n-6). As a consequence, the M2 isotopes (containing 2 X *C instead of "*C) of
FA 20:2 (n-6) and FA 22:2 (n-6) might contaminate the FA 20:1 (n-9) and FA 22:1 (n-9) signal.

retention time analyte
retention time IS

RRT =

Area ratio — 2r€3 analyte

area IS
The blank samples reflect the background signal of the biological samples more accurately
than the intercept obtained from the linear regression of the calibration series samples.
Therefore, use the average area ratio of the blank samples as background signal/intercept

to calculate the concentrations of the biological samples. Use the following formula:

area ratio - average area ratio blank samples

concentration=
slope
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ABSTRACT

Short-chain fatty acids, the end products of fermentation of dietary fibers by the gut microbiota,
have been shown to exert multiple effects on mammalian metabolism. For the analysis of
short-chain fatty acids, gas chromatography—mass spectrometry is a very powerful and reliable
method. Here, we describe a fast, reliable, and reproducible method for the separation and
quantification of short-chain fatty acids in mouse feces, cecum content, and blood samples
(i.e., plasma or serum) using gas chromatography—mass spectrometry. The short-chain fatty
acids analysed include acetic acid, propionic acid, butyric acid, valeric acid, hexanoic acid,

and heptanoic acid.
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INTRODUCTION

Lipids and fatty acids (FAs) are essential molecules in the regulation and control of various
biological functions and play a role in the onset and progression of disease [1]. FAs with less
than 8 carbon atoms are considered short-chain fatty acids (SCFAs) [2]. SCFAs (predominantly
acetic acid, propionic acid, and butyric acid with respectively 2, 3, and 4 carbon atoms) are
mainly produced in the colonic lumen after anaerobic fermentation of indigestible carbo-
hydrates by saccharolytic gut bacteria [3]. The link between diet, the gut microbiota, the
production of SCFAs and their role in human health and disease is an active area of research
[4]. This requires suitable analytical techniques for sensitive and accurate quantification of
SCFAs. One technique traditionally used for the analysis of small, volatile molecules is gas
chromatography—mass spectrometry (GC-MS). Here, were describe step by step the quanti-
tative analysis of the SCFAs acetic acid, propionic acid, butyric acid, valeric acid, hexanoic
acid, and heptanoic acid using GC-MS in feces, cecum content, as well as in blood samples
(i.e., plasma or serum).

GC-MS i1s an analytical technique, well suited for the analysis of SCFAs and
other (longer) FAs [5]. However, one critical step in the GC-MS analysis of FAs is their
conversion into suitable volatile derivatives by derivatization (e.g., by alkylation or silylation) [6].
Traditionally, FAs are being transformed into their methyl ester, or trimethylsilyl ester derivatives
in GCG-MS analysis [7]. While both approaches work well for longer chain FAs, the intrinsically
low boiling point of the SCFA methyl ester or trimethylsilyl ester derivatives results in some
ssues with their GC-MS based analysis. For example, the trimethylsilyl ester of acetic acid
roughly presents the same boiling point as the commonly used derivatization reagents, leading
to severe signal overlap.

Alternatively, for SCFA analysis FAs can be derivatized by the alkylation reagent pen-
tafluorobenzyl bromide (PFBBr) [8,9]. The benzyl bromide group reacts with the carboxylic
acid group to form an ester, allowing analysis as pentafluorobenzyl ester. Additionally, this
so-formed ester presents ideal properties for electron-capture negative ionisation (ECNI),

which is a highly selective and sensitive ionisation technique. ECNI allows analysis of the
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negatively charged molecular ions, usually detected in the single ion monitoring mode (SIM)
on quadrupole based mass spectrometers.

For targeted analysis of SCFAs, ideally isotopically labelled internal standards (IS)
should be used. The use of IS enables quantitative analysis of biological samples and greatly
improves specificity [7,9].

Apart from GC-MS, Nuclear magnetic resonance (NMR) spectroscopy can be used
to analyse SCFAs in feces or cecum content. An interplatform comparison performed in our
lab, comparing GC-MS and NMR spectroscopy, showed good correlations for the measure-
ments of SCFA concentrations. However, the advantage of GC-MS over NMR is its higher
sensitivity, which is essential for the analysis of SCFAs at low concentrations such as SCFAs

present in blood.

MATERIALS

Use only high purity solvents (preferably LC-MS grade) in order to prevent elevated background
signals (seec Note 1). An overview of the amount of materials and chemicals is provided in
Table 1. If vendors of different materials are specifically mentioned in this section, the use of

these materials are recommended based on our previous experiences.

MATERIALS FOR SAMPLE PREPARATION

1. Glass autosampler vials, inserts, and caps. It is important to use the highest quality
glass ware. We recommend to use the following items: Agilent certified 2 mL vials with
screw top; Agilent certified 250 pL inserts with polymer feet; Agilent screw caps with
PTFE/red silicone septum.

2. 1 pg/mLIS solution in ethanol (EtOH) (see Note 2): mix acetic acid-d4, propionic acid-d6
and butyric acid-d8 and dissolve in EtOH to a final concentration of 1 pg/mL. Store
at —80°C.. Apart from butyric acid, butyric acid-d8 is also used as the IS for valeric acid,

hexanoic acid, and heptanoic acid.
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Table 1. Chemicals and materials required per sample for the quantification of SCFAs. For every type of biological

matrix, take along three blank samples. Blank samples should be processed in exactly the same way as biological samples

Chemical/material Calibration series sample Biological sample

Feces Cecum Plasma/
content serum

Biological sample - + 50 mg + 10 mg 10 pLL

Water 250 pL 550 pL 690 pL 250 pL

Acetone 250 pL. 250 pLb 250 pL. 250 pLb

1 pg/mL IS solution 10 plL 10 plL 10 plL 10 pL

Standards in EtOH 10 pL® - - -

EtOH - 10 pL 10 pLL 10 pL.

172 mM PFBBr 100 pL 100 pL. 100 pL. 100 pL.

n-hexane 500 pLL 500 pLb 500 pLL 500 pLL

1.5 mL plastic tubes - 2 3 -

Clean steel beads - 2 2 -

Glass autosampler vials 2 2 2 2

Glass autosampler inserts 1 1 1 1

Glass autosampler caps 2 2 2 2

*For every individual sample of the calibration series, a specific concentration of standards in EtOH is used

3. Concentration series of SCFA standards in EtOH: use the SCFA standard mixture
(Sigma-Aldrich) and dilute with EtOH. Prepare concentrations ranging from the lower
limit of quantification (LLOQ) (see Table 2) to 1000 pM. Store at —80°C.

4. 172 mM PFBBr in acetone: add 26.8 pLL PFBBr to 1 mL acetone. Prepare fresh daily.

5. Clean steel beads (only for fibrous biological matrices): rinse 3.2 mm stainless steel beads

with methanol and dry at room temperature.

MATERIALS FOR GC-MS
1. GC with split/splitless injector, coupled to a quadrupole mass spectrometer with chemical
lonisation source.

2. Injection: autosampler (recommended).
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3. GC column: use an Agilent VF-5 ms column (5% phenylmethyl; 25 m X 0.25 mm internal
diameter; 0.25 pm film thickness).
4. Pure helium (99.9990%) and methane (99.9995%) should be used as carrier and as

chemical ionisation gas, respectively.

Table 2. Overview of FAs. For each SCFA, an indication of the retention time (RT), the m/zvalue, an indication

of the LLOQ), and the IS to be used are shown

FA Name RT (min) Monitored m/z LLOQ (pM)* IS
(M)

FA 2:0-d4 acetic acid-d4 7.19 62 N/A N/A

FA 2:0 acetic acid 7.22 59 20 FA 2:0-d4
FA 3:0-d6  propionic acid-d6 7.86 78 N/A N/A

FA 3:0 propionic acid 7.89 73 5 FA 3:0-d6
FA 4:0-d8  butyric acid-d8 8.41 94 N/A N/A

FA 4:0 butyric acid 8.44 87 2 TA 4:0-d8
FA 5:0 valeric acid 8.99 101 1 FA 4:0-d8
FA 6:0 hexanoic acid 9.51 115 5 FA 4:0-d8
FA 7:0 heptanoic acid 9.99 129 1 FA 4:0-d8

* An indication of the lowest concentration to be included in the calibration series. This LLOQ) is determined for every individual
experiment. The calibration series samples are measured twice. A specific concentration is included if signal/noise >10 and if the
accuracy based on the calibration obtained 280 and <120% for both measurements

N/A not applicable.

METHODS

SCFAs are ubiquitous. Hence, extra care has to be taken to prevent sample contamination.
Possible sources of contamination include environmental air, pipettes, pipette tips, low quality
plastics, and (low purity) solvents (sec Note 1). Interday and intraday repeatability of the

method, validated in fetal calf serum (FCS), is provided in Table 3.
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Table 3. Interday and intraday repeatability data in FCS. FCS was spiked with 5 pM and 100 pM SCFA. Acetic

acid, propionic acid and butyric acid in these samples were quantified in triplicate on three different days using the

described method

FA Day FCS FCS + 5 pM SCFA FCS + 100 pM SCFA
Mean (pM) RSD Mean (uM) RSD Mean (pM) RSD RE?

Acetic acid intraday 1~ 108.5 0,12 113.4 0,12 204.4 0,03 -0,04
intraday 2 126.5 0,05 120.8 0,04 180.2 0,03 -0,46

intraday 3 117.8 0,11 121.4 0,06 192.5 0,06 -0,25

interday 117.6 0,08 118.5 0,04 192.4 0,06 -0,25

Propionic acid intraday 1 ~<LLOQ N/A 10.5 0,18 101.3 0,02 -0,04
intraday 2 <LLOQ_ N/A 9.3 0,08 89.4 0,04 -0,16

intraday 3 8.1 0,24 13.5 0,08 96.5 0,02 -0,13

interday N/A N/A 11.1 0,19 95.7 0,06 -0,11

Butyric acid intraday 1 ~ <LLOQ N/A 7.3 0,24 96.7 0,05 -0,06
intraday 2 <LLOQ_ N/A 5.7 0,09 87.9 0,07 -0,14

intraday 3 <LLOQ N/A 6.7 0,06 80.8 0,1 -0,22

interday <LLOQ N/A 6.6 0,12 88.5 0,09 -0,14

*RE, based on the difference in the determined concentrations. For acetic acid, the RE is determined based on the difference between
the FCS and FCS + 100 pM SCFA sample. For propionic acid and butyric acid, the RE is determined based on the difference between
the FCS +5 pM SCFA and FCS + 100 pM SCFA sample.

N/A not applicable, RE relative error, RSD relative standard deviation

SAMPLE PREPARATION OF FECES, CECUM CONTENT, AND BLOOD

1. Facilitate rapid sampling. Store the samples at —80 °C upon collection if the samples are
not prepared immediately (sec Note 3).

2. Matrix dependent pre-processing of feces:
Prepare an aqueous extract of feces. Weigh feces (approximately 50 mg mouse feces) (see
Note 4)in a 1.5 mL plastic tube with 0.1 mg accuracy and add 300 pL. water. Homogenise
the sample using a bullet blender: add two clean 3.2 mm steel beads and blend the sample
for 5 min. Centrifuge at 1400 X g for 10 min. Transfer the supernatant to a fresh 1.5 mL

plastic tube.
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Matrix dependent pre-processing of cecum content:

Weigh cecum content (approximately 10 mg mouse cecum content) (sce Note 4)ina 1.5
mL plastic tube with 0.1 mg accuracy and add 400 pL. water. Homogenise by vortexing.
Use a bullet blender if the material is fibrous: add two clean 3.2 mm steel beads and blend
the sample for 5 min. Centrifuge at 1400 X g for 10 min. Transfer the supernatant to a
fresh 1.5 mL plastic tube. Dilute the supernatant 1:5 with water in a total volume of 50
pL using a fresh 1.5 mL plastic tube.

Matrix dependent preprocessing of blood:

Obtain plasma and/or serum. No further pre-processing is needed.

Prepare a glass autosampler vial for every sample:

For calibration samples, add 250 pL acetone, 10 pLL 1 pg/mL IS solution, and 10 pL of
the calibration series SCFA standards at the desired concentration. In case of feces or
cecum content analysis, add 10 pL. water which is pre-processed exactly the same as the
biological samples. This includes bullet blending if necessary.

For biological samples, add 250 pL acetone (see Note 5), 10 pL. 1 pg/mL IS solution in
EtOH (see Note 2), 10 pL. EtOH (see Note 6), and 10 pL aqueous feces, 10 pLL cecum
content extract, or 10 pL plasma/serum into a glass autosampler vial.

For blank samples, add 250 pL acetone, 10 pL 1 pg/mL IS solution, and 10 pL. EtOH
into a glass autosampler vial. In case of feces or cecum content analysis, 10 pL. water
should be added which is pre-processed in exact the same way as the biological samples.
This includes bullet blending if necessary. For every type of biological matrix used in an
experiment, three blank samples should be included.

Vortex all samples.

Add 100 pL. 172mM PFBBr in acetone (see Note 7). Vortex all samples.

Heat the samples at 60°C for 30 min in a laboratory stove. Let the samples cool down to
room temperature (approximately 15 min) (sec Note 8).

Add 500 pL n-hexane and 250 pL. water to the samples. Shake the vial in vertical direction

for approximately 10 sec. Let the samples rest for I min at room temperature.
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13. Prepare a new empty glass autosampler vial with a glass insert for every sample. Transfer

250 pL of the n-hexane (upper layer) into the glass insert.

GC-MS ANALYSIS

1. Inject I pL in the GC-MS, splitless at 280°C.

2. Use helium as carrier gas at a constant flow rate of 1.20 mL/min.

3. Use the following temperature gradient: 1 min at 40°C, linear increase at 40°C/min to
60°C, held for 3 min at 60°C, linear increase at 25°C/min to 210°C, linear increase at
40°Ci/min to 315°C, and held for 3 min at 315°C.

4. Set the transfer line temperature at 280°C.

5. Keep the ionisation source temperature at 280°C.

6. Use methane as chemical ionisation gas at approximately 15 psi.

7.  Detect ions obtained in the negative mode using SIM (see Notes 9 and 10). Table 2
provides the m/z-values to be monitored and an indication of retention times (RT). As
a consequence of small chromatographic differences (e.g., GC column length), the exact
RT varies between various GC systems. Hence, calibration using external standards is

mandatory.

DATA ANALYSIS

1. Integrate the obtained signal (secc Note 11).

2. Calculate the relative retention time (RRT) and area ratios using the respective IS (see
Table 2) (sec Notes 12 and 13).

3. Determine the slope and LLOQ for every SCFA by performing linear regression. It is
recommended to use a weighing factor of 1/x?* [10].

4. Calculate the SCFA concentrations by using the area ratios obtained from the
biological samples, average signal of the blank samples as intercept (sece Note
14), and the slopes obtained from the analysis of the calibration series samples.

Take into account the sample dilution for feces and cecum content.
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NOTES

1. SCFAs (especially acetic acid and propionic acid) usually show high background signals,
resulting in a relatively high LLOQ) (see Fig. 1). SCFA background signals can be diminished
by using high purity solvents (preferably LC-MS grade). Additionally, use glass vials for
organic solvents. For plastic tubes, we strongly recommend to use Eppendorf polypro-

pylene tubes.
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-~ B Propionic acid
) - -
10044 Butyric acid
< o
° (]
& 104 -eee-0e® ®H............. Acetic acid
© [
|
© I .
i-’ 1] wmn B Propionic acid
A
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0.1 T T ty
0.1 10 1000
[FA] (UM)

Fig. 1 Background signal of SCFAs. Several SCFAs usually show a high background signal. As a consequence,
the LLOQ for these SCFAs is dependent on the background obtained. In our experience, the background signal of
acetic acid is higher than that of propionic acid, which in turn is higher than the background signal of butyric acid.

The dashed lines in the graph show the extent of the background signals.

2. The IS signal should be present in every sample. The IS is used to correct for differences
in sample preparation between the samples. Use exactly the same batch of 1 pg/mL
IS solution in EtOH for the entire experiment, as minor differences in IS composition
potentially translate into systematic under- or overestimation of SCFAs in samples.

3. Collect the biological samples as quick as possible and store the samples at —80°C.. Levels of
SCFAs within biological samples are vulnerable for change, especially when the collection
is performed slowly or when samples are improperly stored. SCFAs can evaporate from

the samples or SCFAs from the air can contaminate the samples.
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10.

11.

The amount of sample that is required for the analysis of SCFAs might vary between
biological samples from different species.

Acetone facilitates the precipitation of proteins.

The addition of 10 pL. EtOH to the samples ensures that the solvents of the biological
samples are matched to the solvents in the calibration samples.

Within this protocol no base is added to catalyse the derivatization reaction, since the
addition of base can severely increase SCFA background signal [8].

n-Hexane is added after the samples have been cooled down in order to prevent evaporation
and spilling.

Sensitivity is higher when the MS is operated in SIM mode as compared to the full scan
mode. However, the full scan mode can be useful to detect FAs that are not incorporated
in the SIM method, or to determine the RT of a specific SCFA. If one decides to operate
in full scan mode, an m/ z-range of 50—150 1s recommended to be used.

For isotopolog analysis, either m/z-values corresponding to isotopologs can be added to
the SIM method (e.g., MO, M1, M2, etc. for every SCFA) [8], or the MS can be operated
in scheduled scan mode (e.g., scan window including m/z-values corresponding to MO,
M1, M2, etc., for every SCFA).

Pyruvic acid has the same mass and almost the same RT as butyric acid and both acids are
derivatized by PFBBr. Consecutively, care has to be taken when both analytes are simultaneously
presentin the sample (seeFig. 2). Particularly in plasma and serum samples, pyruvic acid and butyric

acid are simultaneously present. In feces and cecum content, pyruvic acid is usually not detected.
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Fig. 2 Signal interference between butyric acid (RT = 8.22 min) and pyruvic acid (RT = 8.25 min).
Butyric acid and pyruvic acid are eluting closely while being monitored in the same SIM trace. Particularly in plasma
(a) and serum samples, pyruvic acid and butyric acid are simultaneously present. In feces and cecum content (b),

pyruvic acid is usually not detected.

retention zime analyte

12. RRT =
retention time 1S

area analyte
area IS

13. Area ratio =
14. The blank samples reflect the background signal of the biological samples more accurately
than the intercept obtained from the linear regression of the calibration series samples.
Therefore, use the average area ratio of the blank samples as background signal/intercept

to calculate the concentrations of the biological samples. Use the following formula:

) area ratio — average area ratio blank samples
Concentration =

slope
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INULIN & AGGRAVATED ATHEROSCLEROSIS

ABSTRACT

The prebiotic inulin has proven effective at lowering inflammation and plasma lipid levels. As
atherosclerosis is provoked by both inflammation and hyperlipidemia, we aimed to determine
the effect of inulin supplementation on atherosclerosis development in hypercholesterolemic
APOE*3-Leiden (E3L) mice. Male ESL mice were fed a high-cholesterol (1%) diet, supplemented
with or without 10% inulin for 5 weeks. At week 3, a non-constrictive cuff was placed around
the right femoral artery to induce accelerated atherosclerosis. At week 5, vascular pathology was
determined by lesion thickness, vascular remodelling, and lesion composition. Throughout the
study, plasma lipids were measured and in week 5, blood monocyte subtypes were determined
using flow cytometry analysis. In contrast to our hypothesis, inulin exacerbated atherosclerosis
development, characterised by increased lesion formation and outward vascular remodelling.
The lesions showed increased number of macrophages, smooth muscle cells, and collagen
content. No effects on blood monocyte composition were found. Inulin significantly increased
plasma total cholesterol levels and total cholesterol exposure. In conclusion, inulin aggravated
accelerated atherosclerosis development in hypercholesterolemic E£5L mice, accompanied by
adverse lesion composition and outward remodelling. This process was not accompanied by
differences in blood monocyte composition, suggesting that the aggravated atherosclerosis

development was driven by increased plasma cholesterol.
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INTRODUCTION

Atherosclerosis is a chronic inflammatory disease of the arteries, which may ultimately prevent
adequate blood flow to target tissues leading to cardiovascular complications including heart
attack and stroke. In modern society, atherosclerosis is a leading cause of death [1]. An important
risk factor for atherosclerosis is increased plasma low-density lipoprotein (LDL) cholesterol.
Accumulation and modification of LDL in the arterial wall lead to activation of endothelial cells
and increased influx of monocytes. These processes initiate local inflammation characterised
by production of pro-inflammatory chemokines and cytokines leading to foam cell formation
[2,3]. Foam cell formation leads to proliferation and migration of vascular smooth muscle
cells (SMCs) and extracellular matrix deposition. These events ultimately result in intimal
hyperplasia and vascular remodelling [4].

Atherosclerosis development can be attenuated by reducing LDL levels and inflam-
mation pharmacologically, for instance, by using statins [5]. However, statin treatment prevents
roughly 30% of all cardiovascular events [6], leaving ample opportunities for additional
treatment strategies. Epidemiological studies have shown that diets rich in fibers are associated
with reductions in the risk of cardiovascular diseases and atherosclerosis development [7-10].

A category of dietary fibers that received great attention in the last decade is inulin-type
fructans. Inulin is a dietary fiber that meets the three classification criteria for being considered
as a prebiotic [11], 1.e., it is resistant to hydrolysis by human enzymes and therefore minimally
absorbed in the gastrointestinal tract, it is fermented by colonic microbiota, and it selective
stimulates the growth and/or activity of beneficial colonic bacteria.

Evidence is increasingly indicating that inulin exerts favourable effects on a variety
of immune-related diseases, such as inflammatory bowel disease [12,13], rheumatoid arthritis
[14], and on low-grade chronic inflammation that is associated with cardiovascular disease
in humans [15,16]. Furthermore, there are indications that inulin has beneficial effects on
hyperlipidemia in rodents [17,18]. However, data on the effects of inulin on lipid metabolism
in humans are inconsistent [19-24]. The previous studies in rodents showing beneficial effects

of inulin on hyperlipidemia and atherosclerosis were performed in LDL-receptor knockout
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mice and APOE-deficient mice, which are both models characterised by severely hampered
lipoprotein remnant metabolism.

We extended these findings and investigated whether inulin may delay or prevent
development of atherosclerosis in APOE*3-Leiden (E3L) transgenic mice [25]. E3L mice
are a well-established preclinical mouse model to study interventions aimed to improve lipid
metabolism and to decrease atherosclerosis development [26,27]. We studied accelerated
atherosclerosis development in these mice after placement of a non-constrictive polyethylene
cuff around the femoral artery. The ensuing vascular pathology has been shown to be sensitive
to both modulation of plasma cholesterol levels and inflammation, and may thus also be

affected by inulin.

MATERIALS AND METHODS

MICE AND DIET

Male transgenic APOE*3-Leiden (E3L) mice (12—17 weeks of age) were fed a high cholesterol
diet containing 1% cholesterol and 0.05% cholic acid (DietW; AB-Diets,Woerden, The
Netherlands) 10% inulin (FrutaFit HD; Sensus, Roosendaal, The Netherlands) for a total
period of 5 weeks (n = 11-13 mice per group). Before the experiment, mice were randomised
based on age, body weight, and plasma cholesterol levels. During the experiment, 2 mice of
the control group (n = 13 at the start of the experiment) and 1 mouse of the inulin group
(n = 14 at the start of the experiment) died due to unspecified reasons unrelated to the study.
Mice were housed under temperature- and humidity-controlled conditions with a 12:12 h
light-dark cycle and free access to food and water. During the diet intervention, body weight
and food intake were measured weekly. Mouse experiments were performed in compliance with
Dutch government guidelines and the Directive 2010/63/EU of the European Parliament and
had received approval from the University Ethical Review Board (Leiden University Medical

Center, Leiden, The Netherlands).
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CUFF-INDUCED ATHEROSCLEROTIC LESION FORMATION

After 3 weeks on diet W +10% inulin, mice were subjected to femoral arterial cuff placement
to induce accelerated atherosclerosis development as described previously [27,28]. Briefly,
before surgery mice were anesthetised with an intraperitoneal injection of 5 mg/kg Midazolam
(Roche, Woerden, The Netherlands), 0.5 mg/kg Medetomidine (Orion, Helsinki, Finland), and
0.05 mg/kg Fentanyl (Janssen, Beerse, Belgium). The right femoral artery was exposed from
surrounding tissue, and sheathed with a rigid non-constrictive polyethylene cuff (Portex, 0.40
mm inner diameter, 0.80 mm outer diameter, and an approximate length of 2.0 mm). After
the surgery, the anaesthesia of the mice was antagonised with Atipamezol (1.7 mg/kg, Orion)
and Fluminasenil (0.3 mg/kg, Fresenius Kabi). Buprenorphine (0.1 mg/kg, MSD Animal
Health) was given after surgery to relieve pain. Mice were sacrificed after 5 weeks of dietary
intervention, which was 2 weeks after perivascular cuff placement when profound intima
formation with signs of atherosclerosis had developed. Before sacrifice, mice were anesthetised
with intraperitoneal injection containing a mixture of Midazolam (8 mg/kg)/Fentanyl (0.08
mg/kg)/Dexdomiter (0.8 mg/kg)/NaCl (0.9%) and subsequently euthanised. Orbital blood
was obtained for plasma isolation, which was stored at —20°C until further analysis. The thorax
was opened and mild pressure-perfusion (100 mmHg) was performed with ice-cold PBS for
10 min by cardiac puncture in the left ventricle. After perfusion, the cuffed femoral artery was
harvested, fixed overnight in 4% formaldehyde in PBS, and finally paraffin-embedded. Serial
cross sections (5 pm thick) were used throughout the entire length of the cuffed femoral artery

for (immuno)histochemical analysis.

(IMMUNO)HISTOCHEMICAL STAINING

As used previously [27,28], histological Weigert’s elastin staining was used to visualise elastic
laminae, and a Sirius red staining was performed to quantify the collagen content within the
atherosclerotic lesion. The composition of the thickened atherosclerotic lesion was visualised and

evaluated by immunohistochemical stainings. Primary antibodies for MAC3 (for macrophages;

Rat Ant-Mouse (#550292, BD-Pharmigen, San Diego, CA, USA) 1:300 in 1% PBSA) or
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a-smooth muscle cell actin (a-SMC) (for smooth muscle cells; Mouse Anti-Human (clone 1A4,
#MO0851, Dako, Agilent, Amstelveen, The Netherlands) 1:1000 in 1% PBSA) were applied
on tissue sections and incubated overnight. After washing with PBS, secondary antibodies
for MAC3 (Goat Anti-Rat (#BA-9401, Vector, Burlingame, CA, USA) 1:300 in 1% PBSA)
or a-SMC (HRP Horse Anti-Mouse (#PI-2000, Vector, Burlingame, CA, USA) 1:300 in 1%
PBSA) were applied, both developed with 3,3’-diaminobenzidine (DAB, #K4007, Dako Agilent,

Amstelveen, The Netherlands), and counterstained with hematoxylin.

ATHEROSCLEROTIC LESION ANALYSIS

Six sequential sections were used per vessel segment to quantify atherosclerotic lesion formation
based on Weigert’s elastin staining. Using image analysis software (Leica Qwin,Wetzlar,
Germany) total cross-sectional lumen area, total cross-sectional medial area between the
external- and internal elastic lamina, and total cross-sectional intimal area between the
endothelial cell monolayer and the internal elastic lamina were measured. The intensities
of staining for macrophages, SMCs, and collagen content within intimal tissue and medial
layers were quantified as the average over 6 consecutive cross-sections and were expressed as

a percentage of the total surface area per cuffed section.

FLOW CYTOMETRY

Circulating granulocytes and monocytes were analysed using flow cytometry. After lysis of
red blood cells, pelleted cells were re-suspended in FACS buffer and stained for 30 min at 4°C
in the dark with fluorescently labelled antibodies listed in Table 1. Cells were measured on
an LSR II flow cytometer using Diva 6 software (BD Biosciences, San Jose, CA, USA). Data
were analysed using Flow]Jo software (Treestar, Ashland, OR, USA). Representative gating

schemes are shown in Figure 1.
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Table 1. Antibodies used for flow cytometry

Antibody Fluorochrome Dilution Clone, Supplier
CD45.2 FITC 1:100 104, BioLegend
CDl11b Pacific Blue 1:150 M1/70, BioLegend
CD115-Biotin n.a. 1:00 AFS98, eBioScience
Streptavidin PeCyd 1:00 SAV, eBioScience
Gr-1 PeCy7 1:1500 RB6-8C5

PLASMA TOTAL CHOLESTEROL

Blood samples were collected in week 0, 3, and 5 after 4 h fasting (from 8:00 to 12:00 AM) via
tail vein bleeding into chilled capillaries, and isolated plasma was assayed for total cholesterol
(TC) using a commercially available kit (Roche Diagnostics, Mannheim, Germany). Cholesterol

exposure was calculated as the cumulative exposure over the number of weeks fed either the

control or the inulin-supplemented diet.
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Figure 1. Gating strategy. Gating strategies for the analysis of (A) granulocytes, total monocytes; and (B) Ly6C*

Ly6C™, and Ly6C- monocyte subsets in whole blood.
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STATISTICAL ANALYSIS

Data are presented as means = SEM. Normal distribution of the data was tested using
D’Agostino-Pearson omnibus normality test, and data were compared in case of normal
distribution with the unpaired Student’s t-test or in the case of not normally distributed data
with the nonparametric Mann—Whitney U test. Differences in body weight and food intake
were evaluated for statistical significance by two-way ANOVA followed by Sidak’s post hoc
multiple comparison test. Correlation analysis was performed using linear regression analysis.
The regression lines of the inulin supplemented mice versus control mice were compared
to identify whether the correlations differed between the groups. First it was tested whether
slopes of the lines differed and then whether intercepts of the lines differed. When the slopes
and intercepts were not significantly different, linear regression analyses was performed on
pooled data of both groups. p<0.05 was considered as statistically significant. Analyses were

performed using Graph Pad Prism version 7.0 (GraphPad Software, San Diego, CA, USA).

RESULTS

INULIN INCREASED ATHEROSCLEROTIC LESION FORMATION AND OUTWARD VASCULAR REMODELLING

We examined the effect of inulin on vascular pathology 14 days after polyethylene cuff
placement around the femoral artery. Figure 2A shows a representative picture of lesion
formation in control and inulin supplemented mice. Quantification of the intimal lesion demon-
strated that inulin increased lesion surface area (pm?) by 72% compared to the control group
(p=0.01; Figure 2B). Since the total surface area (pm?) of the media was similar for both groups
(Table 2), inulin significantly increased the intima/media ratio by 91% compared to controls
(p=0.01; Figure 2C). Outward vascular remodelling took place after inulin supplementation,
as shown by increased external (+40% vs. control; p=0.01; Figure 2D) and internal (+73% vs.
control; p=0.01; Figure 2E) surface areas. The percentage of luminal stenosis was not affected
by inulin (Figure 2F). Compared to the control group, the surface area of the lumen was not
changed by inulin (Table 2), which further indicates that inulin did not lead to inward vascular

remodelling but rather induced outward vascular remodelling.
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Figure 2. Inulin increased atherosclerotic lesion formation and outward vascular remodelling.

(A) Representative cross-sections of the cuffed femoral arteries of ESL mice stained with Weigert’s elastin staining

visualising the elastic laminae; (B) Quantification of intimal lesion thickening; (C) Intima/media ratio; (D) External

surface area; (E) Internal surface area; and (F) Percentage of luminal stenosis. Values are presented as means = SEM

ya—

(n = 11-13 mice per group). * p<0.05, ** p<0.01 vs. control.
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Table 2. Experimental measurements including vascular pathology, plasma monocytes, plasma cholesterol, body

weight, and food intake.

Control (n=11)

Inulin (n=13)

Vascular pathology

(mean + SEM) (mean + SEM) P-value
Intimal thickness (pm?) 4043 £ 689.5 8685 + 1462 0.013*
Intima / media 0.35£0.05 0.65 £0.09 0.008*
External area (pm?) 20303 £ 1942 28515 £ 2225 0.012*
Internal area (pm?) 9383 + 1288 16203 £ 1715 0.005*
Luminal stenosis (%) 44.21 £ 4.56 50.72 £5.21 0.367
Lumen area (pm?) 5340 £ 961.1 7518 £ 1376 0.224
Medial area (pm?) 10920 + 723.1 12312 + 755 0.201
Medial collagen area (%) 54.88 £ 3.67 56.69 £ 2.76 0.692
Intimal collagen area (%) 33.79 £ 2.62 45.6 + 2.74 0.011*
Medial SMC area (%) 29.74 £ 4.29 30.1 £ 4.88 0.958
Intimal SMC area (%) 25.31 £ 2.81 41.93 +2.57 0.001*
Medial macrophages (%) 4.299 £ 1.92 14.85 £ 2.43 0.001*
Intimal macrophages (%) 1.73 £ 0.78 6.06 + 1.33 0.002%

Control (n=11) Inulin (n=11)
Plasma monocytes

(mean + SEM) (mean + SEM) P-value
Granulocytes (%o) 10.55+ 1.19 10.64 + 1.14 0.956
Monocytes (%o) 4.91 +0.39 6+0.71 0.319
Ly6C* (%) 0.18 £0.12 0.36 £0.15 0.635
LyC6- (%) 1+£0.14 1.36 £ 0.24 0.23
Ly6C™ (%) 3.18 £0.26 3.63 £ 0.51 0.737

Control (n=11) Inulin (n=13)
Plasma cholesterol

(mean £+ SEM) (mean + SEM) P-value
Plasma TC t=0 (mM) 3.83£0.29 3.79+0.26 0.924
Plasma TC t=3 (mM) 13.28 £ 1 16.33 £ 0.85 0.024*
Plasma TC t=5 (mM) 13.12+ 0.5 14.65 £ 1.14 0.738
TC exposure (mM*Weceks) 63.54 + 3.20 72.55 £ 2.38 0.03*
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Table 2. Continued

Control (n=11) Inulin (n=13)
Body weight and Food intake

(mean + SEM) (mean + SEM) P-value

Body weight t=0 (g) 98.42 + 0.46 97.53 £ 0.54 0.832
Body weight t=1 (g) 98.35 + 0.49 97.61 % 0.56 0.921
Body weight t=2 (g) 98.12 + 0.55 97.49 + 0.55 0.962
Body weight t=3 (g) 98.28 + 0.54 97.47 +0.56 0.884
Body weight t=4 (g) 98.01 % 0.49 97.02 £ 0.55 0.754
Body weight t=5 (g) 29.35 £0.54 28.59 £ 0.61 0.907
Cumulative food intake t=1 (g) 24.81 £0.78 244 £ 1.7 >0.999
Cumulative food intake t=2 (g) 47.56 £ 1.51 46.3 £ 2.4 >0.999
Cumulative food intake t=3 (g) 81.33 £3.22 68.16 + 2.71 0.035*
Cumulative food intake t=4 (g) 109.94 £ 6.11 87.39 £ 2.76 <0.0001*
Cumulative food intake t=5 (g) 131.43 £ 6.52 105.81 £ 2.78 <0.0001*

*P<0.05 Control vs. Inulin. SMC=smooth muscle cell; TC=Total cholesterol exposure

INULIN INDUCED CHANGES IN LESION COMPOSITION
To investigate whether inulin affected lesion composition, we examined the medial
and intimal lesion phenotype using (immuno)histochemical analysis. Consecutive
cross-sections of the cuffed femoral arteries were stained with Sirius red for collagen,
a-actin for SMGCs, and MAG3 for the presence of macrophages in the surface area of the plaques.
Representative cross-sections of the cuffed femoral arteries stained for collagen
are shown for both the control and the inulin group (Figure 3A). Inulin did not affect
medial collagen area (Figure 3B), but increased the intimal collagen area (+35% vs. control;
p=0.01; Figure 3C). Figure 3D shows representative cross-sections of the cuffed femoral
arteries stained for SMCs in both intervention groups. Likewise, inulin did not affect SMCs
in the medial area (Figure 3E), but increased the area of intimal SMCs (+66% vs. control;
p=0.001; Figure 3F). Representative cross-sections stained for macrophages are shown in
Figure 3G. Inulin substantially increased the intensity stained for macrophages of both

the medial area (+247% vs. control; p=0.001; Figure 3H) as well as the intimal lesion
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area (+259% vs. control; p=0.002; Figure 3I). These data showed that inulin adversely affected

lesion composition in hypercholesterolemic mice after perivascular cuff placement.
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Figure 3. Inulin-induced changes in lesion composition. Representative cross-sections and quantitative
analysis for medial and intimal lesion areas of the cuffed femoral arteries of E3L mice stained with (A—C) Sirius red
for collagen; (D-F) a-actin for SMCis; and (G—I) MAC3 for macrophages. Values are presented as means £ SEM (n
= 11-13 mice per group). * p<0.05, ** p<0.01, ** p<0.001 vs. control.
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INULIN DID NOT AFFECT BLOOD MONOCYTE COMPOSITION BUT INCREASED TOTAL CHOLESTEROL EXPOSURE

The effect of inulin on blood monocyte composition was determined by flow cytometry.
Inulin did not alter the percentages of circulating granulocytes, monocytes, and the monocyte
subsets Ly6C™", Ly6C"", and Ly6C- (Figure 4A). However, inulin increased plasma TC
levels in week 3 (+23% vs. control; P=0.02; Figure 4B), which overall led to an increased
cholesterol exposure over the entire intervention period of 5 weeks (+14% vs. control;
p=0.03; Figure 4C). We performed regression analysis on TC exposure versus intimal

thickness. Comparison of the regression lines indicated that slopes (FF, =0.49; p=NS) and

slopes

intercepts (F =3.98; p=NS) were similar for the control group and the inulin group

interecpts
(pooled data R?=0.17; p=0.04; Figure 4D). This suggests that the aggravated lesion formation
after inulin supplementation was driven by plasma TC. Finally, inulin decreased food intake
(up to —17% 1in week 5 vs. control; p<0.0001; Figure 4E) without affecting body weight
(Figure 4F). Together, these data indicate that the mechanism behind the aggravated lesion

formation seemed to be driven by cholesterol exposure.
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Figure 4. Inulin did not affect blood monocyte composition but increased total cholesterol exposure.
(A) Circulating granulocytes, monocytes, and monocyte subsets Ly6C*™ Ly6C*Y, and Ly6C: are shown as a percentage
of circulating leukocytes; (B) Plasma TC was analysed in week 0, 3, and 5; and (C) Cumulative TC exposure was
calculated over the entire intervention period of 5 weeks; (D) TC exposure was plotted against intimal thickness; (E)
Cumulative food intake and (F) Body weight over the 5-week intervention period. The arrow indicates the time point
at which the cuff was placed around the femoral artery. Values are presented as means = SEM (n = 11-13 mice per

group). * p<0.05 vs. control.
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DISCUSSION

There are clear indications that dietary fibers, and specifically the prebiotic inulin, reduce
cardiovascular risk factors such as systemic inflammation and hyperlipidemia [15,16,22-24].
However, in contrast to our expectations, we found that inulin aggravated atherosclerosis
development in E3L mice. Inulin enlarged the intimal lesion thickness area as well as the
collagen content and the percentages of macrophages and SMCs within the lesion. Furthermore,
inulin increased outward vascular remodelling in these mice. The aggravated atherosclerosis
development was likely explained by increased cholesterol exposure but not by alterations in
blood monocyte composition.

In contrast to our results, Rault-Nania et al. [17] found that inulin-type fructans
reduced atherosclerotic plaque formation by 35% in hypercholesterolemic male mice. However,
this study was performed in APOE-deficient mice. Complete deficiency of APOE is associated
with a systemic pro-inflammatory state [29]. In addition, APOE-deficient mice are character-
1sed by severely disrupted LDL-receptor mediated lipoprotein remnant clearance and severe
hypercholesterolemia [30]. In contrast, £3L mice express a dominant variant of human APOE
characterised by a moderately disturbed LDL receptor mediated clearance [25]. These mice
are highly responsive to diet-induced hyperlipidemia and atherosclerosis development and have
been extensively used as preclinical model (review, see [31]). The differential effect of inulin on
atherosclerosis development in APOE-deficient mice versus E3Lmice is therefore likely mouse
model-specific. Since E3Lmice respond similarly as patients to a variety of anti-atherosclerotic
mterventions [31], we interpret our data to indicate caution with the application of inulin in
humans.

We are not the first ones to show adverse effects of inulin on disease outcome. Miles
etal. [32] reported that diets enriched with inulin did not protect, but further exacerbated the
severity of dextran sulfate sodium (DSS)-induced colitis in mice. Two large randomised-con-
trolled trials were performed in which patients with Crohn’s disease received either 15 g [33]
or 20 g [34] oligofructose/inulin per day. They revealed increased severity of disease in the

first study and withdrawal of 30% of patients in the second study due to adverse side effects.
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These studies suggested that the adverse effects of inulin were likely to be mediated via diverse
interactions of inulin with the gut microbiota. However, the adverse effects of inulin were mainly
found in combination with severe intestinal/ colonic inflammation. This indicates that the effect
of inulin on disease outcome might be context dependent. Moreover, it has previously been
shown that exposure to diets high in cholesterol are able to serve as a precursor for intestinal
inflammation in epithelial cells [35]. It therefore remains possible that a high-cholesterol diet
facilitates intestinal inflammation and is associated with the detrimental effects of inulin on
atherosclerosis in mice. The consideration that the context of diet affects disease outcome is
supported by Goto et al. [36], demonstrating that inulin can either positively or negatively
affect diarrhea and weight loss in mice, depending on the type of chow diet the mice were
fed. It remains to be investigated whether the adverse effects of inulin are a consequence of
different context dependent factors, e.g., diet and microbiota composition.

The mode of action of inulin has been shown to depend on inulin chain length.
Vogt et al. [37] reported that short-chain inulin compared to long-chain inulin induced a
more anti-inflammatory phenotype in PBMCs in vitro as determined by IL10/IL-12 cytokine
production. In our study, we used long-chain inulin, but observed no effects on blood monocyte
composition. The effects of short-chain versus long-chain inulin on atherosclerosis development
in vivo remain to be investigated.

In addition to inulin chain-length, the concentration of inulin added to the diet might
influence disease outcome. We fed the mice a high-cholesterol diet supplemented with 10%
inulin, which is a relatively high concentration of inulin. However, in another study by Parnell
and Reimer [38], obese hyperlipidemic rats were given 10% inulin for a total period of 10
weeks, in which they established a decrease of 24% in circulating cholesterol levels. Although
we cannot exclude different effects of inulin within various species, it remains to be determined
whether other percentages of dietary inulin will result in lower plasma cholesterol levels in
ESL mice.

We observed increased outward vascular remodelling of the femoral artery in the

inulin group. Inward vascular remodelling in arteries is an important determinant for lumen
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loss, whereas outward vascular remodelling can compensate for plaque accumulation in the
arterial lumen [39]. Outward remodelling together with a preserved luminal area as observed
in our study often indicates a more vulnerable plaque phenotype [40]. The plaque phenotype
is determined by collagen turnover [41] and inflammation [42]. Indeed, inulin in our study
resulted in changes in the composition of both the media and intima of the plaques, which
indicates that the increased lesion formation after inulin supplementation was accompanied by
more vulnerable plaques. The adverse effects of inulin on atherosclerosis development could
not be explained by changes in blood monocyte composition. However, we cannot exclude
the possibility that inulin might have modulated other systemic immune markers or that it has
affected the immune status more subtly.

We found that inulin significantly increased plasma cholesterol levels and as a consequence
exacerbated atherosclerosis development. The effect of inulin on plasma cholesterol levels might
be mediated via interactions with the gut microbiota, by stimulating growth and/or activity
of selective bacteria in the gut. We speculate that inulin can increase plasma cholesterol levels
via modifications in the production of short-chain fatty acids (SCFAs) by the gut microbiota
as suggested by previous studies [43,44]. In the colon, the SCFAs acetate and propionate are
produced, absorbed, and transported via the portal vein to the liver [45]. In the liver, acetate
1s used as a substrate for de novo cholesterol and TG synthesis, while propionate inhibits
cholesterol synthesis [46]. Variation in the propionate:acetate ratio that reaches the liver might
therefore affect either hepatic stimulation or inhibition of de novo cholesterol and TG synthesis,
resulting in differences in plasma cholesterol levels [47]. The notion that propionate:acetate
ratios determine lipid metabolism is supported by a study by Weitkanut et al. [48], who found
that an increased propionate:acetate ratio was associated with decreased hepatic expression
of genes involved in lipogenesis and fatty acid elongation/desaturation of inulin-fed animals.
Whether inulin in our study led to a decreased propionate:acetate ratio and therefore adversely
affected plasma cholesterol levels and atherosclerosis development, remains to be investigated.

In conclusion, we found that inulin aggravated atherosclerosis development after

placement of a cuff around the femoral artery in hypercholesterolemic E3L mice. This effect
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was accompanied by adverse changes in composition of both medial and intimal lesion areas, as
well as increased outward vascular remodelling. The adverse effects of inulin on atherosclerosis
development were mainly a result of increased plasma total cholesterol levels. Previous studies
together with our data therefore raise the concern that inulin not always exert beneficial effects.
It will be of importance for future research to decipher potential pathways and mechanisms

induced by inulin under various conditions.
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ABSTRACT

Gut microbiota have been implicated in the development of atherosclerosis and cardiovas-
cular disease. Since the prebiotic inulin is thought to beneficially affect gut microbiota, we
aimed to determine the effect of inulin supplementation on atherosclerosis development in
APOE*3-Leiden.CETP (ESL.CETP) mice. Female ESL.CETPmice were fed a western-type
diet containing 0.1% or 0.5% cholesterol with or without 10% inulin. The effects of inulin
were determined on: microbiota composition, cecal short-chain fatty acid (SCIFA) levels, plasma
lipid levels, atherosclerosis development, hepatic morphology and hepatic inflammation. Inulin
with 0.5% dietary cholesterol increased specific bacterial genera and elevated levels of cecal
SCFAs, but did not affect plasma cholesterol levels or atherosclerosis development. Surprisingly,
inulin resulted in mild hepatic inflammation as shown by increased expression of inflammati-
on markers. However, these effects were not accompanied by increased hepatic macrophage
number. Analogously, inulin induced mild steatosis and increased hepatocyte size, but did not
affect hepatic triglyceride content. Inulin with 0.1% dietary cholesterol did not affect hepatic
morphology, nor hepatic expression of inflammation markers. Overall, inulin did not reduce
hypercholesterolemia or atherosclerosis development in E3L. CETPmice despite showing clear
prebiotic activity, but resulted in manifestations of hepatic inflammation when combined with

a high percentage of dietary cholesterol.
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INTRODUCTION

Atherosclerosis is a narrowing of arteries due to accumulation of lipids and cells in the intima,
leading to cardiovascular diseases (CVD) including heart attack and stroke. CVD are a leading
cause of morbidity and mortality in Western Society [1]. Hypercholesterolemia is one of the main
underlying risk factors of atherosclerosis development, and is routinely treated by prescription
of statins. However, statin treatment lowers total plasma cholesterol levels by approximately
30% [2] and only prevents 25-45% of all cardiovascular events [3], indicating the demand
for additional therapies. The gut microbiota have been discovered as an important player in
the onset of atherosclerosis and CVD [4]. Disturbances in lipid metabolism, the precursor for
the development of atherosclerosis and GVD, have also been associated with gut microbiota
dysbiosis in both rodents [5] and humans [6]. A well-known factor that modulates the gut
microbiota composition and function are dietary fibers or prebiotics. Inulin supplementation is a
widely studied prebiotic that has been shown to beneficially modify gut microbiota composition
and function [7]. Inulin is fermented by specific bacteria in the gut, leading to outgrowth of
these bacteria and short-chain fatty acid (SCFA) production [8], which is thought to improve
colonic and systemic health [9]. Inulin has been shown to exert multiple beneficial effects
on the host, including lowering inflammation [10,11], as well as decreasing hyperlipidemia
[12—15]. Whether inulin affects the development of atherosclerosis is currently underexplored.
Therefore, we set out to determine the effect of inulin on the development of atherosclerosis
in hypercholesterolemic APOE*3-Leiden. CETP (E3L.CETP) mice, a model that is charac-
terised by a human-like lipoprotein metabolism and that is susceptible to the development of
atherosclerosis. Particularly female ESL. CETPmice are highly sensitive to dietary cholesterol
and they respond in a human-like manner to lipid-lowering anti-atherogenic therapies [16].
We found that inulin drastically altered gut microbiota composition and function. However,
inulin neither decreased hypercholesterolemia nor ameliorated atherosclerosis development in
this mouse model. Notably, inulin in combination with a high percentage of dietary cholesterol

resulted in manifestations of hepatic inflammation.

119




CHAPTER 5

MATERIALS AND METHODS

MICE AND DIET

In two experiments, female ESL.CETP mice were fed a WTD containing 0.1% or 0.5%
cholesterol (Diet T 0.1 (Diet T 4022.16) or Diet T 0.5 (Diet T 4022.17); AB Diets, The
Netherlands)(Table 1). This WTD diet was supplemented with or without 10% inulin (FrutaFit
HD, Sensus, The Netherlands) for a total period of 11 weeks in which 10% of cellulose was
replaced with 10% inulin. At baseline, after a run-in of 3 weeks with WTDs, randomisation
of the mice was performed based on plasma total cholesterol (TC) levels, plasma triglyceride
(TG) levels, and body weight. During the intervention period, body weight and food intake
were measured weekly. After 11 weeks, non-fasted mice were sacrificed using CO,, inhalation.
Orbital bleeding was performed to collect blood and mice were subsequently perfused with
ice-cold PBS through the heart. Cecum content, heart, and liver were collected for further
analysis. Mice were housed under temperature- and humidity-controlled conditions with a
12:12h light-dark cycle and free access to food and water. A schematic of the experimental
study protocol is provided in Figure 1. Mouse experiments were performed in compliance with
Dutch government guidelines and the Directive 2010/63/EU of the European Parliament and
had received approval from the University Ethical Review Board (Leiden University Medical
Center, The Netherlands).

165 RIBOSOMAL RNA GENE SEQUENCING AND PROFILING

16S rRNA sequencing in cecum samples of ESL.CETP mice fed with a WTD (0.5%
cholesterol) + inulin was performed as described previously [17]. Relative bacterial abundance
was determined. For statistical significance, biological relevance and visualisation linear
discriminant analysis (LDA) effect size (LEfSe) method (https://bitbucket.org/biobakery/
biobakery/wiki/lefse)[ 18] and ANCOM analysis were used as described previously (https://
www.niehs.nih.gov/research/resources/software/biostatistics/ancom/index.cfm)[19].

Prior to LEfSe analysis low abundant taxa were filtered out, applying a two-step filtering.
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Table 1. Diet composition (%o of total weight)

Dietary substitute (%) Control/Inulin 0.1% Control/Inulin 0.5%
Inulin 0/10 0/10
Cholesterol 0.1 0.5
Magnesium oxide 0.2 0.2
Methionine 0.2 0.2
Standard trace elements premix 0.25 0.25
Standard vitamin premix 0.25 0.25
Salt 0.3 0.3
Magnesium sulphate heptahydate 0.4 0.4
Potassium hydrogen phosphate 0.7 0.7
Potassium chloride 0.7 0.7
Calcium carbonate 1 1
Corn oil 1 1
Calcium hydrogen phosphate 1.3 1.3
Choline chloride 2 2
Corn starch 10 10
Cacoa butter 15 15
Cellulose 16.1/6.1 16/6
Sour casein 20 20
Sugar/sucrose 30.5 30.2
Total 100 100
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Start inulin diet

!

Control 0.1%
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Inulin 0.1%
3 week run-in period » Control 0.5%
> Inulin 0.5%
Baseline 11 weeks T

Figure 1. Experimental study protocol.

First, taxa that were present in less than half of the group size were filtered out. In a second
step, very rare taxa that were abundant less than 0.5% of total group taxa were filtered out.
At baseline and after 11 weeks (wks) of intervention, jack-knifed [3-diversity of unweighted
Unilrac distances, with 10 jack-knifed replicates was measured at rarefaction depth of 22000

reads per sample, based on the unfiltered OTU table.

CECAL SHORT-CHAIN FATTY ACID ANALYSIS
Cecum SCFA content was analysed using gas chromatography mass spectrometry (GC-MS)

as described previously [20].

PLASMA PARAMETERS
Plasma TG and TC were measured in 4 hour fasted mice as described previously [17]. Plasma
cholesterol exposure was calculated as the cumulative exposure over the number of weeks

where mice were fed a WTD = inulin.
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ATHEROSCLEROSIS QUANTIFICATION

Atherosclerosis quantification using histological staining with hematoxylin-phloxyin-saffron
(HPS) was performed in hearts of ESL.CETPmice fed a WTD (0.5% cholesterol)  inulin as
described previously [17]. Image J Software (NIH, USA) was used for the quantification of

atherosclerotic lesion areas.

LIVER (IMMUNO)HISTOCHEMISTRY

Livers were removed, fixed in 4% paraformaldehyde, dehydrated in 70% ethanol, embedded in
parathn and sectioned (5pm). Paraffin-embedded liver sections were stained with haematoxylin
and eosin (H&E) using standard protocols. From H&E-stained sections, hepatocyte size (hepatic
hypertrophy) was quantified as the average number of hepatocytes per total microscopic field
(mm?) per section. H&E-stained liver sections were scored for hepatic steatosis on the level
of microvesicular and macrovesicular steatosis [21], expressed as the percentage of the total
liver section area affected. Immunohistochemical detection of the macrophage marker F4/80
was done on paraffin-embedded sections that were treated with proteinase K, using a primary
Rat Ant-Mouse F4/80 monoclonal Ab (MCA497; 1:600, Serotec, UK) and a secondary
Goat Anti-Rat immunoglobulin peroxidase (MP-7444, Vector Laboratories Inc., USA). All

histological and histochemical analysis were analysed using Image J software (NIH, USA).

LIVER LIPIDS
Lipids were extracted from the liver according to a protocol from Bligh and Dyer [22] and

modified as described previously [17]. TG content was assayed as described above.

RNA ISOLATION AND QUANTITATIVE RT-PCR

Snap-frozen liver samples were used for the extraction of RNA using a NucleoSpin RNA kit
(Machery-Nagel, Germany). NanoDrop ND-1000 spectrophotometer (Isogen, The Netherlands)
was used to determine concentrations and purity of RNA. Reverse transcription of RNA was

done using Moloney Murine Leukemia Virus Reverse Transcriptase (Promega, The Netherlands).
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Gene expression levels were determined using qRT-PCR, SYBR green supermix (Biorad, The
Netherlands), and gene-specific primers (Table 2). Expression of mRNA was normalised to
cyclophilin (CypA) and ribosomal protein large PO (RpIp0) RNA, and expressed as fold change

versus control using the AA CT method.

Table 2. Primer sequences of forward and reverse primers (5’ > 3°)

Gene Sense Antisense

CypA  ACTGAATGGCTGGATGGCAA TGTCCACAGTCGGAAATGGT

Rplp0  GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG
IL-10  GACAACATACTGCTAACCGACTC ATCACTCTTCACCTGCTCCACT
1L-6 AAGAAATGATGGATGCTACCAAACTG GTACTCCAGAAGACCAGAGGAAATT
Mcp-1 CACTCACCTGCTGCTACTCA GCTTGGTGACAAAAACTACAGC
Tnf~a GATCGGTCCCCAAAGGGATG CACTTGGTGGTTTGCTACGAC
F1/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
STATISTICAL ANALYSIS

Data are presented as means £ SEM. Normal distribution of the data was tested using D’A-
gostino-Pearson omnibus normality test, and data were analysed with the unpaired Student’s
t-test in case of normal distribution or with the nonparametric Mann—Whitney U test in case
of not normally distributed data. Differences in body weight over time were evaluated for
statistical significance by two-way ANOVA followed by Sidak’s post hoc multiple comparison
test. P<0.05 was considered as statistically significant. Analyses were performed using Graph

Pad Prism version 7.0 (GraphPad Software, USA).
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RESULTS

INULIN MODIFIED GUT MICROBIOTA COMPOSITION AND FUNCTION

To determine the effects of inulin on gut microbiota in mice fed a WTD with 0.5% cholesterol,
16S rRNA gene sequencing was used to assess the effect of inulin on gut microbiota composition
and relative abundance of specific gut microbial taxa. Cluster analysis based on unweighted
Unilrac distances revealed a clear difference between the control group and the inulin group
after 11 weeks of intervention, while the control group did not change after 11 weeks compared
to the baseline measurement (Figure 2A).

Further analysis of the gut microbiota revealed clear differences in the composition
of the microbial community between the control group and the inulin group. Figure 2B sche-
matically depicts LEfSe’s results included in a cladogram showing the significant differences
on each taxonomic level with a maximum depth to genus level. Table 3 shows the relative
abundances (%) of genera in the control and the inulin group and the percentage difference
between the two groups based on LEfSe and ANCOM analyses. Based on LEfSe analysis,
inulin significantly increased the relative abundance of the genera Coprococcus (+409%),
and Allobaculum (+833%), whereas the genera Bacteroides (-59%), Parabacteroides (-60%),
Prevotella (-88°0), Micispirillum (-100%), Clostridium (-100%), and Coprobacillus (-100%) were
reduced compared to control mice (Table 3). Based on ANCOM analysis, inulin increased the
relative abundance of the genera Coprococcus(+409%), Ruminococcus (+52%), Allobaculum
(+833%), and Sutterella (+12%), whereas the genera Mucispirillum (-100%) and Coprobacil-
Tus (-100%) were decreased compared to control mice (Table 3). The overlapping genera that
significantly increased after inulin supplementation compared to control mice according to
both analyses were Allobaculum and Coprococcus.

Subsequently, we determined the effects of inulin on SCFA levels in the cecum. Inulin
increased cecal levels of propionate (+57% vs. control; P=0.0005) and butyrate (+146% vs.
control; P=0.0002), but not of acetate (Figure 2C). These data indicate that dietary inulin

supplementation modulated both microbial composition and function in ESL.CETP mice.
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Figure 2. Inulin modified gut microbiota composition and function. The effect of inulin supplementation
on microbiota composition and function in mice fed a WTD containing 0.5% cholesterol * inulin. (A) Principal
coordinates analysis (PCooA) plot of unweighted Unilrac distances metric of 16S rRNA gene sequences at baseline
(depicted in red) and for the subsequent control group (depicted in blue) and inulin group (depicted in green) after 11
weeks (wks) of treatment. To evaluate similarities between bacterial communities, graphs 1, 2, and 3 were generated
using OTU’s based on the unweighted UniFrac distance metrics PC1 and PC2, PC1 and PC3, and PC3 and PC2,
respectively, and are shown on multiple two-dimensional arrays. (B) The cladogram report the taxa (highlighted by
small circles and by shading) showing significant different relative abundance values with a maximum depth till genus
level (according to LEfSe). Differences are represented in the colour of the most abundant genus (red indicating the
control group, green indicating the inulin group; yellow indicates differences between the inulin and control group
which are not significant). The taxonomic level is indicated by letter preceding the underscore: o, order; f, family; g,

genus. The central point in the cladogram represents the taxonomic domain ‘bacteria’ and each ring outward represents
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the next lower taxonomic level (phylum to genus). The darker the shading of the red or green colours, the higher the
abundance (n = 8-10 mice per group). (C) Finally, the cecal SCFAs acetate, propionate, and butyrate were determined

(n = 10 mice per group). Values are presented as means £ SEM. * P<0.05, **P<0.01, ***P<0.001 vs. control.

INULIN NEITHER DECREASED HYPERLIPIDEMIA NOR AMELIORATED ATHEROSCLEROSIS DEVELOPMENT

Given the potential beneficial effects of inulin on plasma lipid parameters, we determined
the effect of inulin on plasma TG and TC levels in E3L.CETP mice fed a Western-type diet
(WTD) containing 0.5% cholesterol + inulin. Surprisingly, inulin did not affect plasma TG levels
(Figure 3A), plasma TC levels (Figure 3B), or TC exposure (Figure 3C). In order to determine
whether inulin affected atherosclerosis development, we measured atherosclerosis progression
in the aortic root of the heart after 11 weeks of inulin supplementation. Representative images
(Figure 3D) illustrate that inulin did not affect mean atherosclerotic lesion area throughout
the aortic root (Figure 3E). Finally, there was no effect of inulin on body weight (Figure 3F) or
food intake (Figure 3G) in these mice. These data show that inulin did not beneficially lower
plasma lipid levels and did not affect atherosclerosis development in hypercholesterolemic

E3SL.CETPmice.
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Table 3. Relative abundance and the percentage difference of the inulin group (n=10) and the control group (n=8)

for each genera at 11 weeks of intervention.

Phylum Class Order Family Genus

Control

Abundance (%)

Inulin

Abundance (%)

Inulin / Control

% Difference

Mean = SEM ~ Mean + SEM  Mean + SEM
Bacteroidetes
Bacteroidia
Bacteroidales
Bacteroidaceae
Bacteroides 15.53 + 1.87 6.33 £ 1.00 -59% *
Porphyromonadaceae
Parabacteroides = 8.88 £ 1.60 3.5210.71 -60% *
Paraprevotellaceae
Prevotella 17.2 £ 6.29 2.1+2.03 -88% *
Rikenellaceae
Unidentified 3.28 £ 0.90 0.06 £ 0.02 -98%
524-7
Unidentified 5.54 £0.90 44.88 £ 2.76 710%
Unidentified
Unidentified 3.21 £0.68 0.03 £ 0.02 -99%
Deferribacteres
Deferribacteres
Deferribacterales
Deferribacteraceae
Mucispirillum 1.83 £0.75 00 -100% *§
(Continued)
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Table 3. Continued

Phylum Class Order Family Genus

Control Inulin

Abundance (%) Abundance (%)

Inulin / Control

% Difference

Mean + SEM  Mean + SEM  Mean + SEM
Firmicutes
Bacilli
Lactobacillales
Lactobacillaceae
Lactobacillus = 5.69 + 2.06 3.27 £0.76 -43%
Clostridia
Clostridiales
Clostridiaceae
Clostridium 1.52 £0.70 00 -100% *
Lachnospiraceae
Coprococcus  0.38 £0.12 1.91 +0.45 403% *§
Ruminococcus . 1.08 £ 0.36 1.64 = 0.44 52% $
Ruminococcaceae
Oscillospira 2.08 £ 0.60 0.96 £0.21 -54%
Unidentified 1.48 £0.85 048 £0.11 -68%
Unidentified
Unidentified 14.65 £+ 3.37 12.85 = 2.46 -12%
Erysipelotrichi
Erysipelotrichales
Erysipelotrichaceae
Allobaculum 1.88 £0.55 17.50 £ 2.30 831% *§
Coprobacillus = 1.17 + 0.44 0+0 -100% *§
Unidentified 5.86 £1.93 0+0 -100%
(Continued)
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Table 3. Continued

Phylum Class Order Family Genus Control Inulin Inulin / Control
Abundance (%) Abundance (%) % Difference
Mean + SEM  Mean + SEM  Mean + SEM
Proteobacteria
Betaproteobacteria
Burkholderiales
Alcaligenaceae
Sutterella 2.34 +0.80 2.63 + 0.55 12% $
Deltaproteobacteria
Desulfovibrionale
Desulfovibrionaceae
Unidentified = 4.78 £ 1.54 1.52 £ 0.71 -68%
Gammaproteobacteri
Enterobacteriales
Enterobacteriaceae
Unidentified =~ 1.61 £0.75 0.32 +0.17 -80%

Data are presented as mean * standard error of the mean (SEM). ¥P<0.05 according to LEfSe analysis; $P<0.05 according to

ANCOM analysis.
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Figure 3. Inulin neither decreased hyperlipidemia nor ameliorated atherosclerosis development.
Mice were fed a WTD containing 0.5% cholesterol & inulin for 11 weeks. (A) Plasma TG levels, (B) plasma TC levels,
and (C) cumulative TC exposure were determined in 4 hour fasted mice. (D) Representative cross-sections are shown
of the valve area of the aortic root of the heart stained with HPS, and (E) the mean atherosclerotic lesion area from
the four consecutive cross-sections. Finally, (F) body weight, and (G) food intake were determined. Values are presented

as means £ SEM (n = 10 mice per group). P<0.05 was considered as statistically significant.
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INULIN ADVERSELY AFFECTED THE LIVER BY MANIFESTATIONS OF HEPATIC INFLAMMATION

Although inulin did not affect hyperlipidemia and atherosclerosis, we found that inulin
increased liver weight in mice fed a WTD containing 0.5% cholesterol (+34% vs. control;
P=0.003; Figure 4A). We observed notable hepatic morphological derangement in the inulin
group (Figure 4B). Inulin significantly increased hepatic hypertrophy as indicated by increased
hepatocyte size (+20% vs. control; P=0.008; Figure 4C). Inulin increased microvesicular steatosis
(+37% vs. control; P=0.006) and macrovesicular steatosis (+167% vs. control; P=0.03)
(Figure 4D), but did not affect hepatic TG content (Figure 4E). Hepatic gene expression of
F4/80 (+65% vs. control; P=0.002), Mcp-1 (+186% vs. control; P=0.0009), Tnf-a (+139%
vs. control; P=0.008), and IL-6 (+67% vs. control; P=0.04) were higher in the inulin group
without any effect on IL-10 expression, indicating a pro-inflammatory phenotype in the mice
fed inulin (Figure 4F). However, inulin did not lead to changes in the macrophage marker
F4/80 as quantified by immunohistochemical staining (Figure 4G). These data indicate that
inulin in combination with 0.5% dietary cholesterol adversely affected liver morphology and

resulted in manifestations of hepatic inflammation in hypercholesterolemic ESL. CETP mice.
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INULIN IN COMBINATION WITH 0.1% DIETARY CHOLESTEROL INCREASED SHORT-CHAIN FATTY ACIDS IN CECUM
CONTENT, BUT DID NOT AFFECT HYPERLIPIDEMIA OR HEPATIC INFLAMMATION
We subsequently determined whether inulin in combination with a more moderate percentage
of dietary cholesterol (0.1%) would lead to different outcomes. Using this lower percentage of
dietary cholesterol, hypercholesterolemia is induced to a lower extent compared with 0.5%
dietary cholesterol. Indeed, 0.5% dietary cholesterol resulted in final plasma TC levels of
27.6 £ 1.5 mM, while 0.1% dietary cholesterol resulted in plasma TC levels of 15.6 £ 0.3 mM
(Figure 5A). Similar to mice fed 0.5% cholesterol, inulin in combination with 0.1% dietary
cholesterol significantly elevated levels of propionate (+188% vs. control; P<0.0001) and
butyrate (+344% vs. control; P<0.0001) in cecum content (Figure 5B). However, 0.1% dietary
cholesterol with inulin also increased levels of acetate in cecum content (+90%; P<0.0001;
Figure 5B). Inulin in combination with 0.1% cholesterol did not affect plasma TG levels
(Figure 5C), plasma TC levels (Figure 5D), or liver TG content (Figure 5E), but increased liver
weight (Figure 5F) which was similar to mice fed 0.5% cholesterol. However, in contrast to mice
fed inulin with 0.5% cholesterol, inulin combined with 0.1% cholesterol did not affect hepatic
morphology (Figure 5G), hepatocyte size (Figure 5H), microvesicular or macrovesicular steatosis
(Figure 5I), or hepatic gene expression of inflammatory markers (Figure 5]J). Finally, there
was neither an effect of inulin on body weight (Figure 5K) nor on food intake (Figure 5L) in
these mice.

These results show that inulin in combination with 0.1% cholesterol also modulated
gut microbiota function, did also not affect hypercholesterolemia, but in contrast to inulin with

0.5% cholesterol did not affect liver inflammation.
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Figure 5. Inulin in combination with 0.1% dietary cholesterol increased SCFAs in cecum content, but
did not affect hyperlipidemia or hepatic inflammation. Mice were fed a W'D containing 0.1% cholesterol +
inulin for 11 weeks (n = 17 mice per group). (A) Plasma TC levels for control and inulin fed mice on both 0.5% dietary
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DISCUSSION

Our data show that dietary inulin did not reduce atherosclerosis in E3L. CETPmice fed a WTD with
0.5% cholesterol. This may not have been surprising, since plasma lipid levels were not decreased by
inulin supplementation. In contrast, inulin in combination with 0.5% cholesterol was associated with
manifestations of hepatic inflammation. To further investigate the interaction between dietary
cholesterol and inulin on plasma lipid levels and inflammation, we analysed the effect of inulin
in combination with 0.1% cholesterol. In this experiment, we found no clear signs of hepatic
inflammation but again no effects of inulin on plasma lipid levels. Thus, inulin appears not to
have a cholesterol lowering or anti-atherogenic effect in hypercholesterolemic E3L. CE'TPmice.

Rault-Nania et al., [23] found a 35% reduction in atherosclerotic plaque formation
in hypercholesterolemic APOE-deficient mice. APOE-deficient mice are characterised by
severe hypercholesterolemia due to a virtually completely blocked LDL-receptor mediated
lipoprotein remnant clearance [24]. In contrast, E3L. CETPmice express a dominant variant
of human APOE, which results in a moderately disrupted LDL-receptor mediated lipoprotein
remnant clearance [25]. ESL.CETP mice are highly responsive to diet-induced hyperlipi-
demia and atherosclerosis development and have been widely used as preclinical model to
study the effects and underlying mechanisms of various human drugs [16]. Furthermore, the
APOE-deficient mice in the study of Rault-Nania et al. were fed a semi-purified diet based on
sucrose, whereas the E3L. CETP mice in our study were fed a WTD. Both mouse models are
based on C57BL/6 genetic background. However, whether the differential effects of inulin
on atherosclerosis development in APOE-deficient mice versus E3L.CETP mice are mouse
model-specific and/or a result of differences in dietary composition and/or housing conditions
remain to be determined.

Nevertheless, inulin led to elevations of the SCFAs propionate and butyrate on both
0.1% and 0.5% cholesterol diets in E3L. CETPmice. Both propionate and butyrate have been
suggested to have beneficial effects on cholesterol metabolism. Propionate is absorbed in the
colon and transported via the portal vein to the liver where it can inhibit cholesterol synthesis

[26]. Butyrate is mainly used as energy substrate for colonocytes, and studies in rats have
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suggested that ingestion of butyrate may lead to reduced hepatic cholesterol synthesis [27].
Furthermore, Wang et al., [28] recently have shown that butyrate improves energy metabolism
by reducing energy intake and enhancing fat oxidation by activating brown adipose tissue in
E3L.CETP mice. Despite elevations of both propionate and butyrate in our study, no lipid
lowering effects of inulin were observed. However, we cannot exclude that prior administration
of an inulin containing diet may affect the subsequent response to a cholesterol WTD . This
further implies that the effects of administration of inulin prior to cholesterol WTD feeding
on SCFAs and atherosclerosis development remains to be further investigated.

Interestingly, inulin in combination with 0.5% dietary cholesterol led to mani-
festations of hepatic inflammation. This effect seemed to be dependent on the amount of
cholesterol in the diet as inulin did not adversely affect the liver when combined with 0.1%
cholesterol. We found similar detrimental effects of inulin and cholesterol in an inflamma-
tion-driven cuff-induced atherosclerosis model, were inulin in combination with 1% dietary
cholesterol even resulted in increased plasma cholesterol levels and aggravated atheroscle-
rosis development [29]. We are not the first ones to show adverse effects of dietary fiber
on liver inflammation mediated via gut microbiota interactions. In a previous study by
Janssen et al., [30] specific modulation of the gut microbiota by feeding mice the prebiotic
indigestible carbohydrate guar gum, promoted liver inflammation and led to worsening of
non-alcoholic fatty liver disease (NAFLD) in mice. In this study, the effects of guar gum on
liver inflammation could be linked to altered circulating and hepatic levels of bile acids.
Whether inulin in our study adversely affected the liver via changes in bile acid metabolism
remains to be investigated.

Inulin has been shown to induce inflammation in previous studies, although in these
studies inulin mainly exacerbated pre-existing inflammation. For instance Miles et al., [31]
reported that diets enriched with inulin further exacerbated the severity of dextran sulfate
sodium (DSS)-induced colitis in mice. It is possible that in our study the high-cholesterol diet
induced borderline liver inflammation which was exacerbated by inulin.

Inulin is well established to exert bifidogenic effects and the increased abundance of
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Bifidobacteria in the gut microbiota presumably explains the beneficial effects of inulin on
health [32]. Notably, inulin in combination with 0.5% dietary cholesterol led to major shifts
in microbial composition but there was no significant increase in the relative abundance of
Bifidobacteria. Instead, according to both LEfSe and ANCOM analysis, inulin stimulated
the relative abundance of the genera Allobaculum and Coprococcus. Catry et al. [33] have
previously reported that dietary intervention with inulin-type fructans (I'TF) improved endothelial
dysfunction in which they found increased abundance of Allobaculum in APOE”" mice.
Furthermore, Lee et al., [34] have reported that feeding rats a diet rich in cholesterol specifically
increased the abundance of Allobaculum and Coprococcus compared to a control AIN76A
diet. Whether the relative increase in Allobaculum in these and our studies was due to inulin
supplementation, hypercholesterolemia, or both is not clear. In the study of Lee et al, [34] it
was found that Allobaculum exhibited a negative correlation with anti-inflammatory genes in
the gut, indicating that Allobaculum plays a role in inflammation. We found a relative decrease
in the abundance of Bacteroides, Parabacteroides, Prevotella, Mucispirillum, Clostridium, and
Coprobacillus after inulin supplementation. Whether the absence of Bifidobacteria, relative
increase of Allobaculum and Coprococcus, and/or the decrease in relative abundance of
certain other genera played a role in the underlying mechanism of the manifestations of liver
inflammation after inulin supplementation on a high cholesterol diet, remains to be investigated.

In conclusion, in this study inulin did neither affect hypercholesterolemia nor
atherosclerosis development in hypercholesterolemic ESL. CETP mice, but rather resulted in
manifestations of hepatic inflammation when combined with a high percentage of dietary
cholesterol. Although inulin is widely acknowledged as a prebiotic with favourable effects on
lipid metabolism and CVD, inulin clearly not always exerts beneficial effects. It will be important
for future research to decipher potential adverse pathways and mechanisms that are induced
by the interaction of inulin with high dietary cholesterol and the gut microbiota. Although the
gut microbiota of mice differ significantly from humans, ESL.CETP mice respond similarly
as patients to a variety of anti-atherosclerotic interventions [23]. Therefore, we interpret our

data to indicate caution with the application of inulin to reduce lipid levels in humans.
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MOS & OBESITY

ABSTRACT

The indigestible mannan oligosaccharides (MOS) derived from the outer cell wall of yeast
Saccharomyces cerevisiae have shown potential to reduce inflammation. Since inflammation is
one of the underlying mechanisms involved in the development of obesity-associated metabolic
dysfunctions, we aimed to determine the effect of dietary supplementation with MOS on
inflammation and metabolic homeostasis in lean and diet-induced obese mice. Male C57BL/6
mice were fed either a low fat diet (LFD) or a high fat diet (HFD) with, respectively, 10% or
45% energy derived from lard fat, with or without 1% MOS for 17 weeks. Body weight and
composition were measured throughout the study. After 12 weeks of intervention, whole-body
glucose tolerance was assessed and in week 17 immune cell composition was determined in
mesenteric white adipose tissue (mWAT) and liver by flow cytometry and RT-qPCR. In LFD-fed
mice, MOS supplementation induced a significant increase in the abundance of macrophages
and eosinophils in mWAT. A similar trend was observed in hepatic macrophages. Although
HFD feeding induced a classical shift from the anti-inflammatory M2-like macrophages towards
the pro-inflammatory M 1-like macrophages in both mWAT and liver from control mice, MOS
supplementation had no effect on this obesity-driven immune response. Finally, MOS sup-
plementation did not improve whole-body glucose homeostasis in both lean and obese mice.
Altogether, our data showed that MOS had extra-intestinal immune modulatory properties in
mWAT and liver. However these effects were not substantial enough to significantly ameliorate

HFD-induced glucose intolerance or inflammation.

149




CHAPTER 6

150



MOS & OBESITY

INTRODUCTION

Obesity is associated with chronic low-grade inflammation. Obesity induces a phenotypic
switch in the expanding white adipose tissue (WAT) from an anti-inflammatory towards a
pro-inflammatory state which is characterised by an increase in M 1-like macrophages, cytotoxic
T cells, B cells, and neutrophils, whereas the numbers of M2-like macrophages, regulatory
T cells, and eosinophils are reduced [1-5].

WAT inflammation results in the release of pro-inflammatory cytokines and fatty
acids in the circulation, which are key mediators in inducing insulin resistance and inflam-
mation in other organs, including the liver [6]. Inflammation in the insulin resistant liver
is mainly characterised by high numbers of hepatic pro-inflammatory macrophages [7].
Obesity-associated inflammation is thought to eventually lead to the development of type 2
diabetes [8].

Dietary supplementation with mannan-oligosaccharides (MOS) has been suggested
to modulate inflammation [9,10]. MOS are derived from the outer cell-wall membrane of
bacteria, plants, or yeast and have been shown to be resistant to hydrolysis by the action of
digestive enzymes in the human gut [11]. They are widely used in the animal industry as food
supplements to reduce pathogenic contamination and to improve economic performance [12,13].

MOS supplementation was reported to lower the ileal gene expression of pro-inflam-
matory cytokines while increasing anti-inflammatory cytokines after challenging broilers with
Escherichia coli [14]. Interestingly, there are also indications that MOS have extra-intestinal
immune modulatory properties. Indeed, alveolar macrophages from pigs fed a MOS diet for
two weeks showed reduced secretion of the pro-inflammatory cytokine 7nf~a and increased
secretion of the anti-inflammatory cytokine IL-/0 in response to ex vivo stimulation by
lipopolysaccharide (LPS) [15]. In addition, MOS improved immune responses and growth
efficiency of nursery pigs after experimental respiratory virus infection [16].

Since inflammation is one of the underlying mechanisms involved in the development
of obesity-associated dysfunctions, we hypothesised that dietary MOS have extra-inte-

stinal immune modulating properties and reduce inflammation in WAT and liver of
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obese mice. Therefore, we aimed to determine the effect of dictary supplementation with
Saccharomyces cerevisiae-derived MOS on inflammation in metabolic tissues and whole-body
glucose tolerance in both lean and HFD-induced obese mice.

Altogether, we report that MOS supplementation slightly altered the immune cell
composition of mesenteric WAT (mWAT) and liver in lean mice, but did not ameliorate

HFD-induced glucose intolerance or inflammation.

MATERIALS AND METHODS

MICE AND DIET

Male C57BL/6] mice were purchased from Charles River (Maastricht, The Netherlands)
and housed under temperature- and humidity-controlled conditions with a 12:12h light-dark
cycle and free access to food and water. At the start of the experiment mice were 10 weeks of
age. Mice (n = 10 per group) were fed a LFD or HFD (10% or 45% kcal derived from lard
fat, respectively; D12450B and D12451, Research Diet Services, Wijk bij Duurstede, The
Netherlands) supplemented with 1% MOS (LFD-M and HFD-M) or without (LFD and HFD).
The rationale behind the usage of 1% MOS was based on a study performed in C57BL/6
mice, where addition of 1% MOS to the diet led to decreased fat accumulation in adipose
tissue and liver [17]. MOS used in this study was derived from the outer cell wall of yeast
S. cerevisiae (Actigen®, Alltech, Ridderkerk, Netherlands). After 17 weeks, mice were sedated,
perfused with ice-cold PBS through the heart and mWAT, liver, as well as thymus, and spleen
were dissected for further analysis. Mouse experiments were performed in accordance with the
Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals
and had received approval from the University Ethical Review Board (Leiden University

Medical Center, The Netherlands; permit no. 131031).

BODY WEIGHT, FOOD INTAKE, AND BODY COMPOSITION

During the diet intervention, body weight and food intake were measured weekly. Lean and
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fat mass were monitored every 4 weeks up to 12 weeks by using an EchoMRI-100 analyser

(Echo MRI, TX, USA).

STROMAL VASCULAR CELL ISOLATION FROM MESENTERIC WHITE ADIPOSE TISSUE

mWAT was dissected, rinsed in PBS and minced. Stromal vascular fraction (SVF) cells
from mWAT were isolated as described previously [18]. Briefly, tissues were digested in a
collagenase mixture (0.5 g/L collagenase [Type 1] in DMEM/F12 [pH 7.4] with 20 g/L of
dialysed bovine serum albumin [BSA, fraction V; Sigma, St Louis, USA]) for 1 hour at 37°C,
and filtered through a 236-um nylon mesh. Upon centrifugation of the suspension (10 min,
200 g), the pelleted SVF was treated with red blood cell lysis buffer (BD Biosciences, CA,
USA), stained with Aqua fixable live/dead stain (Invitrogen, Carlsbad, CA, USA) and fixed in
1.9% paraformaldehyde (Sigma-Aldrich). Cells were stored in FACS buffer (2 mM EDTA and
0.5% BSA in PBS) at 4°C until analyses.

ISOLATION OF IMMUNE CELLS FROM LIVER

Livers were dissected, washed in PBS and collected in RPMI 1640 GlutaMAX medium (Life
Technologies, Grand Island, NY, USA). Immune cells from liver were isolated as described
previously [19]. In brief, after mincing, tissues were digested for 20 minutes at 37°C in RPMI
1640 GlutaMAX (Life Technologies) supplemented with 1 mg/mlL collagenase type IV from
C. hystolyticum (Sigma-Aldrich), 2000 U/mL DNAse type I (Sigma-Aldrich) and 1 mM
CaCl, to activate the enzymes. Digestion was stopped by adding ice cold wash buffer (1% FCS
and 2.5 mM EDTA in PBS) and digested tissues were filtered through a 100 pm cell strainer
(Corning, Corning, NY, USA). Following pelleting cells twice at 1,500 rpm for 5 minutes at
4°C, hepatocytes were pelleted by spinning at 50 X g for 3 minutes at 4°C. Supernatant was
collected, centrifuged at 1,500 rpm for 5 minutes at 4°C, and pellet was treated with 5 mL

red blood cell lysis buffer. Cells were manually counted, stained and fixed as described above.
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FLOW CYTOMETRY

Stromal vascular cells and liver immune cells were stained for 30 minutes at 4°C in the dark
with the fluorescently-labelled antibodies listed in S1 Table. To assess the macrophage M2-like
phenotype, cells were first permeabilised with eBioscience permeabilisation/wash buffer
(San Diego, CA, USA) and stained with a biotin-conjugated Ym! antibody (R&D systems,
Minneapolis, MN, USA). All flow cytometry analyses were done within 3 days following cell
fixation. Cells were measured by use of the FACGSCanto flow cytometer (BD Bioscience, CA,
USA) and analysed using IlowJo software (Treestar, OR, USA). Representative gating schemes

are shown in S1 Fig.

INTRAPERITONEAL GLUCOSE TOLERANCE TEST

At 12 weeks LFD or HFD feeding, an intraperitoneal glucose tolerance test (ipGTT) was
performed. Prior to the ipG'T'T, mice were fasted for 6 hours (from 8:00 AM to 14:00 PM).
Blood samples were collected by tail vein bleeding immediately at baseline (t = 0 min) and
5, 15, 30, 60, 90 and 120 minutes after intraperitoneal injection with glucose (2 g/kg body
weight). Plasma glucose concentrations were quantified using the Glucose Start Reagent

Method according to manufacturer’s instructions (Instruchemie, Delftzijl, The Netherlands).

PLASMA PARAMETERS

6 hour-fasted (from 8:00 AM to 14:00 PM) blood samples were collected by tail vein bleeding
into chilled capillaries and isolated plasma was assayed for glucose and insulin at week 0, 4, and
8. Glucose was measured using an enzymatic kit from Instruchemie (Delfzijl, the Netherlands),

and insulin by ELISA (Crystal Chem Inc., Downers Grove, IL).

RNA ISOLATION AND QUANTITATIVE RT-PCR
RNA was extracted from snap-frozen mWAT and liver samples using the NucleoSpin RINA kit
according to manufacturer’s instructions (Machery-Nagel, Diiren, Germany). Concentrations

and purity of RNA were determined on a NanoDrop ND-1000 spectrophotometer (Isogen,

154



MOS & OBESITY

Maarssen, The Netherlands) and RNA was reverse transcribed using Moloney Murine Leukemia
Virus Reverse Transcriptase (Promega, The Netherlands). Expression levels of genes were
determined by qRT-PCR, using SYBR green supermix (Biorad, The Netherlands) and gene
specific primers (S2 Table). mRNA expression was normalised to cyclophilin (CypA) RNA and

expressed as fold change versus control mice using the AACT method.

STATISTICAL ANALYSIS

Data are presented as means = SEM. Statistical significance of differences was assessed by
two-way ANOVA analysis of variance followed by a Tukey’s post hoc multiple comparison
test to determine Interaction effect, HFD effect, and MOS effect. Body weight gain, fat mass
gain, lean mass gain, camulative food intake, plasma glucose, plasma insulin, and ipGTT were
analysed using two-way ANOVA for repeated measured, followed by a Tukey’s post hoc multiple
comparison test. The results were considered statistically significant at P<0.05. Analyses were

performed using Graph Pad Prism version 7.0 (GraphPad Software, San Diego, CA, USA).

RESULTS

MOS SUPPLEMENTATION DID NOT AFFECT BODY WEIGHT, FAT MASS, ORGAN WEIGHT, AND FOOD INTAKE

To assess the effect of MOS supplementation on diet-induced obesity, mice were fed a LFD or
HFD supplemented with or without MOS for 17 weeks. As expected, HFD induced a time-de-
pendent increase in body weight (P<0.0001; Fig 1A; Table 1), fat mass gain (P<0.0001; Fig 1B;
Table 1), mWAT weight (P<0.0001; Fig 1C; Table 1), and lean mass gain (P<0.0001; Table 1;
S2A Fig) when compared with LFD-fed mice. Furthermore, HFD significantly increased liver
weight (P=0.014; Fig 1D; Table 1) and thymus weight (P=0.001; Fig 1D; Table 1). MOS supple-
mentation did not affect body weight (Fig 1A; Table 1), fat mass (Fig 1B; Table 1), and lean mass
(Table 1; S2A Fig) when compared to control diets. Accordingly, the weights of mWAT (Fig 1C;
Table 1), liver, spleen, and thymus (Fig 1D; Table 1) were not affected by MOS supplementation.
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Finally, neither HFD feeding nor MOS supplementation affected cumulative food intake

(Table 1; S2B Fig).
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Fig 1. MOS supplementation did not affect body weight, fat mass, organ weight, and food intake. Body
weight [A], fat mass [B], mWAT weight [C], organ weight of liver, spleen, and thymus weight [D] of mice fed a LFD
or HFD with or without MOS for 17 weeks. Values are presented as means £ SEM (n = 10 mice/group). Differences
were evaluated for statistical significance by two-way ANOVA or two-way ANOVA for repeated measurements, both

followed by a Tukey’s post hoc multiple comparison test and provided in Table 1. mWAT, mesenteric white adipose tissue.
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CHAPTER 6

MOS SUPPLEMENTATION REDUCED THE ABUNDANCE OF M2-LIKE MONOCYTES AND INCREASED EOSINOPHILS IN
MWAT

The immune cell composition of WAT] specifically the balance between M1-like and M2-like
macrophages and the abundance of eosinophils, has been shown to play a crucial role in the
maintenance of adipocyte insulin sensitivity and whole-body metabolic homeostasis [20,21].
To assess whether MOS supplementation has extra-intestinal immune modulatory effects in
WAT, the SVF was isolated from mWAT and the immune cell composition of the mWAT
SVF was determined using flow cytometry (see S1 Fig for the gating scheme). The expression
of CDIlcand Ym/! within the total macrophage population allowed to discriminate between
Mi-like (Ym1 CDl1lc*) and M2-like (Ym1* CD11c') macrophages, respectively [22].

HFD feeding did not affect the total Ly6C" monocyte population in mWAT (Fig 2A;
Table 2). However, a trend towards a diet effect (LFD/HFD) was observed for M 1-like (CD11c*
Ly6C")(P=0.052; Table 2) and M2-like (Ym1* LyC6") monocytes (P=0.098; Fig 2B; Table
2). The total Ly6C" monocyte population in mWAT of MOS supplemented mice was not
affected (Fig 2A; Table 2). However, mice that received MOS displayed a decrease in M2-like
monocytes (P=0.039; Fig 2B; Table 2). MOS did not affect M 1-like monocytes (Table 2).

HFD feeding did not change the total abundance of macrophages (Fig 2C; Table 2).
Although HFD did not affect the total abundance of macrophages in mWAT, HFD feeding
induced a significant increase in M 1-like macrophages (P<0.0001; Fig 2D; Table 2), a decrease
in M2-like macrophages (P=0.038; Fig 2D; Table 2), and a decreased M2/M1 ratio (P=0.013;
Table 2) in mWAT. MOS supplementation did not affect the total abundance of macrophages
(Fig 2C; Table 2) and neither resulted in changes in M1-like and M2-like macrophage subsets
(Fig 2D; Table 2), nor M2/M1 ratio (Table 2) in mWAT.

We further investigated whether granulocyte percentages within the CD45" population
of mWAT were affected by either HFD feeding or MOS supplementation. HFD did not
significantly change cosinophils (Fig 2E; Table 2) or neutrophils (Table 2) in mWAT. MOS
supplementation did not affect the neutrophil population (Table 2) in mWAT of both LFD-

and HFD-fed mice. However, with respect to eosinophils in mWAT there was a tendency

158



MOS & OBESITY

towards an interaction of MOS with diet (P=0.052; Fig 2E; Table 2) as MOS doubled the
percentage of eosinophils in LFD but not in HFD-fed mice (5.08% and 1.59% respectively,
P=0.047; Fig 2E; Table 2).

Finally, the effect of MOS supplementation on lymphocyte percentages within the
CD45" population was determined. HFD did not affect percentages of T cells, CD4" T cells,
CD8* T cells, NK T cells, and B cells (Table 2), but lowered NK cells in (P=0.011; Table 2).
There were no effects of MOS supplementation on any of these cells, except for a trend toward
decreased T cells (P=0.062; Table 2).

Analysis of the mWAT mRINA gene expression showed that both the macrophage
marker F4/80 (P=0.023; Fig 2F; Table 2) and the M1-like macrophage marker CDIlc
(P=0.042; Fig 2F; Table 2) were increased in response to HFD. The relative mRNA expression
of CDIIc, Yml, Mcpl, Tnf-a, IL-6, and IL-10 was not affected by MOS supplementation
(Fig 2F; Table 2). However, MOS showed a trend toward a decreased I'4/80 expression mainly
on HFD (P=0.066; Fig 2F; Table 2) which was likely due to an interaction with diet (LFD/
HFD) (P=0.086; Fig 2F; Table 2).

Taken together, these results showed that MOS supplementation has extra-intestinal
immune modulatory properties by reducing M2-like monocytes on both diets and increasing
eosinophils on LFD, whilst showing a trend toward reduced T cells on both diets and F4/80
expression on HFD in mWAT.
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Fig 2. MOS supplementation reduced the abundance of M2-like monocytes and increased eosinophils
in mWAT. Extra-intestinal immune modulatory properties of MOS were assessed in mWAT of mice fed a LFD
or HFD with or without MOS for 17 weeks. Percentages of Ly6C" monocytes [A], Ym1* Ly6C" monocytes [B]
macrophages [C], macrophage M1-like and M2-like subsets [D], and eosinophils [E] within CD45" cells in SVF of
mWAT. mRNA expression of the inflammatory markers F4/80, CD11c, YmlI, Mcpl, Tnf'a, IL-6, and IL-10 was
determined [F]. Values are presented as means = SEM (n = 6-7 mice/group). Differences were evaluated for statistical
significance by two-way ANOVA, followed by a Tukey’s post hoc multiple comparison test and provided in Table 2.

For information on the immunological cell markers used in flow cytometry analysis, see Method section and Table 2.
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MOS SUPPLEMENTATION SLIGHTLY AFFECTED HEPATIC MONOCYTES AND MACROPHAGE SUBSETS

Classical activation of Kupffer cells, the liver-resident macrophages, has been observed in
diet-induced obesity [7]. Therefore, we determined the effect of MOS supplementation on
hepatic immune cell composition using flow cytometry (see S1 Fig for the gating scheme).

As expected, HFD feeding increased Ly6CM monocytes (P=0.001; Fig 3A; Table 3)
and macrophages (P=0.032; Fig 3B; Table 3) in the liver, indicating enhanced recruitment of
pro-inflammatory monocytes. After MOS supplementation, a trend towards decreased Ly6C"
monocytes were observed (P=0.093; Fig 3A; Table 3). Accordingly, an interaction was found
between MOS supplementation and diet (LFD/HFD) on the total percentage of macrophages
in the liver (P=0.05; Fig 3B; Table 3).

HFD-feeding increased predominantly M1-like macrophage subsets (P=0.003; Fig
3C; Table 3), while MOS supplementation resulted in a tendency toward decreased M1-like
macrophages (P=0.095; Fig 3C; Table 3). No effects were found on M2-like macrophages (Fig
3C; Table 3) and on the M2/M1 ratio (Table 3) either with HFD or MOS.

We further investigated whether MOS supplementation affected granulocyte percentages
within the CD45* population of the liver. A tendency toward increased eosinophils was found
after HFD feeding (P=0.061; Fig 3D; Table 3), while neutrophils remained unaffected (Table
3). However, MOS-supplementation did not affect hepatic neutrophils (Table 3) or eosinophils
(Fig 3D; Table 3).

Finally, we determined the effect of MOS on lymphocyte percentages within the
CD45" population. HFD did not affect percentages of total T cells, CD4" T cells, CD8" T
cells, NK T cells, and NK cells (Table 3). However, B cells were found to be significantly lower
in HFD-fed mice (P=0.006; Table 3). MOS did not affect any of these lymphocytes, although
a significant interaction was found between diet (LFD/HFD) and MOS on CD25" CD8*
expressing T cells (P=0.013; Fig 3E; Table 3).

Analysis of the liver mRNA gene expression showed an increase in the expression of
Ym1 (P=0.012; Fig 3F; Table 3) in HFD-fed mice indicating M2-like macrophages, and we
found a tendency towards an increase in CD11¢(P=0.098; Fig 3F; Table 3) indicating M 1-like
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macrophages in HFD-fed mice. On the other hand, MOS decreased hepatic expression of
Ym1 (P=0.021; Fig 3F; Table 3) and a tendency towards decreased expression of CDIIc
(P=0.099; Fig 3F; Table 3). A trend towards interaction between diet (LFD/HFD) and MOS
was found for the expression of CD11c (P=0.092; Fig 3C; Table 3). Finally, HFD tended to
decrease the expression of IL-6 (P=0.072; Fig 3F; Table 3), and an interaction between diet
(LFD/HFD) and MOS supplementation was found for IL-6 (P=0.08; Fig 3F; Table 3). Gene
expression of F4/80, Mcpl, Tnf-a, and IL-10 remained unaffected by diet or MOS (Fig 3F;
Table 3).

Overall, MOS supplementation modestly affected the liver with tendencies to decrease

Ly6C" monocytes and M 1-like macrophages.
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Fig 3. MOS supplementation slightly affected hepatic monocytes and macrophage subsets.

Hepatic extra-intestinal immune modulatory properties of MOS were assessed in mice fed a LFD or HFD with or
without MOS for 17 weeks. Percentages of Ly6C" monocytes [A], macrophages [B], macrophage M1-like and M2-like
subsets [C], eosinophils [D] and CD25* CD8* expressing T cells [E] within CD45* cells in the liver. mRINA expression
of the inflammatory markers F4/80, CD11c, Yml, Mcpl, Tnf-a, IL-6, and IL-10 was determined [F]. Values are
presented as means = SEM (n = 4-10 mice/group). Differences were evaluated for statistical significance by two-way
ANOVA, followed by a Tukey’s post hoc multiple comparison test and provided in Table 3. For information on the

immunological cell markers used in flow cytometry analysis, see Method section and Table 3.
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MOS SUPPLEMENTATION DID NOT IMPROVE WHOLE-BODY GLUCOSE INTOLERANCE

We next studied whether MOS affected whole-body glucose homeostasis in lean and diet-in-
duced obese mice. As expected, HFD feeding increased fasting plasma glucose (P<0.0001;
Fig 4A; Table 4) and insulin (P<0.0001; Fig 4B; Table 4) levels over time as compared to
LFD feeding. In week 12, whole-body glucose tolerance was measured using ipGT'T. HFD
deteriorated glucose tolerance over time as compared to LFD-fed mice (P<0.0001; Fig 4C and
4D; Table 4). MOS supplementation did neither affect fasting plasma glucose (Fig 4A; Table
4) or insulin (Fig 4B; Table 4) levels, nor altered glucose tolerance (Fig 4C and 4D; Table 4).

These data indicate that MOS supplementation did not affect whole-body glucose homeostasis.

169




CHAPTER 6

2510 LFD =m HFD 3.01
3 LFD-M EE& HFD-M

Glucose (mmol/L)
Insulin (ng/ml)

451-O0- LFD -® HFD 4000-
| LFD-M & HFD-M
40
I 359 3000
o J
S 30
£ 25 S 2000
& 204 <
8
g 15
5-
0 . . . 0-

0 30 60 90 120
Time (minutes)

Fig 4. MOS supplementation did not improve whole-body glucose intolerance. Whole-body glucose
homeostasis was assessed in mice fed a LFD or HFD with or without MOS for 17 weeks. Fasting plasma glucose
[A] and insulin levels [B] were determined in 6-hour fasted mice in week 0, 4, and 8. An ipGT'T was performed in
6-hour fasted mice at week 12. Blood glucose levels were measured at the indicated minutes [C], and the area under
the curve (AUC) of the glucose excursion curve was calculated as a measure for glucose tolerance [D]. Values are
presented as means £ SEM (n = 10 mice/group). Differences were evaluated for statistical significance by two-way
ANOVA or two-way ANOVA for repeated measurements, both followed by a Tukey’s post hoc multiple comparison

test and provided in Table 4.
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CHAPTER 6

DISCUSSION

The immune modulatory properties of MOS have been exploited to increase the economic
yields of livestock [12,13]. In the present study, we investigated the effect of MOS supple-
mentation on body weight and composition, food intake, immune composition of mWAT
and liver, and whole-body glucose tolerance in both LFD-fed lean and HFD-induced obese
mice. We showed that MOS supplementation mildly altered immune cell composition in both
mWAT and liver, which was not accompanied by amelioration in HFD-induced obesity or
whole-body glucose intolerance. Our data confirm the potential extra-intestinal modulatory
properties of MOS on immune composition as reported previously [9,14-16], although the
effects are relatively modest.

Specifically, MOS increased eosinophils in mWAT of LFD-fed mice. Eosinophils have
been shown previously to beneficially reduce inflammation in WAT by promoting M2-like
macrophage polarisation [5,20]. However, the observed increase in eosinophils with MOS did
not lead to skewing toward M2-like macrophages as there were no alterations in macrophage
subpopulations after MOS supplementation in mWAT. As a matter of fact, MOS even led to
adecrease in M2-like monocytes in mWAT. The effects of MOS on eosinophils were therefore
probably too small to induce beneficial effects on macrophage polarisation. Whether MOS is
able to induce more substantial effects in other fat depot regions remains to be investigated. As
whole-body glucose tolerance was not affected by MOS supplementation in both lean and obese
mice in our study, we suggest that MOS will not affect inflammation in any of the fat depots.

In livers of these mice, HFD feeding increased both the total amount of monocytes and
macrophages. However, no significant effect of MOS was found on reducing these parameters
although MOS tended to reduce monocytes and M1-like macrophages in the liver. This may
imply that MOS supplementation in this setting steers towards beneficial M2/M1 ratios in the
liver, although the observed effects were minor. Additionally, the data obtained from the flow
cytometry data were not in direct line with the gene expression data. Although we do not have
a clear explanation for this, it is likely that this discrepancy is a result of the markers measured

on specific cell types on protein level in flow cytometry analysis versus markers measured on
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the total pool of cells on gene expression level.

Given that MOS supplementation did not affect diet-induced obesity and whole-body
glucose tolerance, leads us to speculate that the observed alterations in immune cell compositions
were insufficient to achieve a significant effect. Another possibility is that the concentration
of supplemented MOS in the diet was not high enough. However, in previous studies where
MOS supplementation showed intra-intestinal and extra-intestinal effects on the immune
system, concentrations of 0.005% to 0.5% of MOS were used in the diet [10,14,23]. However,
these studies were performed in broiler chickens or pigs, and it is possible that different species
respond differently to MOS. Another study performed in mice also used 1% MOS supple-
mentation and found a decreased fat accumulation in the parametrial adipose tissue and in
the liver [17]. However, this latter study MOS derived from coffee mannan which is different
from the yeast-derived MOS that we used in this study. Whether the origin of MOS may
determine the effect of MOS on fat accumulation remains to be determined. The limited
effects of MOS supplementation on diet-induced obesity in our mice did not seem to be due
to inappropriate dosages of MOS.

Alternatively, other factors within the experimental setting might explain the relatively
limited effects of MOS in our experiments. In previous studies, MOS showed anti-inflam-
matory effects in experimentally viral or bacterial infected animals [9,14-16]. In order for
MOS to reduce inflammation, a strong pro-inflammatory trigger may first be needed, e.g. by
bacteria or bacterial components such as LPS. Importantly, the experimental mice used in
our study are guaranteed free of particular pathogens. The mechanistic action of MOS to
improve performance in animal industry is thought to occur via the ability of MOS to inhibit
attachment of pathogens with type-1 fimbriae to the intestinal wall of animals [24]. In our
facility, the presence of type-1 fimbriae containing pathogenic bacteria residing in the gut
of the mice is probably very limited. Further research needs to be conducted to determine
whether S. cerevisiae-derived MOS is dependent upon pathogenic stimuli in order to exert its
anti-inflammatory function.

Furthermore, the impact of the HFD might be too strong in order for MOS to exert
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its beneficial function on the intestinal barrier. Intestinal epithelial mucosal surfaces possess
a variety of defence mechanisms to prevent adhesion of bacteria, including mucus secretion
and sloughing [25,26]. Mucins are major anti-adhesive components of mucus. In order for the
epithelial surface to produce mucus, an intact epithelial layer should be present. HFD feeding in
mice damages the intestinal barrier integrity, increasing intestinal permeability and increasing
LPS leakage (endotoxemia) into the system [27]. It is likely that MOS is not able to restore the
intestinal barrier integrity to inhibit bacterial colonisation and reduce systemic inflammation.

The type of MOS used in various studies might also determine the effect of MOS
on diet-induced obesity, glucose tolerance, and immune modulation. In our study, we used
mannan derived from the yeast S. cerevisiae. However, MOS can be derived from various
sources with different effects on body weight in mice. For instance, MOS derived from coffee
mannan decreased fat accumulation in mice [17], whereas MOS derived from the plant
konjac mannan did not have any effect on body weight in mice [28]. Therefore, it remains
to be investigated whether MOS derived from different sources also have different immune
modulatory effects.

In conclusion, this study showed that MOS supplementation did alter immune
composition in mWAT and liver. However, these effects were not accompanied by ameliorations

in HFD-induced glucose intolerance or inflammation.
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SUPPLEMENT

S1 Table. Antibodies used for flow cytometry

Fluorophore Antibody Clone Vendor

FITC anti-CD45.2 104 Biolegend

PE anti-Siglec-F E50-2440 BD Biosciences
PE anti-NK1.1 PK136 BD Biosciences
PerCP Streptavidin N/A BD Biosciences
PerCP-Cy5.5 anti-CD25 PC61 BD Biosciences
PE-Cy7 anti-CD11b M1/70 cBioscience
PE-Cy7 anti-CD4 GK1.5 eBioscience
APC anti-F'4/80 BMS8 eBioscience
APC anti-CD8a 53-6.7 Biolegend
APC-Cy7 anti-Ly6C HK1.4 Biolegend
APC-Cy7 anti-CD19 1D3 eBioscience
Horizon V450 anti-CD11c HL3 BD Biosciences
eFluor 450 anti-CD3 17A2 eBioscience

$2 Table. Primer sequences of forward and reverse primers (5’ > 3°).

Gene Sense Antisense

CypA ACTGAATGGCTGGATGGCAA TGTCCACAGTCGGAAATGGT

F1/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
Cdllic GCCACCAACCCTTCCTGGCTG TTGGACACTCCTGCTGTGCAGTTG
Yml ACAATTAGTACTGGCCCACCAGGAA TCCTTGAGCCACTGAGCCTTCA
Mcpl CACTCACCTGCTGCTACTCA GCTTGGTGACAAAAACTACAGC
Tnf-a GATCGGTCCCCAAAGGGATG CACTTGGTGGTTTGCTACGAC

1L-6 AAGAAATGATGGATGCTACCAAACTG GTACTCCAGAAGACCAGAGGAAATT
IL-10 GACAACATACTGCTAACCGACTC ATCACTCTTCACCTGCTCCACT
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measures, followed by Tukey’s post hoc multiple comparison test and provided in Table 1.
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ABSTRACT

Mannan oligosaccharides (MOS) have proven effective at improving growth performance,
while also reducing hyperlipidemia and inflammation. As atherosclerosis is accelerated both
by hyperlipidemia and inflammation, we aim to determine the effect of dietary MOS on
atherosclerosis development in hyperlipidemic ApoE*3-Leiden.CETP (ESL.CETP) mice, a
well-established model for human-like lipoprotein metabolism.

Female ESL.CETP mice were fed a high-cholesterol diet, with or without 1% MOS
for 14 weeks. MOS substantially decreased atherosclerotic lesions up to 54%, as assessed in
the valve area of the aortic root. In blood, IL-1RA, monocyte subtypes, lipids, and bile acids
(BAs) were not affected by MOS. Gut microbiota composition was determined using 16S rRNA
gene sequencing and MOS increased the abundance of cecal Bacteroides Ovatus. MOS did
not affect fecal excretion of cholesterol, but increased fecal BAs as well as butyrate in cecum
as determined by gas chromatography mass spectrometry.

MOS decreased the onset of atherosclerosis development via lowering of plasma
cholesterol levels. These effects were accompanied by increased cecal butyrate and fecal

excretion of BAs, presumably mediated via interactions of MOS with the gut microbiota.
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INTRODUCTION

Atherosclerosis is a major cause of severe disease in modern society and a leading cause of
death [1]. Left untreated, atherosclerosis leads to cardiovascular complications including
heart attack and stroke. The development of atherosclerosis is initiated by LDL cholesterol
deposition in the arterial wall, oxidation of these lipoproteins, and uptake by macrophages
leading to foam cell formation [2]. Accumulation of foam cells is associated with endothelial
dysfunction, influx of inflammatory cells, and progression of atherosclerotic lesion formation.
This process is further aggravated in the presence of systemic inflammation. Atherosclerosis
is thus initiated by the formation of lesions within the arterial wall [3], and is driven by both
lipids and by inflammation [4-6].

Although relatively efficient drugs are available to inhibit the development of ather-
osclerosis, additional strategies that reduce inflammation and hyperlipidemia are urgently
required. One potential candidate includes dietary supplementation with mannan oligosac-
charides (MOS). MOS can be derived from the outer cell-wall membrane of bacteria, plants,
or yeast [7]. Yeast Saccharomyces cerevisiae-derived MOS have been widely used in livestock
industry as an alternative to antibiotics and as food supplementation to ameliorate performance
by reducing pathogenic contamination [8—10].

Several studies demonstrated that MOS is able to inflammation, both within the
gastrointestinal tract [11] as well as systemically [12,13]. Additionally, in different studies using
avariety of experimental animal models, it was shown that dietary supplementation with MOS
lowered plasma cholesterol levels [14—16]. However, the mechanism by which MOS exert
their effect 1s not fully established. A suggested mode of action by which MOS may improve
inflammation is via interaction and modification of the gut microbiota. According to Spring
et al., MOS bind to type-1 fimbriae of pathogenic bacteria and prevent their adherence to
the intestinal mucosa [17], thereby reducing pathogen-induced inflammation. Additionally,
cholesterol levels might also be affected by the interaction of MOS with the gut microbiota.
Gut microbiota play an important role in regulating bile acid (BA) metabolism by converting

primary BAs to secondary BAs [18]. Secondary BAs are relatively less efficiently reabsorbed
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and excreted more via the feces compared to primary BAs [18-20]. Hepatic conversion of
cholesterol to BAs balances fecal excretion, which is the major route for cholesterol catabolism
and accounting for almost half of the cholesterol eliminated from the body per day [21].
Therefore, differences in fecal BA excretion affects the enterohepatic circulation of cholesterol
and may ultimately affect plasma cholesterol levels [22].

Given the potential anti-inflammatory and cholesterol-lowering effects of MOS, we
hypothesised that dietary MOS supplementation will reduce atherosclerosis development via
interactions with the gut microbiota. In the present study, we set out to determine the effect of
dietary MOS supplementation on systemic inflammation and plasma lipid levels in the progression
of atherosclerosis, using female hyperlipidemic ApoE*3-Leiden.CETP (E3L.CETP mice, a
well-established mouse model for hyperlipidemia and atherosclerosis development [23,24].

We found that MOS modulated the gut microbiota composition and activity, which
was associated with increased fecal BA excretion. Increased BA excretion can explain lowered

plasma total cholesterol (TC) levels and subsequently decreased progression of atherosclerosis.

MATERIALS AND METHODS

MICE AND DIET

Female ESL.CETPmice of 11-15 weeks of age were fed a control western-type diet (WTD)
containing 0.1% cholesterol (Diet T; AB Diets,Woerden, TheNetherlands) or this diet supplemented
with 1% MOS derived from S. cerevisiae (Actigen, Alltech, Ridderkerk, The Netherlands) for
a total period of 14 weeks. After a run-in period of 3 weeks with WTD, mice were randomised
according to plasma TC, triglycerides (TG), body weight, and age. Mice were housed under
temperature- and humidity-controlled specific pathogen-free (SPF) conditions with a 12:12 h
light—dark cycle and free access to food and water. During the diet intervention, body weight
and food intake were weekly measured. After 14 weeks of intervention, non-fasted mice were
sacrificed using CO, inhalation, perfused with ice-cold PBS through the heart, and trunk blood

was collected via heart puncture. Livers were collected for further analysis. Mouse experiments
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were performed in compliance with Dutch government guidelines and the Directive 2010/63/
EU of the European Parliament and had received approval from the University Ethical Review

Board (Leiden University Medical Center, The Netherlands, permission no. 13164).

ATHEROSCLEROSIS QUANTIFICATION AND (IMMUNO)HISTOCHEMICAL ANALYSIS

After 14 weeks of dietary intervention, hearts were collected and fixed in phosphate-buffered
4% formaldehyde, dehydrated in 70% ethanol, embedded in paraffin, and cross-sectioned
(5 pm) perpendicular to the axis of the aorta throughout the aortic root area, starting from the
appearance of open aortic valve leaflets. Per mouse, four sections with 50 pm intervals were
used for atherosclerosis quantification. Obtained sections were stained with hematoxylin phloxin
saffron (HPS) for histological analysis. Lesions were visually categorised for lesion severity
according to the guidelines of the American Heart Association adapted for mice [25]. Various
types of lesions were discerned: mild lesions (types 1-3), severe lesions (types 4 and 5), and the
absence of lesions defined as “non-diseased segments.” Rat monoclonal anti-mouse antibod
MACS3 (1:1000; BD Pharmingen, San Diego, CA, USA) was used to quantify macrophage
area. Atherosclerotic lesion area and composition were analysed using Image] software (NIH,

Bethesda, Maryland, USA).

FLOW CYTOMETRY

Circulating monocytes were analysed using flow cytometry. After lysis of red blood cells,
pelleted cells were resuspended in FACS buffer and stained for 30 minutes at 4°Ci in the dark
with fluorescently labelled antibodies listed in Table S1, Supporting Information. Cells were
measured on an LSR II flow cytometer using Diva 6 software (BD Biosciences, CA, USA).
Data were analysed using FlowJo software (Treestar, OR, USA). Representative gating schemes

are shown in Figure S1, Supporting Information.
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PLASMA PARAMETERS

At the indicated time points, 4 hour fasted (from 8:00 AM to 12:00 PM) blood samples were
collected by tail vein bleeding into chilled capillaries and isolated plasma was assayed for TC
and TG using commercially available kits (Roche Diagnostics, Germany). For determination of
plasma HDL-cholesterol, apoB-containing particles were precipitated from plasma with 20%
polyethylene glycol in 200 mM glycine buffer (pH 10) and TC was measured in the supernatant.
Non-HDL was calculated by subtracting HDL values from TC values. Cholesterol exposure
was calculated as the cumulative exposure over the number of weeks the WTD was fed. The
plasma cytokine IL-1RA was measured using the R&D Quantikine kit following the manufac-
turer’s standard protocol (R&D Systems,Minneapolis, USA). Plasma concentrations of total

BAs were determined using a colourimetric assay kit (Diazyme Laboratories, Poway, USA).

LIVER LIPIDS

Lipids were extracted from the liver according to a protocol modified from Bligh and Dyer [26].
Liver samples were homogenised in 10 pl ice-cold CH,OH/mg tissue. Lipids were extracted
by the addition of 1800 pl. CH,OH:CHCI, (3:1 v/v) to 45 pl. homogenate and subsequent
centrifugation. The homogenate was dried and dissolved in 2% Triton X-100, and TC content

was assayed as described above.

165 RIBOSOMAL RNA GENE SEQUENCING AND PROFILING

For 16S rRNA sequencing, genomic DNA was isolated from cecum samples and sent to the Broad
Institute of MIT and Harvard (Cambridge, USA). Microbial 16S rRINA gene was amplified
targeting the hyper-variable V4 region using forward primer 515F (5>-GTGCCAGCMGCCG-
CGGTAA-3’) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The
cycling conditions consisted of an initial denaturation of 94°C for 3 minutes, followed by 25
cycles of denaturation at 94°Ci for 45 seconds, annealing at 50°C for 60 seconds, extension at
72°C for 5 minutes, and a final extension at 72°C for 10 minutes. Sequencing was performed

using the Illumina MiSeq platform generating paired-end reads of 175 bp in length in each
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direction. Overlapping paired-end reads were subsequently aligned. Details of this protocol
are previously described [27]. Raw sequence data quality was assessed using FastQC, version
0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads’ quality was
verified using Sickle version 1.33 (https://github.com/najoshi/sickle) and low-quality reads
were removed. For visualising the taxonomic composition of the cecal microbiota and further
[-diversity analysis, QIIME, version 1.9.1 was used [28]. In brief, closed reference OTU picking
with 97% sequence similarity against GreenGenes 13.8 reference database was performed.
Jackknifed p-diversity of unweighted UniFrac distances, with 10 jackknifed replicates was

measured at rarefaction depth of 5000 reads per sample.

CECAL SHORT-CHAIN FATTY ACID ANALYSIS

Cecum short-chain fatty acid (SCFA) content was analysed using GC-MS as previously
described with additional modifications [29]. Briefly, aqueous extracts of cecal content were
prepared and added to acetone along with the internal standards acetate-d4, propionate-d6,
and butyrate-d8. Subsequently, SCFAs were derivatized using pentafluorobenzyl bromide
(PFBBr) (60°C for 30 minutes). Samples were extracted by the addition of n-hexane and
water. The n-hexane fraction was subjected for further analysis. A Bruker Scion 436 GC
coupled to a Bruker Scion TQ MS (Bruker, Bremen, Germany) was employed. Injection was
performed using a C'TC PAL autosampler (CTC Analytics, Zwingen, Switzerland) splitless at
280°C.. The GC was equipped with an Agilent VF-5ms (25 m X 0.25 mm 1.d., 0.25 pm film
thickness) column (Agilent, Waldbronn, Germany). The following temperature gradient was
used: 1 minute constant at 50°C, linear increase at 40°C/minute to 60°C, kept constant for 3
minutes, linear increase of 25°C/minute to 200°C, linear increase at 40°C/minute to 315°C,
kept constant for 2 minutes. The transfer line and ionisation source temperature were 280°C.
Methane 99.995% was used as chemical ionisation gas and negatively charged molecular ions

were detected in the selected 1on monitoring mode.
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FECAL CHOLESTEROL AND BILE ACID ANALYSIS

Feces was collected over a 24 hour period for 3 consecutive days. Fecal samples were dried at
room temperature, weighed, and homogenised. Fecal cholesterol, the fecal primary BAs cholic
acid (CA), a-muricholic acid (a-MCA), and 3-muricholic acid (3-MCA), and the secondary
BAs hyocholic acid (HCA), deoxycholic acid (DCA), and w-muricholic acid (w-MCA) were
determined by capillary gas chromatography on an Agilent gas chromatograph (HP 6890),
equipped with a 25 m X 0.25 mm CP-Sil-19-fused silica column (Varian, Middelburg, The

Netherlands) and a flame ionisation detector as described previously [30].

RNA ISOLATION AND QUANTITATIVE RT-PCR

RNA was extracted from snap-frozen liver samples using NucleoSpin RNA kit according to the
manufacturer’s instructions (Machery-Nagel, Germany). Concentrations and purity of RNA
were determined on a NanoDrop ND-1000 spectrophotometer (Isogen, The Netherlands) and
RNA was reverse-transcribed using Moloney Murine Leukemia Virus Reverse Transcriptase
(Promega, The Netherlands). The mRNA expression level of 7-a-hydroxylase (Cyp7al) and
sterol 27-hydroxylase (CypZ27al) were determined by gRT-PCR, using SYBR green supermix
(Biorad, The Netherlands) and the gene-specific primers for Cyp7al (forward: 5’-CAGG-
GAGATGCTCTGTGTTCA-3’; reverse: 5~ AGGCATACATCCCTTCCGTGA-3’) and for
Cyp27al (forward 5’-TCTGGCTACCTGCACTTCCT-3’; reverse: 5’-CTGGATCTCTGG-
GCTCTTTG-3’). mRNA expression was normalised to the housekeeping gene 36h4 (forward:
5’-GGACCCGAGAAGACCTCCTT-3’; reverse: 5’-GCACATCACTCAGAATTTCAAT-

GG-3’), and expressed as fold change versus control using the AACT method.

STATISTICAL ANALYSIS

Data are presented as means = SEM. Normal distribution of the data was tested using
D’Agostino—Pearson omnibus normality test, and data were compared with the unpaired
Student’s t-test in the case of normal distribution or with the non-parametric Mann—Whitney

U'test in the case of not normally distributed data. Correlation analysis was performed using
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linear regression analysis. The regression lines of the MOS-supplemented mice versus control
mice were compared to identify whether the correlations differed between the groups. First it
was tested whether slopes of the lines differed and then whether intercepts of the lines differed.
When the slopes and intercepts were not significantly different, linear regression analyses was
performed on pooled data of both groups. P<0.05 was considered as statistically significant.

Analyses were performed using Graph Pad Prism version 7.0 (GraphPad Software, USA).

RESULTS

MOS DECREASED ATHEROSCLEROSIS DEVELOPMENT

To assess whether MOS affects atherosclerosis, we determined the progression of atherosclerosis
in the aortic root after 14 weeks of MOS supplementation. As illustrated by representative
images in Figure 1A, MOS markedly reduced the atherosclerotic lesion area throughout the
whole aortic root (Figure 1B), which resulted in a 54% reduction of the mean atherosclerotic
lesion area (p=0.03; Figure 1C). Although the overall lesion severity was generally profound
in both intervention groups, MOS greatly reduced type 5 lesions in the aortic root by 49%
(p=0.004; Figure 1D). Concomitantly, the number of non-diseased segments was doubled
after MOS supplementation (+147%; p=0.01; Figure 1E). However, MOS did not affect the
macrophage content of the atherosclerotic lesions of these mice (Figure 1F). Together, these
findings demonstrated that MOS markedly delayed the progression of atherosclerosis and

attenuated the severity of atherosclerotic lesions.
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Figure 1. MOS decreased atherosclerosis development. Mice were fed a WTD with or without MOS for
14 weeks. A) Representative cross sections of the valve area of the aortic root stained with HPS are shown. Scale bar,
200 pm. B) Atherosclerotic lesion area was determined as a function of distance (50 pm intervals) starting from the
appearance of open aortic valve leaflets covering 150 pm. C) The mean atherosclerotic lesion area was determined
from the four consecutive cross sections, D) lesions were categorised according to lesion severity (type 1-5), E) the
percentage of non-diseased segments were scored, and F) macrophage area within the atherosclerotic lesions were
quantified. Open bars/circles represent the control group and closed bars/circles represent the MOS group. Values

are presented as means = SEM (n = 14—15 mice per group). * p<0.05, ** p<0.01 versus control.
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MOS DID NOT AFFECT MARKERS OF SYSTEMIC INFLAMMATION

We subsequently assessed whether the attenuation of atherosclerosis development and lesion
severity after MOS supplementation was related to specific markers of systemic inflammation,
such as the percentages of circulating monocytes (Figure 2A) and IL-1RA (Figure 2B) [31].
Ciirculating monocytes and monocyte subsets (Ly6C* Ly6C*", and Ly6C~) were not affected
by MOS (Figure 2A). Finally, MOS did not alter spleen and thymus weight (Figure 2C). These
results indicate that the MOS did not affect specific markers of systemic inflammation after

14 weeks of dietary intervention.
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Figure 2. MOS did not affect markers of systemic inflammation. A) Circulating monocytes, Ly6C*
Ly6C™, and Ly6C~ monocyte subsets as a percentage of circulating leukocytes, B) plasma IL-1RA levels, and C)
spleen and thymus weight were measured in mice fed a WT'D with or without MOS for 14 weeks. Open bars/circles
represent the control group and closed bars/ circles represent the MOS group. Values are presented as means + SEM

(n = 14—15 mice per group). P<0.05 was considered as statistically significant.
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MOS INHIBITED THE GRADUAL INCREASE IN PLASMA TOTAL CHOLESTEROL LEVELS WITHOUT AFFECTING PLASMA
TRIGLYCERIDES

As MOS is known to beneficially affect hyperlipidemia, we determined the effect of MOS on
plasma lipid levels. From week 4 onward, MOS significantly inhibited the gradual increase
in plasma TC levels compared to the control group (Figure 3A) without affecting plasma TG
levels (Figure 3B). In terms of cholesterol exposure, this reduction in TC after MOS supple-
mentation was confined to a reduction in the non-HDL cholesterol fraction (—21%; p=0.008;
Figure 3C). We performed regression analysis on TG exposure versus mean atherosclerotic

lesion area. Comparison of the regression lines indicated that slopes (F, ~=0.34; p=NS) and

slopes

intercepts (F =0.77; p=NS) were similar for MOS-supplemented mice and control mice

intercepts

(pooled data R?=0.6; p<0.0001; Figure 3D). This implies that the reduction in atherosclerotic

lesion area after MOS supplementation was due to the cholesterol-lowering effect of MOS.

THE CHOLESTEROL-LOWERING EFFECT OF MOS WAS NOT DUE TO DIFFERENCES IN CHOLESTEROL INTAKE, FECAL
CHOLESTEROL EXCRETION, OR LIVER CHOLESTEROL LEVELS

Considering that plasma cholesterol levels might be affected by alterations in dietary cholesterol
intake or fecal excretion, we assessed whether MOS affected these parameters. MOS did neither
affect body weight (Figure 4A) nor food intake (Figure 4B), indicating that both groups ingested
similar amounts of food and cholesterol via the diet. Furthermore, the fecal concentration
of cholesterol was not different after MOS supplementation (Figure 4C), which demonstrates
that fecal cholesterol excretion was comparable between the groups. Additionally, liver weight
(Figure 4D) and liver TC (Figure 4E) were similar between the groups. Together, these data
illustrate that the plasma cholesterol-lowering effect of MOS was not due to reduced cholesterol

intake, liver TC, or increased fecal cholesterol excretion.
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Figure 3. MOS inhibited the gradual increase in plasma total cholesterol levels without affecting

plasma triglycerides. Mice were fed a WTD with or without MOS for 14 weeks. A) Plasma TC and B) TG were

analysed in 4 hour fasted mice at the indicated time points. C) Cumulative TC, HDL, and non-HDL cholesterol

exposure were calculated and TC exposure was plotted against mean atherosclerotic lesion area. D) The dotted line

represents the regression line of the control mice and the straight line represents the regression line of the MOS-

supplemented mice. Open bars/ circles represent the control group and closed bars/ circles represent the MOS group.

Values are presented as means = SEM (n = 14—15 mice per group). * p<0.05, ** p<0.01 versus control.
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Figure 4. The cholesterol-lowering effect of MOS was not due to differences in cholesterol intake,
fecal cholesterol excretion, or liver cholesterol levels. A) Body weight, B) food intake, C) fecal cholesterol
excretion, D) liver weight, and E) liver TC were determined in mice fed a WTD with or without MOS for 14 weeks.
Open bars/circles represent the control group and closed bars/ circles represent the MOS group. Values are presented

as means + SEM (n = 15 mice per group). P<0.05 was considered as statistically significant.
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MOS INCREASED THE ABUNDANCE OF CECAL BACTEROIDES OVATUS AND BUTYRATE
MOS is thought to act in the gut via interactions with the gut microbiota. To decipher the effects
of MOS on gut microbiota, we first determined the effect of MOS supplementation on gut
microbiota composition and the relative abundance of specific microbial taxa by 16S rRNA gene
sequencing, Clustering analysis of 16S rRNA gene sequences by unweighted Unilrac distances
revealed no clustering based on intervention (Figure 5A), which indicated that the 3-diversity
did not change after MOS supplementation. However, analysis of the gut microbiota at various
taxonomic levels demonstrated that MOS altered the bacterial composition at phylum level,
that is, MOS increased the abundance of Bacteroidetes (fold-change=1.5; p=0.006; Figure 5B;
Table 1) and decreased the abundance of Firmicutes (fold-change=—1.1; p=0.03)(Figure 5B;
Table 1). At lower taxonomic levels, differences in microbial community between the control
mice and the MOS-supplemented mice became more apparent, although significant effects
were mainly found on unidentified species (Table 1). One specific identified bacterium in the
phylum of Bacteroidetes which significantly increased with 95% after MOS supplementation,
was B. Ovatus (fold-change=29.2; p=0.0001; Figure 5C; Table 1). Therefore, the increase in
the abundance of the phylum Bacteroidetes was mainly explained by an increase in B. Ovatus.
The decreased abundance of the phylum Firmicutes was mostly explained by a decrease in
the order of Clostridiales (fold-change=—1.2; p=0.04; Table 1), the family Lachnospiraceae
(fold-change=—1.4; p=0.03; Table 1), and unidentified taxonomic species in the genera of
Ruminococcus (fold-change=—2.3; p=0.006; Table 1).

We further assessed bacterial function by analysing SCFAs in cecal content of these
mice. MOS elevated cecal concentrations of the SCFA butyrate (+31%; p=0.01; Figure 5C).
Collectively, these data revealed that MOS altered the abundance of specific microbial taxa

and modulated microbial function by increasing cecal butyrate.
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Figure 5. MOS increased the abundance of cecal Bacteroides Ovatus and butyrate.
A) Principal coordinates analysis plot of unweighted UniFrac distances of 16S rRNA gene sequences in which each
circle represents an individual mouse. B) Microbiota composition at phylum level in cecal samples, C) relative abundance
of B. Ovatus, and D) the cecal SCFAs acetate, propionate, and butyrate of mice fed a WTD with or without MOS for
14 weeks. Open bars/ circles represent the control group and closed bars/circles represent the MOS group. Values are

presented as means = SEM (n = 15 mice per group). * p<0.05, ** p<0.01, ** p<0.001, *** p<0.0001 versus control.
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Table 1. Relative abundance of cecal microbiota

Phylum Class Order Family Genus Species Control (%) MOS (%) Fold change P-value ®
Bacteroidetes 17.98 26.31 1.5 0.006
Bacteroidia 17.98 26.31 1.5 0.006
Bacteroidales 2.96 5.72 1.9 0.02
Unidentified 1.63 5.50 3.4 0.0002
Unidentified 1.83 5.50 3.0 0.0002
Unidentified 1.83 5.50 3.0 0
Bacteroidaceae 6.77 10.83 1.6 0.04
Bacteroides 7.61 10.83 1.4 0.04
Unidentified 7.38 5.55 -1.3 0.15
Ovatus 0.23 5.28 22.9 0.0001
Porphyromonadaceae 0.84 1.54 1.8 0.19
Parabacteroides 0.95 1.54 1.6 0.19
Unidentified 0.95 1.54 1.6 0.19
Rikenellaceae 2.26 5.18 2.3 0.01
Unidentified 2.54 5.18 2.0 0.01
Unidentified 2.54 5.18 2.0 0.01
S24-7 3.13 2.40 -1.3 0.16
Unidentified 3.52 2.40 -1.5 0.16
Unidentified 3.52 2.40 -1.5 0.16
Paraprevotellaceae 1.36 0.86 -1.6 0.62
Prevotella 1.53 0.86 -1.8 0.62
Unidentified 1.53 0.86 -1.8 0.62
Deferribacteres 4.44 5.64 1.3 0.39
Deferribacteres 4.44 5.64 1.3 0.39
Deferribacterales 4.44 5.64 1.3 0.39
Deferribacteraceae 3.94 5.64 1.4 0.39
Mucispirillum 4.44 5.64 1.3 0.39
Schaedleri 4.44 5.64 1.3 0.39
Firmicutes 64.18 56.64 -1.1 0.03
Bacilli 0.76 0.38 -2.0 0.16
Lactobacillales 0.76 0.38 -2.0 0.16
Lactobacillaceae 0.67 0.38 -1.8 0.16
Lactobacillus 0.76 0.38 -2.0 0.16
Unidentified 0.76 0.38 -2.0 0.16
(Continued)
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Table 1. Continued

Phylum Class Order Family Genus Species

Control (%) MOS (%)

Fold change P-value ®

Firmicutess

Clostridia 50.06 43.40 -1.2 0.04
Clostridiales 50.06 43.40 -1.2 0.04
Unidentified 31.05 31.46 1.0 0.12
Unidentified 34.93 31.46 -1.1 0.12
Unidenufied 34.93 31.46 -1.1 0.12
Lachnospiraceae 4.55 3.16 -1.4 0.03
Dorea 1.23 0.67 -1.8 0.25
Unidentified 1.23 0.67 -1.8 0.25
Ruminococcus 3.89 2.49 -1.6 0.11
Gnavus 3.89 2.49 -1.6 0.11

Peptostreptococcaceae 1.04 1.16 1.1 >.999

Unidentified 1.16 1.16 1.0 >.999

Unidentified 1.16 1.16 1.0 >.999
Ruminococcaceae 7.85 7.62 1.0 0.35
Oscillospira 7.20 6.92 1.0 0.81
Unidentfied 7.20 6.92 1.0 0.81

Ruminococcus 1.64 0.70 -2.3 0.006

Unidendfied 1.64 0.70 -2.3 0.006
Erysipelotrichi 13.36 12.86 1.0 0.90
Erysipelotrichales 13.36 12.86 1.0 0.90
Erysipelotrichaceae 11.88 12.86 1.1 0.90
Unidentified 0.71 1.46 2.1 0.23
Unidentified 0.71 1.46 2.1 0.23
Allobaculum 12.66 11.40 -1.1 0.74
Unidentified 12.66 11.40 -1.1 0.74
Proteobacteria 13.37 11.37 -1.2 0.47
Deltaproteobacteria 13.37 11.37 -1.2 0.47
Desulfovibrionales 13.37 11.37 -1.2 0.47
Desulfovibrionaceae 11.89 11.37 1.0 0.47
Bilophila 7.61 7.92 1.0 0.86
Unidentified 7.61 7.92 1.0 0.86
Desulfovibrio 5.76 3.45 -1.7 0.30
C21_c20 5.76 3.45 -1.7 0.30

(Continued)
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Table 1. Continued

Phylum Class Order Family Genus Species Control (%) MOS (%) Fold change P-value
Verrucomicrobia 0.03 0.04 1.4 0.54
Verrucomicrobiae 0.03 0.04 1.4 0.54
Verrucomicrobiales 0.03 0.04 1.4 0.54
Verrucomicrobiaceae 0.03 0.04 1.5 0.54
Akkermansia 0.03 0.04 1.4 0.54
Muciniphila 0.03 0.04 1.4 0.54

P<0.05 was considered as statistically significant; MOS vs Control

¥ Significance according to Mann-Whitney U test

MOS INCREASED FECAL BILE ACID EXCRETION

Plasma cholesterol levels might be affected via changes in fecal BA excretion. Therefore, we
determined whether MOS supplementation led to differences in fecal BA excretion. The con-
centration of the fecal primary BAs CA, a-MCA, and 3-MCA were considerably increased after
MOS supplementation (Figure 6A). For the secondary BAs, MOS increased the fecal excretion
of DCA (Figure 6B). Despite increasing fecal BA excretion, MOS did not affect plasma BA
concentrations (Figure 6C). We next performed mRNA analysis on Cyp7al and CypZ27al,

the rate limiting enzymes in the major pathways for de novo BA synthesis. MOS did neither

affect the expression of Cyp7/alnor Cyp27alin the liver of these mice. Overall, we found that
MOS increased the excretion of both primary and secondary BAs in feces without changing

plasma BA levels and without affecting expression of Cyp7/al and Cyp27al.
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Figure 6. MOS increased fecal bile acid excretion. A) The fecal primary BAs cholic acid (CA), a-muricholic
acid (a-MCA), -muricholic acid (3-MCA), B) the fecal secondary hyocholic acid (HCA), deoxycholic acid (DCA),
w-muricholic acid (w-MCA), C) plasma total BAs, and D) mRNA expression analysis of 7-a-hydroxylase (Cyp7al)
and sterol 27-hydroxylase (CypZ27al) were determined in mice fed a WTD with or without MOS for 14 weeks. Open
bars/circles represent the control group and closed bars/circles represent the MOS group. Values are presented as

means £ SEM (n = 8-15 mice per group). * P<0.05 versus control.
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DISCUSSION

Previous studies indicated that MOS decrease inflammation and plasma lipid levels [12-16].
Here, we tested the hypothesis that MOS reduces atherosclerosis development via these
pathways. We found that S. cerevisiac-derived MOS indeed decreased the progression and
severity of atherosclerosis in E3L.CETPmice. MOS reduced plasma cholesterol levels without
affecting specific markers of systemic inflammation. Therefore, the decrease in atherosclerosis
development after MOS supplementation can be explained by the cholesterol-lowering effect
of MOS.

MOS supplementation resulted in a reduction in plasma non-HDL exposure by 21%
and a decrease in total atherosclerotic lesion area in the aortic root by 54%. Similar reductions
in plasma cholesterol and atherosclerotic lesion area have been achieved in ESL.CETP mice
by statin treatment. For instance, low-dose atorvastatin treatment led to a reduction in plasma
cholesterol levels of 19% in ESL.CETP mice, accompanied by a reduction of =50% in the
total atherosclerotic lesion area in the aortic root [32]. In another study in E5L. CETP mice,
rosuvastatin decreased plasma cholesterol by 25% and the total atherosclerotic lesion area
by 62% [33]. In this paper, rosuvastatin reduced atherosclerosis beyond and independent of
the reduction achieved by cholesterol lowering alone, which may be at least partly explained
by its anti-inflammatory activity [34]. Interestingly, the magnitude of the decrease in plasma
cholesterol level and atherosclerotic lesion area by statins and MOS are similar indicating
that MOS may also have pleiotropic effects beyond cholesterol lowering in the reduction of
atherosclerosis.

We found that MOS specifically reduced the type 5 atherosclerotic lesions. In humans,
these lesions are characterised as advanced and vulnerable lesions, which are susceptible to
plaque rupture and to develop other cardiovascular complications such as coronary heart
disease or ischemic stroke [35,36]. In addition, MOS-supplemented mice displayed 29% more
non-diseased segments compared to the control group, indicating that MOS decreased de novo
lesion formation in the aortic arch. Given the strong effects of MOS on both plasma TC and

atherosclerosis development, comparable to the effects of statins in E3L.CETPmice, dietary
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MOS might present a novel approach in the prevention of atherosclerosis development and
progression. It would be interesting to investigate whether MOS exerts its lipid-lowering effect
when supplemented on top of statins.

MOS did not affect specific markers of systemic inflammation associated with ath-
erosclerosis [31], despite having anti-inflammatory properties in previous studies [11-13].
However, we cannot exclude the possibility that MOS might have modulated other systemic
immune markers or that it has affected the immune status more subtly or locally, for example
within the atherosclerotic plaque.

Spring et al. have proposed that MOS binds type-1 fimbriae on pathogenic bacteria,
preventing them from adhering to the intestinal mucosa and inducing an inflammatory trigger
[17]. In the majority of previous studies, anti-inflammatory effects of MOS were observed
after the application of pathogenic or pro-inflammatory stimuli, such as E. Coli, Salmonella,
or LPS [11-13]. However, mice bred in our facility were kept under SPF conditions and
therefore were not challenged with pathogenic stimuli. Whether a strong pathogenic stimulus
is required to detect anti-inflammatory effects of MOS, remains to be further investigated.

Previous studies have shown that dietary MOS alters the gut microbiota, although
these studies were mainly conducted in other species such as chickens [37,38], juvenile rainbow
trout [39], or turkeys [40]. In the present study conducted in mice, MOS also interacted with
the gut microbiota as shown by an increase in butyrate levels in cecum as well as an increased
abundance of the phylum Bacteroidetes and a decrease in the phylum Firmicutes. However,
since the B-diversity did not change, this suggests that MOS did not alter the microbial
composition on a large scale. Notably, MOS induced the abundance of one specific identified
species, B. Ovatus. This bacterium is a well-known mannan fermenter [41-43]. Therefore, we
suggest that MOS served as a substrate for B. Ovatus to grow out. Interestingly, B. Ovatus also
expresses bile salt hydrolases (BSH)[44,45] and accordingly is able to deconjugate primary BAs
into secondary BAs. Compared to primary BAs, secondary BAs are less efficiently reabsorbed
in the intestine and are relatively more excreted via the feces [18-20]. Indeed, MOS increased

the fecal output of secondary BAs, likely via increasing the abundance of B. Ovatus.
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Regulation of plasma TC levels and BA metabolism are tightly linked as cholesterol
from plasma serves as substrate for de novo BA synthesis in the liver [46,47]. Increased fecal
excretion of BAs thus requires increased production of BAs. De novo synthesis of BA in mice
and humans predominantly involves the enzymes Cyp/al and CypZ27al. Since we did not
observe differences in the expression of Cyp7aland CypZ27al, it seems likely that the increased
activity of both genes was due to post-transcriptional regulation, alternative pathways involved
in BA synthesis, or that other pathways in the enterohepatic circulation of BAs were affected.

In addition to increased secondary BA excretion, we also observed an increase in
primary BA excretion after MOS supplementation. It is possible that MOS directly interacted
with host cells involved in enterohepatic signalling, indirectly affecting recirculation of
cholesterol or BAs, or that MOS acted as a BA sequestrant leading to reduced reabsorption
of BAs. However, this seems unlikely since BA sequestrants usually result in increased plasma
TG levels [48], which we did not observe in our studly.

In literature, there are indications that the SCFA butyrate is associated with plasma
cholesterol levels. In a previous study performed in mice, cecal infusion of butyrate increased
hepatic cholesterol synthesis, suggesting that butyrate might elevate plasma cholesterol [49].
However, in another study performed in rats, hepatic cholesterol synthesis was reduced after
ingestion of butyrate, albeit butyrate was given in combination with other SCFAs [50]. It
remains to be determined whether increased cecal butyrate levels are involved in the choles-
terol-lowering effect of MOS.

In conclusion, MOS decreased the progression of atherosclerosis up to 54% in
E3L.CETPmice, which was largely explained by a reduction in plasma non-HDL cholesterol.
The cholesterol-lowering effect of MOS was accompanied and likely explained by modulation

of the gut microbiota, increased cecal butyrate levels, and increased fecal BA excretion.
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SUPPLEMENT

Table S1. Antibodies used for flow cytometry

Antibody Fluorochrome Dilution Clone, supplier
CD45.2 FITC 1:100 104, BioLege
CDI11b Pacific Blue 1:150 M1/70, BioLegend
CD115-Biotin n.a. 1:100 AFS98, eBioScience
Streptavidin PeCyd 1:00 SAV, eBioScience
GR-1 PeCy7 1:1500 RB6-8C5
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Figure S1. Gating strategy. Gating strategies for the analysis of total monocytes [A], Ly6C*, Ly6C", and Ly6C-

monocyte subsets [B] in whole blood.
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GENERAL DISCUSSION

In this thesis, we aimed to understand the interplay between the indigestible carbohydrates
inulin and mannan oligosaccharides (MOS), gut microbiota composition and function, and
the development of cardiometabolic disease in mouse models. In this chapter, methods to map
gut microbiota composition and function, factors that determine gut microbiota function, the
role of the gut microbiota in the development of atherosclerosis, the translatability of mouse

models in gut microbiota research, and implications for prebiotics will be discussed.

16S RIBOSOMAL RNA GENE V-REGION SEQUENCING OR WHOLE
METAGENOME SHOTGUN SEQUENCING TO MAP GUT MICROBIOTA
COMPOSITION?

The development of next generation sequencing has made it feasible to determine the bacterial
composition at virtually any physical location, varying from ocean waters to human body surfaces
and cavities. Currently, the ‘golden standard’ methods used to map gut microbiota composition

are 16S rRINA gene amplicon sequencing and whole metagenome shotgun sequencing

16S RIBOSOMAL RNA GENE SEQUENCING

The 16s rRNA gene is an approximately 1.5KBp gene that is unique to prokaryotes. The 16S
rRINA gene is composed of highly conserved regions interspaced with nine variable regions
named V1 to V9. A 16S rRNA V region can be amplified by PCR with primers that recognise
the conserved flanking regions. The 16S rRNA variable regions are unique for specific genera
[1], yielding clusters of similarity termed Operational Taxonomic Units (OTUs)[2,3]. A nearly
complete 16S rRNA gene sequence is relatively easy to obtain for a novel bacterial isolate. This
provides sufficient phylogenetic information to identify the isolate at least down to the genus
level, thanks to the huge database of 16S rRNA gene sequence information that is publicly
available and easily searchable [4]. 16S data lends itself to computational analytical techniques
including diversity measures within (alpha) and between (beta) samples, which can be defined

quantitatively (based on abundance) or qualitatively (based on presence/absence)[2]. Functional
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annotation of microbiota communities after 16S sequencing is based on OTU assignment
and linking this to databases with reference genomes. The presence of gene families in the
microbiota communities are thus inferred based on the OTU assignment. Software tools for
such “predictive metagenomics approaches” have been developed [3].

The fact that the 165 rRNA gene is unique to prokaryotes is an advantage in studying
the host microbiome as this immediately eliminates host-derived and viral DNA contami-
nation during the amplification and sequencing stage. In addition, important reasons to use
16S sequencing for the characterisation of gut microbiota composition, are its relatively low
cost, fast turnaround time, and relative ease and availability of computational tools to analyse
the data. A limitation of 16S rRNA sequencing is that a specific V-region often not uniquely
identifies the species. Thus, taxonomic assignment will be of variable depth. Furthermore,
additional functional analyses is not based on direct sequencing, but predicted based on the
OTUs. Another disadvantage of 16S sequencing is the possibility that 16S rRNA genes
are derived from horizontal gene transfer which may distort relationships between taxa in

phylogenetic trees [6].

WHOLE METAGENOME SEQUENCING
Whole metagenome shotgun sequencing is based on full Ilength DNA from the entire metagenome.
Short read sequencing subsequently results in millions of short random DNA fragments that
can then be assembled using reference genomes or used individually as markers for specific gut
microbial organisms and their metabolic functions [2,7]. This results to the identification of
microorganisms with augmented taxonomic resolution [8,9] as the entire genomes of organisms
in the community become available for characterisation rather than the more limited single
16S rRNA gene.

While whole genome sequencing provides much more information, including
genetically encoded functions of the gut microbiota, the extensive amount of sequence data
obtained, however, also leads to a vast amount of challenges with regard to data processing,

storage and analysis. For instance, the Illumina HiSeq 2500 platform can yield over 1 Thp
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of raw sequence data, which may even further increase during downstream processing and
subsequent analysis. This also comes at much higher costs per sample since it may be necessary
to sequence a metagenome with high coverage and thus less samples per run [3,10]. Whole
genome sequencing also results in DNA sequences from other microorganisms such as viruses
in a community. This may be an advantage or disadvantage based on the premise of the study.
Nevertheless, these data need to be dealt with. However, it is expected that the high costs and
the necessity of extensive advanced computational skills continue to decrease every year due
to optimisation of short read next generation sequencing methods. Moreover, novel “long
read” next generation sequencing techniques are in development that hold great promise for

metagenomics analysis (reviewed in [11-13]).

The choice for 16S sequencing or whole metagenome sequencing approaches for microbiome
analyses 1s usually dictated by the nature of the studies being conducted. Both of these sequencing
methods have their advantages and disadvantages. In our experiments in chapter 5 and
chapter 7, we aimed to confirm that indigestible carbohydrates modulate gut microbiota
composition. Our research questions required a method that provided enough detail to indicate
major gut microbiota changes. We also aimed to perform the bioinformatics analyses in house
at relatively low experimental costs. Therefore, in our studies 16S sequencing for the analysis
of gut microbiota composition seemed sufficient. However, as shown in chapter 5, where 16S
sequencing allowed us to identify specific genera that expressed properties that could explain
some of our observations, whole genome sequencing will undoubtedly almost always provide

additional detail and insight.
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1H-NMR OR GC/LC-MS FOR THE IDENTIFICATION OF GUT
MICROBIOTA FUNCTION?

DNA sequence analysis provides valuable information on the microbiota composition, from
which the presence of potential gene families and biochemical pathways can be inferred. A
more direct measure to determine the biochemical activities of the species that are present in
the microbiota 1s analysis of the input metabolic substrates and output of bacterial metabolic
products that are present in the feces and in the blood. Fecal/cecal metabolomics provides a
complementary functional readout of microbial metabolism as well as its interaction with host
and environmental factors [14]. The most commonly used methods for the large scale iden-
tification of metabolites (metabolomics) are either based on 1H-nuclear magnetic resonance

(NMR) or on gas or liquid chromatography mass spectrometry (GC or LC-MS).

1H-NMR

1H-NMR is based on the principle that every proton behaves as a small magnet due to the fact
that it has a spinning electrical charge. In a strong external magnetic field, these tiny magnets
align and depending on their particular environment in the molecule require a certain amount
of energy to be misaligned. This energy is transferred by a radio wave and can be measured.
1H-NMR can measure multiple metabolites in samples such as blood, serum/plasma, or cecal
and fecal material [15]. NMR-based metabolite profiling is a well-established technique producing
rapid, robust, and reproducible profiles without the need for extensive sample preparation.
Identification of individual compounds is based on deconvolution of the measured spectra as
well as 2D-NMR techniques. However, NMR is not an extremely sensitive method and the
number of metabolites that can be detected in a given sample is around 70-80 depending on

the matrix as well as the employed extraction techniques [16—18].
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GC/LC-MS

GC/LC-MS analyses are based on molecular separation of a specific fraction of a sample by
GC or LC followed by detection of the molecules employing MS. Sample preparation can be
extensive depending on the type of compounds that is measured. Particularly absolute quan-
tification using MS detection can be very cumbersome and usually involves spiking with stable
1sotope labelled internal standards. Although quantification can be cumbersome and is not as
accurate as by 1H-NMR vast numbers of metabolites (>1000) can be monitored and assessed
by a single analysis. For targeted analysis of a specific class of compounds, such as fatty acids
(FA) in blood and feces method choices usually depend on the expected concentrations and

specific coverage of the available techniques.

The choice for either NMR or GC/LC-MS based analytical methods to measure metabolites
associated with gut microbial activity and function is dependent upon the specific research
question that needs to be addressed. For a rapid screen to determine whether overall activity
differs between microbial communities, | H-NMR based analyses likely suffices. However, when
the question is whether a specific class of compounds is affected in blood, cecum, or feces,
GC/LC-MS is likely the preferred method. In our research group, high fat/high cholesterol diets
are used to induce obesity, insulin resistance and atherosclerosis. Therefore it is of particular
interest to determine the spectrum of FA in the blood. Similarly, fermentation of the indigestible
carbohydrates MOS and inulin by bacteria in the gut results in the production of short chain
fatty acids (SCFA) in the large intestine. In order to have the ability to determine FA in blood,
cecum, and feces with high specificity and sensitivity, we have setup a method using GC-MS
for the characterisation of FA including SCFAs in blood, fecal and cecal samples (chapter

2 and chapter 3).
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SHORT-CHAIN FATTY ACIDS AS MARKERS FOR GUT MICROBIAL
FUNCTION

Generally, and also in this thesis, the SCFAs acetate, propionate, and butyrate are measured as
indication for gut microbiota function, since they are the main bacterial breakdown products
of indigestible carbohydrates [19-21]. However, gut microbiota do more than the production
of SCFAs. The gut microbiota contribute to the production and/or metabolism of a large
spectrum of metabolites, including BAs, choline metabolites, vitamins, and lipids (reviewed
in [20]), that differently may affect the gut microbiota itself, but also the host. Despite our
global understanding of metabolite production by the gut microbiota that is used by the host,
for many reasons, including the difficulty in culturing anaerobic bacteria, our knowledge
of which bacterial species synthesise which metabolites is currently limited. Therefore,
gut-bacteria-derived metabolites other than SCFAs need extensive research in the future in
order to determine their relative contribution to health and disease. However, understanding
the response of gut microbial communities to diet and other factors in order to predict gut
microbiota function, presents a distinct set of challenges. Continued innovation in analysis
tools to monitor microbial metabolic shifts and host interactions is needed, and especially to
track these events under in vivo conditions. Although next-generation sequencing methods
can provide an assembly of DNA sequences and insight into the competence of organisms to
perform metabolic functions, these analysis’ are not suitable for the provision of an overview
on the functionality of particular gut bacteria under complex and dynamic environmental
conditions. Metabolic profiling of biofluids (e.g. cecum content, plasma, or urine) that uses
high-resolution spectroscopy offers additional information to some extent. In chapter 5 and
chapter 7 we used both 16S rRNA gene sequencing and GC-MS metabolomics to identify
the effect of inulin and MOS on gut microbiota composition and SCFA production. Although
these two separate platforms provided useful compositional and functional information, the
challenge for future research lies in optimising the computational capacity for co-analysis of
these two (and other) analytical platforms in order to link gut microbiota composition to the

produced metabolites.
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WHAT DETERMINES GUT MICROBIOTA FUNCTION?

Microbial function is not only dependent on the individual separate microbial genera present
in the microbiota but also on the interaction of the bacteria with each other, the host and the
dict. Therefore, prebiotic feeding in one particular host or setting might lead to other results
than when given to one another. Some important examples of the interaction of gut bacteria

with their environment and how they determine microbial function will be discussed.

CROSS-FEEDING BETWEEN GUT BACTERIA

Co-culturing studies of different bacterial species have demonstrated that metabolites produced
after fermentation of indigestible carbohydrates by one particular bacterium, may aid in the
provision of substrates to support growth of other bacterial species, termed cross-feeding [22].
Cross-feeding can induce metabolic consequences that would not have been predicted simply by
the substrate preferences of isolated bacteria [23]. For example, in a recent study only 8 of 55
bifidobacterial strains had the ability to degrade long-chain inulin. This leads to the suggestion
that the observed blooming of Bifidobacteria by inulin in vivo is mainly due to cross-feeding
of end-products released by other inulin-degrading gut bacteria [24]. Another example of
cross-feeding was inferred from the increased production of butyrate by Roseburia sp. strain
A2-183 when co-cultured with B. adolescentis 1.2-32. In plain culture medium, Roseburia sp.
strain A2-183 is incapable of utilising lactate or to grow on fructo-oligosaccharides (FOS),
while in co-culture with B. adolescentis 1.2-32 these bacteria are able to produce butyrate.
Butyrate production observed in these in vitro co-culturing experiments is most likely due to
cross-feeding on products released by partial hydrolysis of FOS from B. Adolescnetis [25]. In
this thesis, we found increased abundance of Allobaculum and Coprococcus after feeding mice
a high cholesterol diet supplemented with inulin (chapter 5). It remains possible that these

genera did not thrive on inulin themselves but were increased in abundance due to cross-feeding.
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SUBSTRATE COMPETITION BETWEEN GUT BACTERIA

Although we know little about the substrate preferences of the majority of the gut bacteria, it
is not a surprise that prebiotics can affect non-target populations within the gut. For example,
several studies have shown that inclusion of inulin as a dietary prebiotic increase proportions
of Bifidobacteria in feces, while other studies also showed that inulin stimulate groups of
bacteria other than Bifidobacteria in animal models [26,27]. Additionally, in in vitro gut
simulations, two groups of Clostridium-related bacteria, and an added strain of Roseburia
inulinivorans, were shown to be stimulated by inulin in a mixed fecal community [28]. We did
not detect Bifidobacteria in mice that were fed with inulin in our studies (chapter 5), which
makes it possible that the type of inulin in combination with cholesterol induced non-target

populations within the gut.

BASELINE GUT MICROBIOTA COMPOSITION

Baseline gut microbiota composition may be another determinant for gut microbiota function.
For instance, inulin 1s well-established to exert bifidogenic effects [29,30] and previous research
illustrated that increased abundance of Bifidobacteriain the gut microbiota was associated with
beneficial health parameters [31]. In chapter 5, we performed 16S rRINA gene sequencing
analysis on cecal samples of the mice and we found that inulin had a profound effect on the
microbiota composition [32]. However, we found that inulin mostly drove the growth of the
genera Allobaculum and Coprococcus, while the growth of Bifidobacteria was not induced
by inulin. In fact, quantification of the gut microbiota composition prior to inulin feeding
revealed that Bifidobacteria could not be detected in ceca of these mice. It is therefore likely
that we were not able to induce blooming of Bifidobacteria as they were not present in these
mice. This proof-of-principle hypothesis is substantiated by a recent study in which blooming
of another species, Akkermansia Muciniphila, depended on its initial baseline abundance [33],
even though this study used probiotics and not prebiotics. It also remains possible that inulin in
our hands differently affected bacterial substrate competition or induced cross-feeding leading

to the outgrowth of other gut bacteria.
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HOST-GUT-MICROBIOTA INTERACTIONS
Studies comparing the gut microbiome across inbred mouse lines have yielded evidence that
host genetics can affect the gut microbiome. The relation between the composition of gut
microbiota and the host genetic profile has been evidently demonstrated in murine models [34].

Maternal environment is one of the earliest factors that can have a profound effect on
gut microbiota composition. Several studies have shown that genetically identical mice from the
same mother and litter have a more comparable microbiome than mice from different litters,
even though they may be housed in separate cages [34,35]. Furthermore, there 1s evidence
that genetic polymorphisms help shape the gut microbiota [36]. This implicates that even
minor differences in the genetic profile of mammals can play a tremendous role in shaping
gut microbiota composition and therefore might affect gut microbiota function.

Another important driving force of shaping the microbiome is the immune system.
The innate immune system plays an important part in shaping the community and environment
of gut commensal microorganisms in order to be tolerated by the host and to be beneficial for
metabolic activities [37]. For instance, gut microbiota dysbiosis has been reported in different
mouse models of innate immune deficiency [38], such as in mice that lack the genes Nod?2
[39], NIrp6 [40], or TIr5[41]. The other way around, in order for evolution of the mammalian
immune system, a homeostatic relationships with the microbiota needs to be maintained (reviewed
in [42]). The innate immune system might therefore promote the growth of beneficial gut
bacteria and contribute to the preservation of a stable community of microorganisms while

affecting their function.

DIET

Diet is one of the most important factors shaping gut microbial diversity. Gut bacteria do not
only respond to indigestible carbohydrates that are ingested, but also to other dietary components
such as lipids. Several independent studies revealed that one particular family of the Firmicutes,
the Erysipelotrichaceae, alters in abundance in response to changes in the amount of dietary

fat. For instance, after inducing obesity in mice by feeding them a “Western-type” high fat diet
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(HFD)(high in saturated and unsaturated fats), blooming occurred for specific members of the
Erysipelotrichaceae family [43-45]. The relative abundance for these members declined when
the HFD was changed again to the usual chow diet [43]. Allobaculum s a specific member of
the Erysipelotrichaceae family. In chapter 5 we fed ESL. CETPmice with a high cholesterol
diet to induce hypercholesterolemia and we found an increase in the genus Allobaculum in
inulin supplemented mice compared to controls. Apparently, Allobaculum does not only bloom
on a HFD but also in the presence of hypercholesterolemic conditions. This is supported by
evidence from a study of Martinez et al., where they found that Allobaculum was mostly
abundant in hypercholesterolemic hamsters [46]. Itis therefore likely that the type and amount
of dietary lipids are important mediators in shaping gut microbial composition, but also might
play a role in gut microbiota function. For example, in chapter 5 we fed ESL.CETP mice
either a high cholesterol diet with 0.1% cholesterol or with 0.5% cholesterol supplemented
without or with 10% inulin. The only difference between these two groups was the percentage
of dietary cholesterol. In both studies, inulin did not beneficially affect hypercholesterolemia or
atherosclerosis, but in the group that received 0.5% cholesterol, inulin led to early manifestations
in liver inflammation which was not observed in the group that received 0.1% cholesterol with
mulin. Therefore, it is important to keep in mind that diet is a major regulator in shaping the

gut microbiota composition and unquestionably affect gut microbiota function.

METABOLIC ADAPTATION OF GUT BACTERIA

Many bacteria are well suited to metabolically adapt and grow on a variety of different
substrates and produce a variety of different metabolites. For instance, Roscburia inulini-
voransis predominantly a butyrate producer, however during its growth on fucose, Roseburia
inulinivorans can completely change its gene expression pattern, switching on genes that are
capable of using fucose as an energy substrate, and producing propionate and propanol instead
[47]. Similarly, Ruminococcus obeum produces acetate, lactate, and formate when grown on
glucose, but additionally produces propionate while grown of fucose [48]. This indicates that

gut bacteria can metabolically adapt depending on substrate availability and consequently
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might also produce different metabolites. As we found increased production of SCFAs in
both the inulin (chapter 5) and the MOS (chapter 7) studies, it remains rather difficult to
determine whether the outgrowth of microbial genera in both studies are also the genera that

are responsible for the produced SCFAs.

Thus, gut microbiota function can be determined by several factors other than gut microbiota
composition alone, e.g. cross-feeding, substrate competition, baseline gut microbiota composition,
host-gut-microbiota interactions, diet, and metabolic adaptation to various substrates. It is
therefore expected that responses to prebiotics will vary in the context of these environmental
factors. Although the interaction of gut microbiota between each other, the host and the diet

will be difficult to study, it is a critical area in microbial research that needs further investigation.

IS THERE A ROLE FOR THE GUT MICROBIOTA IN ATHEROSCLEROSIS?

In the last two decades, the gut microbiota have been increasingly linked to metabolic and
cardiovascular-related disorders such as atherosclerosis. There are several ways by which

microbiota might be linked to and affect atherogenesis as will be discussed below.

THE INTERPLAY BETWEEN THE GUT MICROBIOTA, INFLAMMATION, AND ATHEROSCLEROSIS

Local or distant infections might cause a harmful inflammatory response that can aggravate
plaque development or trigger plaque rupture. Previous studies supported this mechanism
by findings of bacterial DNA in atherosclerotic plaques [49,50]. Furthermore, regardless of
infection, local or systemic inflammation has been shown to trigger the immune system thereby
activating inflammatory pathways leading to the production and release of pro-inflammatory
cytokines and chemokines [51], which can aggravate the progression of atherosclerosis. In
chapter 5 and chapter 7, we have no indications of either changes in infection or local/
systemic inflammation as mice were housed under specific-pathogen-free (SPF) conditions and

markers of local plaque and systemic inflammation were unaffected. Whether inulin or MOS
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altered the presence of systemic or local microbial components (e.g. LPS) remains unknown.
Although the presence of bacterial DNA in atherosclerotic plaques is established and there is
convincing data linking inflammatory signalling to atherosclerosis, evidence in humans remains
scarce. Further clinical studies should therefore focus on whether treatment with antibiotics
or fecal gut microbiota transplantation have beneficial effects. Importantly, obtaining such
evidence might not be feasible owing to the long experimental duration, the risk of spreading
antibiotic resistance, and might even further exacerbate the development of obesity and insulin

resistance due to antibiotic side-effects when given prolonged or in early life [52].

THE INTERPLAY BETWEEN THE GUT MICROBIOTA, LIPIDS, AND ATHEROSCLEROSIS

There are indications that the gut microbiota affect lipid metabolism and subsequently ather-
osclerosis development. In subjects from the LifeLines-DEEP population cohort, a large-scale
human study, it was found that the gut microbiota contribute to a substantial proportion of
the variation found in blood lipids in humans [53]. They found that the family Clostridiaceae/
Lachnospiracease was specifically associated with low-density lipoproteins (LDL), while the
family Pastcurellaceae, genus Coprococcus, and genus Collinsella species Stercoris showed
strong association with triglyceride (TG) levels. Changes in either plasma LDL or TG levels
are major risk factors for the development of atherosclerosis. Although we found an increase
in the genus Coprococcus after a high cholesterol diet supplemented with inulin (chapter 5),
we did not find any effect on plasma lipid levels and atherosclerosis development.

In contrast to inulin, in chapter 7 we found that MOS significantly reduced plasma
cholesterol levels and atherosclerosis development. Concomitantly, we identified an increase in
the abundance of Bacteroides Ovatus. Currently, no other studies have identified an association
between Bacteroides Ovatus and plasma lipid levels. Nevertheless, it may be possible that
Bacteroides Ovatus is associated with altering plasma cholesterol levels via interactions with
bile acids (BAs). For instance, specific BAs and their signalling pathways play important roles
in cholesterol metabolism (reviewed in [54—56]) and atherosclerosis. Primary BAs that are

synthesised in the liver end up in the terminal ileum where they can be mostly absorbed from
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the terminal illeum. Another part will enter the colon and be modified by the gut microbiota
expressing bile salt hydrolases (BSH) to yield so-called secondary BAs [56]. Indeed, Bacteroides
Ovatus expresses BSH [44, 45] and accordingly is able to deconjugate primary BAs into
secondary BAs. Some secondary BAs will be absorbed from the colon and, together with those
absorbed from the ileum, transported to the liver for re-secretion into bile. This enterohepatic
circulation of BAs contribute to the maintenance of the BA pool. When the BA pool is disturbed
and leads to excess BA excretion via the feces, this loss can be compensated by hepatic de novo
synthesis using cholesterol as a substrate [57,58]. In chapter 7 we also found increased fecal
excretion of BAs which may form an explanation for the reduced plasma cholesterol levels.
It seems therefore plausible that interference with the gut microbiota in which BSH-activity
and BA metabolism are affected, may eventually alter plasma cholesterol levels and as a result

atherosclerosis development.

CAUSALLY LINK GUT MICROBIOTA TO ATHEROSCLEROSIS

When studying the microbiota and its direct role in disease, it is important to keep in mind
Koch’s postulates, which describe the criteria that are needed in order to determine a causative
relationship between microorganisms and disease. As Koch’s postulates were established
in the late nineteenth century, one should now adapt these postulates and incorporate the
substantial amount of knowledge on host-microorganism interactions. Alterations in the
entire microbiome should be incorporated rather than only one specific pathogenic species.
In order to determine whether the altered microbiota causes, or solely reflects, atherosclerosis
in this thesis, a follow-up study is needed in which cecal content of the mice fed either inulin
or MOS will be transferred to control mice. This will allow for prove of causality between the

gut microbiota and the development of atherosclerosis.

235




CHAPTER 8

ARE MOUSE STUDIES ON GUT MICROBIOTA TRANSLATIONALTO
HUMANS?

Much of the basic gut microbiota research is performed in mice. However, there are quite some
differences between mice and humans. The gastrointestinal tract differs anatomically with for
example a relatively short colon, a functional cecum and no appendix in mice compared to in
humans [59]. In addition, physiological differences are substantial. For example, even on extreme
diets wild type mice are quite resistant to atherosclerosis and overt type 2 diabetes [60,61].
Why do we still continue to use mice in research aiming for strategies to prevent
and modulate human diseases? One of the reasons is that mice and humans share 99% of
their genes and differ by 14% in genome size [62]. Furthermore, despite their vastly different
overall body size, intestinal anatomy and diet (e.g. mice are coprophagous), the same phyla
dominate the distal guts of mice and humans: Firmicutes, Bacteroidetes, and Actinobacteria
[35]. However, a main reason to use mice is that mouse models are instrumental in assessing
causality of complex gene-environment and host-microbiota interactions in a well-controlled
manner. It is very difficult to study gut microbiota-host interactions in humans directly as
human bacterial communities are influenced by a plethora of genetic and environmental
factors. For example, in a recent study 126 intrinsic and extrinsic factors were found to be
associated with inter-individual variation of the gut microbiota [63]. In fact, itis estimated that
to adequately assess a relationship between metabolic discase and the intestinal microbiota while
correcting for confounding factors, a study should contain at least 1700 subjects [64], which
leads to a large variation that is difficult to correct for in human studies. However, even in well-
controlled gut microbiota experiments using mouse models inter-study variations can occur due
to confounding factors in the experimental setup. These variations include mouse breeding origin
and housing, genetic background, maternal effects, and environmental conditions including
diet, amount of (day)light, stress, and SPF conditions [59]. When setting up a new experiment,
researchers therefore need to specifically take into account these possible study confounders.
To overcome these limitations, recently efforts have been initiated to standardise

gut microbiota experiments. An example is the establishment of a standardised microbiota
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in isobiotic mice that subsequently can be shared by different institutions performing gut
microbiota research [42,65]. Although these efforts are still preliminary, they will increase
reproducibility and comparability of experimental results between different studies, which is

absolutely essential for progress in the gut microbiota research field.

PROBIOTICS, PREBIOTICS OR SYNBIOTICS?

SUPPLEMENTATION OF PROBIOTICS

Among the first strategies proposed to modulate gut microbiota was the administration of
live microbes, probiotics. Some members of the gut bacteria are believed to promote health,
whereas others may pose threats to health, particularly if they overgrow. Probiotics must possess
specific properties in addition to conveying specific health benefits to the host. They need to stay
viable and survive passage through the upper regions of the gastrointestinal tract and persist
in the colon. They should be resistant to antagonistic, mutagenic, or pathogenic conditions in
the gut. Also, the chosen microorganisms must be amenable to industrial processes and have
to remain viable in the final supplemental/food product [66]. Even when probiotics fulfil the
above mentioned criteria, there are limitations to the use of probiotics to promote health and/
or prevent disease. A major limitation is that bacteria may exert completely different functions
depending on environmental factors and the presence of other bacteria. It is therefore difficult
to draw general conclusions about universal health effects of probiotics. Indeed, currently,
few health claims for probiotics have been approved in Europe or the United States by the
responsible regulatory agencies, e.g. European Food Safety Authority (EFSA) and US Food
and Drug Administration (FDA). These limitations have not prevented numerous researchers
and commercial companies to attribute therapeutic potential to probiotic microorganisms
for obesity, insulin resistance syndrome, type 2 diabetes, and non-alcoholic fatty liver disease

(NAFLD)(reviewed in [67]).
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SUPPLEMENTATION OF PREBIOTICS

Prebiotics are defined as ‘selectively fermentable ingredients that allow specific changes in
the composition and/or activity of gastrointestinal microbiota that provide benefits to the
host’. Multiple studies have reported the occurrence of study participants who respond to
prebiotics (responders), whereas in other similar studies, the study participants failed to respond
(non-responders) to the same prebiotic treatments [68—71]. This implies significant inter-
individual variability in the response to dietary interventions. These responses likely depend on
the taxonomic and functional composition of the gut microbiota. However, also other abiotic
factors seem to play a role in the response to a given prebiotic. These include the nature of
the digestive enzymes provided by the host, stomach and intestinal pH, and transit time, all of
which can ultimately affect growth of bacterial members, even if a suitable growth substrate
1s provided [68]. As a practical strategy and future perspective, the introduction of multiple
indigestible carbohydrates simultaneously or the combination of pre- and probiotics (synbiotics)

may result in the enrichment and more diverse population of gut microbes.

SUPPLEMENTATION OF SYNBIOTICS

Synbiotics consist of a probiotic strain and a prebiotic substrate, in which the prebiotic is speci-
fically intended to support the growth of the cognate probiotic [72]. One of the advantages of
synbiotics is that such formulations could address the responder/non-responder phenomenon.
To become established in the colon, a probiotic must not only secure nutrients and other growth
factors but also outcompete the resident microbiota. By providing the probiotic organism with
a niche opportunity in the form of a selectively fermentable prebiotic, the strain is given a
competitive advantage. The most commonly used synbiotic combinations contain the probiotics
Lactobacilli and Bifidobacteria, together with oligosaccharides, inulin, or fibers as the prebiotic
component [73]. As we did not detect Bifidobacteria in cecum samples of ESL.CETP mice
after feeding them with inulin (chapter 5), it remains to be investigated whether co-admini-
stration of inulin with Bifidobacteria would have resulted in different effects on plasma lipids

and atherosclerosis development.
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SUPPLEMENTATION OF SHORT-CHAIN FATTY ACIDS

Much of the beneficial effects of changes in gut microbiota composition on disease outcome
are often attributed to the increased production of SCFAs. It therefore seems tempting and
perhaps reasonably to supplement SCFAs directly instead of using probiotics or prebiotics.
In fact, oral administration of SCFA has been associated with several beneficial effects. For
example, oral administration with butyrate impairs atherogenesis by reducing plaque inflam-
mation [74], protects against non-alcoholic steatohepatitis (NASH)[75], improves insulin
sensitivity and increases energy expenditure [76], activates brown adipose tissue and reduces
appetite via the gut-brain neural circuit [77]. It is important to consider the site of SCFA
production to fully understand the biological effects of SCFA in humans. For instance, oral
SCFA are rapidly absorbed in the proximal intestine and oxidised [78] and it is demonstrated
that circulating concentrations of SCFAs, except for acetate, are toxic in high concentrations
which might even lead to coma [79]. Therefore, is seems very important that either the right
concentration of SCFA is administered in order to avoid toxic effects or that SCFAs are being
produced in the distal gut after e.g fermentation of prebiotics.

With prebiotic supplementation one assumes that fermentation of these indigestible
carbohydrates takes only place in the distal part of the gut, the colon, where the gut microbiota
resides. However, evidence also supports for a role of the gut microbiota in fermentation of
e.g. inulin in the upper part of the GI tract [80]. This proximal site of fermentation might
play an important role for the actual effect of inulin on host physiology and metabolism. For
example, when inulin is fermented by gut bacteria in the colon, inulin is broken down into
smaller pieces of fructose units [81]. In mice, the colon does not contain fructose receptors such
as Glutd (Slc2ad) compared to the small intestine [82]. The majority of the fructose formed
after fermentation of inulin therefore abide in the colon. On the other hand, when inulin is
fermented in the small intestine, fructose can be taken up directly by the fructose receptors,
enter the bloodstream, and end up in e.g. the liver. Increased uptake of fructose 1s implicated
in the development of metabolic diseases such as fructose-induced hypertension and NAFLD

[83]. In chapter 5, we found that inulin both resulted in increased SCFA production in
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cecum content, but also affected liver inflammation when combined with higher percentages
(0.5%) of dietary cholesterol. Whether fermentation of inulin in our study took place in the
small intestine and therefore resulted in increased uptake of fructose in the small intestine is

not known.

Future studies should aim for the identification and validation of a role for synbiotics in health
and disease. In order to study this, one could introduce an in vivo selection method that relies
on the selection and isolation of strains whose abundance is significantly enriched in animals
or study participants who had consumed a given prebiotic. When recombined as a synbiotic
and introduced into a new host, these strains would be expected to colonise at greater levels
than in the absence of the prebiotic. Furthermore, the site of fermentation of prebiotics and/
or administration of SCFAs should be taken into account. This is a first step in the facilitation
of understanding the specific effects of pre-, pro-, and synbiotics, and the processes involved

in survival and the crosstalk mechanisms with the human host.

CONCLUSION

The studies described in this thesis increased our knowledge on the potential of the indi-
gestible carbohydrates inulin and MOS in the modulation of the gut microbiota to affect the
development of cardiometabolic disease. Specifically MOS induced beneficial effects on gut
microbiota composition, atherosclerosis development and minor effects on the immune system.
Although inulin did show prebiotic activity by changing gut microbiota composition and
increasing the production of SCFAs, inulin adversely affected atherosclerosis development or
led to manifestations of liver inflammation. The context in which the prebiotic is administered
(e.g. mouse model, dietary background, concentration of the prebiotic) might be important
factors that determine the actual effect of the prebiotic on cardiometabolic disease. Therefore,
modulating cardiometabolic disease using indigestible carbohydrates suggest a promising

strategy to further pursue but also warrants for some caution.
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SUMMARY

Cardiometabolic disease such as obesity, type 2 diabetes, and atherosclerosis, are a leading
cause of morbidity and mortality in the Western world. Two important risk factors for the
development of cardiometabolic disease are hyperlipidemia and inflammation. Recently,
evidence strongly indicates a role for the gut microbiota in the development of cardiometa-
bolic disease. Therapeutic approaches are therefore aimed at modifying the gut microbiota
composition and function to beneficially affect the development of cardiometabolic disease
and 1its underlying risk factors. A potential candidate to modify gut microbiota composition are
indigestible carbohydrates, or prebiotics. In this thesis, we aimed to understand the interplay
between various indigestible carbohydrates, gut microbiota composition and function, and the
development of obesity, type 2 diabetes, and atherosclerosis.

Chapter 1 serves as a general introduction in which hyperlipidemia and inflamma-
tion are introduced as the two main risk factors for cardiometabolic disease. More specifically,
the role of the gut microbiota composition, function, and dysfunction (or dysbiosis) will be
discussed as modifiable risk factors in the development of cardiometabolic disease. A tool to
modify the gut microbiota composition and function and dietary interventions with indigestible
carbohydrates are discussed in further detail. Finally, the importance of methods to quantify
gut microbiota function is illustrated.

Since we exploit the use of high fat and high cholesterol diets in the development of
cardiometabolic disease, it is important to have the ability to determine blood lipid composition.
As the various fatty acids play distinct roles in health and disease, methods that can specifically
determine the fatty acid profile are needed for fundamental and clinical studies. Chapter 2
describes a method to determine the medium- and long chain fatty acid composition of blood
of mice using gas chromatography-mass spectrometry (GC-MS) analysis. This method quan-
titatively monitors fatty acid composition using a combination of pentafluorobenzyl bromide
(PFBBr) derivatization, internal standards (IS), and electron-capture negative ionisation (ECNI)
in a comprehensive, sensitive, and accurate manner.

In addition, we explore the use of indigestible carbohydrates to modulate microbiota

composition and function. Microbial function can be determined by measuring the products
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after microbial fermentation of indigestible carbohydrates, short-chain fatty acids (SCFAs).
Chapter 3 describes a method to determine SCFAs in blood, cecum, and feces samples using
GC-MS analysis. By applying the combination of PFBBr derivatization, IS, and ECNI, this
method represents a fast, reliable, and reproducible method for the separation and quantification
of SCFAs in various mouse-derived samples which can be further exploited for quantification
of SCFAs in human studies.

In chapter 4, we studied the effect of the indigestible carbohydrate and prebiotic
inulin on accelerated atherosclerosis development after placement of a perivascular cuff
around the femoral artery of the mice. Previous studies indicated a beneficial role of inulin on
inflammation and hyperlipidemia. However, the effect of inulin on atherosclerosis development
has not been extensively studied yet. Male APOE*3-Leiden (E3L) mice were fed a high-
cholesterol diet without or supplemented with inulin for 5 weeks and underwent perivascular
cuff surgery in week 3 of the experiment. The combination of this well-established mouse
model for human-like lipid metabolism and perivascular cuff placement around the femoral
artery, enables us to specifically study the short-term effect of inulin on inflammatory-driven
atherosclerosis development. In contrast to our hypothesis, inulin aggravated accelerated
atherosclerosis development in these mice, which was accompanied by adverse lesion composition
and outward vascular remodelling. Inulin did not affect blood monocyte composition, suggesting
that the aggravated atherosclerosis development was driven by the significantly increased
plasma cholesterol levels.

In chapter 5, we shifted our focus from short-term effects of inulin on atherosclerosis
development to long-term atherosclerosis development in a lipid-driven atherosclerotic mouse
model. Female APOE*3-Leiden.CETP (ESL. CETP) mice were fed a moderate high (0.1%) or
high (0.5%) cholesterol diet without or supplemented with inulin for 11 weeks. By combining
the use of female ESL.CETP mice and different cholesterol-enriched diets, we were able to
specifically study the long-term effects of inulin on lipid-driven atherosclerosis development.
Inulin combined with a high cholesterol diet clearly showed prebiotic activity, but did not affect

plasma cholesterol levels or atherosclerosis development. Surprisingly, inulin combined with
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a high (0.5%) cholesterol diet resulted in mild hepatic inflammation. Inulin with a moderate
high (0.1%) cholesterol diet did not result in liver inflammation. It was therefore concluded
that, although inulin is widely acknowledged as a prebiotic with favourable effects on lipid
metabolism and cardiovascular disease, inulin clearly not always exerts beneficial effects.

In chapter 6, we switched our attention from a well-known prebiotic to the relatively
unknown indigestible carbohydrate MOS, which have great potential to modify gut microbiota
composition, inflammation, and hyperlipidemia. MOS have proven effective at improving growth
performance, while also reducing inflammation and hyperlipidemia. However, beneficial effects
of MOS on inflammation have been shown mainly in the intestines. As obesity is associated
with chronic low-grade inflammation that predominantly manifests in extra-intestinal adipose
tissue, we aimed to determine the effect of MOS on inflammation in mesenteric white adipose
tissue (MWAT) and liver. In addition, we determined the effect of MOS on whole-body glucose
tolerance in both lean and high-fat diet (HFD)-induced obese mice. It was found that MOS
slightly altered immune cell composition in mWAT and liver of lean mice, but MOS did not
ameliorate HFD-induced glucose intolerance or inflammation. Our data therefore indicate
extra-intestinal modulatory properties of MOS on immune composition as reported in previous
studies. However, the effects are relatively modest.

MOS have proven effective at improving growth performance, while also reducing
hyperlipidemia and inflammation in livestock. As atherosclerosis is accelerated both by hyper-
lipidemia and inflammation, chapter 7 describes the effect of dietary MOS on atheroscle-
rosis development in hyperlipidemic ESL.CETP mice. Mice were fed a high cholesterol diet,
with or without MOS for 14 weeks. This study revealed that MOS decreased the onset of
atherosclerosis development, via lowering of plasma cholesterol levels. Furthermore, MOS
modified the gut microbiota composition and function as was observed by increased cecal
butyrate levels and fecal bile acid (BA) excretion. We therefore concluded that MOS presumably
decreased atherosclerosis development and lowered plasma cholesterol levels via interactions
with the gut microbiota.

In chapter 8, the results of this thesis and the value of our research regarding
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methods to map gut microbiota composition and function, SCFAs as a marker for gut microbial
function, factors that determine gut microbiota function, the role of the gut microbiota in
the development of atherosclerosis, the translatability of mouse models in gut microbiota
research, and implications for prebiotics are discussed. Taken together, the studies described
in this thesis increased our knowledge on the potential of various indigestible carbohydrates
in the modulation of the gut microbiota to affect the development of cardiometabolic disease,

suggesting a promising strategy to further pursue with some caution.
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Cardiometabole zickten zoals obesitas, type 2 diabetes en slagaderverkalking (atherosclerose)
zijn een belangrijke oorzaak van morbiditeit en mortaliteit in de Westerse Wereld. Twee
belangrijke risicofactoren voor het ontstaan van cardiometabole ziekten zijn hyperlipidemie
en ontsteking. Ook bacterién die zich huisvesten in ons darmstelsel kunnen een belangrijke
rol kunnen spelen bij het ontstaan en het verloop van cardiometabole ziekten. Daarom wordt
veel onderzoek gedaan om niet alleen de samenstelling, maar ook de functie van de darm-
bacterichuishouding dusdanig te veranderen dat het ontstaan van cardiometabole ziekten
wordt voorkomen. Vezels, voor de mens onverteerbare koolhydraten, vormen een primaire
voedingsbron voor darmbacterién en zijn daarom een belangrijk potenticel middel om de
samenstelling en functie van de darmbacterién te veranderen. Dit proefschrift heeft als doel
om de wisselwerking tussen verschillende onverteerbare koolhydraten, de samenstelling en
functie van de darmbacterién, en het ontstaan en verloop van cardiometabole ziekten zoals
obesitas, type 2 diabetes, en atherosclerose beter te begrijpen.

In hoofdstuk 1 worden hyperlipidemie en ontsteking geintroduceerd als twee
belangrijke risicofactoren voor het ontstaan van cardiometabole ziekte. Nadruk wordt gelegd
op de darmbacterién als risicofactor in de ontwikkeling van cardiometabole ziekten. De
samenstelling, de functie en verstoring van een gezonde darmbacterichuishouding worden
hierin belicht. Om het belang van het veranderen van de darmbacterichuishouding in cardi-
ometabole ziekten te benadrukken, wordt het nut van dieetinterventies middels onverteerbare
koolhydraten in meer detail uitgelegd. Tenslotte wordt het belang van goede technische
analytische methoden uitgelicht om metabolieten in feces te meten omdat deze metabolieten
de functie van de darmbacterién weerspiegelen.

Het onderzoek wat beschreven wordt in dit proefschrift maakt gebruik van vetrijke en
cholesterolrijke diéten om cardiometabole pathologie in muizen op te wekken. Het 1s bekend
dat verscheidene vetzuren een verschillende rol kunnen spelen in ziekte en gezondheid. Daarom
is het belangrijk voor fundamentele- en klinische studies om de juiste meetmethoden in huis te
hebben om ook het vetzuurprofiel van het bloed in kaart te brengen. Hoofdstuk 2 beschrijft

een methode die de samenstelling van middellange- en lange keten vetzuren in het bloed van
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muizen kan bepalen met behulp van gaschromatografie-massaspectrometrie (GC-MS). Deze
methode wordt gekenmerkt door het gebruik van pentafluorbenzylbromide (PFBBr), interne
standaarden (IS) en negatieve ionen voor elektronvangst (ECNI). Deze combinatie van kenmerken
maakt deze methode geschikt om vetzuren op een volledige, gevoelige en nauwkeurige manier
kwantitatief in kaart te brengen.

Tevens waren wij geinteresseerd in het effect van koolhydraten, die door de mens niet
kunnen worden verteerd, op de functie van de darmbacterién. Een belangrijke functie van
darmbacterién is het verteren van deze koolhydraten, waarbij korte keten vetzuren (SCFAs)
vrij komen. Hoofdstuk 3 beschrijft een methode om SCFAs in bloed, dikke darm en in feces
te meten met behulp van GC-MS. Ook deze methode maakt gebruik van PFBBr, IS, en ECNI
en is een snelle, betrouwbare en reproduceerbare methode voor de scheiding en kwantificatie
van SCFAs in verschillende monsters afkomstig uit fundamenteel muizenonderzoek. Bovendien
kan deze methode ook toegepast worden in humaan onderzoek.

In hoofdstuk 4 hebben we de korte termijn effecten van de onverteerbare koolhydraat
inuline op de ontwikkeling van atherosclerose bestudeerd. Eerdere studies lieten al zien dat dit
prebioticum een gunstig effect had op ontsteking en hyperlipidemie. Het effect van inuline op
de ontwikkeling van atherosclerose is echter nog beperkt onderzocht. Mannelijke APOE*3-
Leiden (£3L) muizen werden gedurende 5 weken lang gevoed met een hoog cholesterol dieet
mét of zonder de aanvulling van inuline. £3L muizen op een hoog cholesterol dieet lijken wat
betreft lipiden metabolisme en atherosclerose ontwikkeling sterk op de mens. Om versnelde
atherosclerose in deze muizen te induceren, ondergingen de muizen een operatie in week 3
waarbij een manchet rond de dijbeenslagader van de muizen werd geplaatst. Bij dit versnelde
atherosclerose proces speelt ontsteking een belangrijke rol. In tegenstelling tot onze hypothese
dat inuline atherosclerose zou verminderen, kwam uit het onderzoek in hoofdstuk 4 naar
voren dat inuline het proces van atherosclerose verergerd had. Dit ging gepaard met grotere,
ontstoken laesies en een grotere diameter van het bloedvat. Tot onze verrassing had inuline geen
effect op de samenstelling van immuun cellen in het bloed, maar verhoogde wel het cholesterol

niveau in het bloed. Dit geeft aan dat de verergering van atherosclerose hoogstwaarschijnlijk
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een gevolg was van een verhoogde cholesterol niveau.

In hoofdstuk 5 richtten we ons op de lange termijneffecten van inuline op de
ontwikkeling van atherosclerose. Vrouwelijke APOE *3-Leiden.CETP (ESL.CETP) muizen
werden gevoed met een matig hoog (0.1%) of hoog (0.5%) cholesterol dieet mét of zonder
aanvulling van inuline. Met deze studie opzet ontwikkelen deze muizen in een periode van 11
weken atherosclerose rond het kleppengebied in het hart, wat overeenkomt met “natuurlijke”
atherosclerose die ook in de mens wordt gezien en voornamelijk een gevolg is van het hoge
lipidenniveau in het bloed. Uit dit onderzoek kwam naar voren dat inuline in combinatie met
een hoog (0.5%) cholesterol dieet een duidelijke prebiotische activiteit liet zien, maar verder
geen effect had op het lipiden niveau in het bloed of op de ontwikkeling van atherosclerose.
Inuline in combinatie met dit hoge cholesterol (0.5%) dieet resulteerde zelfs in milde lever-
ontsteking. Inuline gecombineerd met een matig hoog (0.1%) cholesterol dieet liet ook geen
effect op plasma lipiden zien, maar had daarentegen geen nadelige gevolgen op ontsteking in
de lever. Hoewel inuline dus wordt erkend als een prebioticum met gunstige effecten op het
lipidenmetabolisme en cardiovaculaire aandoeningen, lieten onze experimenten duidelijk iets
anders zien en kan geconcludeerd worden dat inuline niet altijd gunstig is.

In hoofdstuk 6 hebben we onze aandacht verlegd van een erkend prebioticum
naar een relatief onbekende onverteerbare koolhydraat met potentie om effect te hebben
op de darmbacterichuishouding, ontsteking en hyperlipidemie. Eerdere studies toonden aan
dat MOS effectief zijn bij het verbeteren van de groei van dieren in de veehouderij, terwijl
daarnaast een vermindering van ontsteking en hyperlipidemie werd waargenomen. De gevonden
gunstige effecten van MOS op ontsteking lijken voornamelijk een gevolg van effecten op het
darmstelsel. Echter zijn er ook aanwijzingen dat MOS buiten de darmen gunstige effecten
kunnen uitoefenen. Omdat obesitas gepaard gaat met ontsteking die zich voornamelijk buiten
de darmen manifesteert, hebben we het effect van MOS onderzocht op obesitas-gerelateerde
ontsteking in extra-intestinaal metabool weefsel zoals vetweefsel en de lever. Daarnaast hebben
we ook gekeken naar de effecten van MOS op glucosetolerantie. Obesitas induceerden we

middels een hoog vet dieet (HFD) en vervolgens onderzochten we de effecten van MOS op
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ontsteking in zowel slanke muizen als in muizen met obesitas. Wij vonden dat MOS de samen-
stelling van de immuuncellen binnen het mesenteriale witte vetweefsel (mWAT) en de lever
van vooral magere muizen enigszins veranderde. Echter werden er geen effecten gevonden
van MOS op het verbeteren van glucosetolerantie. Ondanks het feit dat de gevonden effecten
relatief bescheiden zijn, concludeerden wij dat MOS de potentie heeft om ontsteking in weefsel
buiten het darmstelsel te moduleren.

Zowel hyperlipidemie als ontsteking spelen een belangrijke rol in atherosclerose. In
hoofdstuk 7 onderzochten wij het effect van MOS op de ontwikkeling van atherosclerose in
vrouwelijke ESL.CETP muizen. Deze muizen werden 14 weken lang gevoed met een hoog
cholesterol dieet, mét of zonder toevoeging van MOS. Dit onderzoek liet zien dat MOS de
ontwikkeling van atherosclerose reduceerde middels verlaging van het cholesterol niveau in
het bloed. Daarnaast liecten MOS een sterke verandering zien op de darmbacterichuishouding
en op de activiteit van de darmbacterién. Dit laatste bleck uit een verhoging van de SCFA
butyraat in de dikke darm en een verhoogde uitscheiding van galzuren in de feces. Uit dit
onderzoek kan daarom geconcludeerd worden dat MOS de ontwikkeling van atherosclerose
en plasma cholesterol niveaus verlagen via interacties met de darmbacterién en effecten op
plasma cholesterol.

De belangrijkste resultaten die beschreven staan in dit proefschrift worden bediscussi-
eerd in hoofdstuk 8. Het belang van het gebruik van methoden om de microbiota compositie
en functie in kaart te brengen, factoren die de functie van de microbiota bepalen, de rol van
de microbiota in de ontwikkeling van atherosclerose, de vertaalbaarheid van muismodel-
len in microbiota onderzoek en de implicaties van prebiotica worden eveneens besproken.
Samenvattend hebben de studies in dit proefschrift onze kennis vergroot over de potentie van
verschillende onverteerbare koolhydraten in het moduleren van de darmbacteriechuishouding
om de ontwikkeling van cardiometabole zickten te beinvloeden. Dit is een veelbelovende

strategie waarbij enige voorzichtigheid is geboden.
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om mijzelf te kunnen ontwikkelen binnen het onderzock. Beste Vanessa, bedankt dat je 4
jaar lang mijn kamergenoot en de meest fijne co-promotor was die ik me kon wensen!
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