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Abstract

Our gut harbours a biosphere of microorganisms constantly responding to the environmental
cues we provide for them. From what we eat to how we behave and when we get sick so can
our gut microbiome. However, this is not a one-way communication, these microorganisms
also work for us in regulating many aspects of our body’s biochemical, physiological and

immune functions.

The gut microbiome lives in different compartments of varying nutrient availabilities, chemical
and physiological conditions. The highly fluctuant environment of the small intestine (SI) and
the presence bile acids and oxygen render this compartment inhabitable by most species.
However, Streptococcus spp. thrive in the S| because they are highly efficient at metabolising
simple carbohydrates for energy. Chapter 3 showed certain strains Streptococcus spp. may
be in competition with one another for the availability of nutrients in the Sl. Inside the colon,
these facultative anaerobes were replaced by a diverse community of obligate anaerobes
capable for fermenting complex carbohydrates, proteins and even mucin glycans. These
microbial communities are resilient and adaptable to short-term Western diet intervention
although carbohydrate fermentation activity of the colonic microbiota was decreased as

Chapter 3 showed.

In Chapter 4, significant alterations in the community structure and metabolic capacity of the
colonic microbiota were observed in patients with irritable bowel syndrome (IBS). Lower
carbohydrate fermentation and increased protein fermentation were evident in patients with
constipation-predominant IBS. Diarrhoea-predominant IBS patients excreted more primary
bile acids. Using multi-omics integration, a novel host-microbial co-metabolic pathway

involving purine salvage was identified.

Chapter 5 showed the passage of short chain fatty acids (SCFA) from the lumen to the mucosa
was interrupted by the presence of a mucus layer. A diffusion dynamic for the trans-

compartmental passage of SCFA was subsequently hypothesised.

This thesis presents a compartmentalised view of the gut microbiome, demonstrating its
unique adaptations to dietary change and that disturbances in its community structure and

functional capacity underlie the pathophysiology of functional gastrointestinal disorders.
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Chapter 1

Introduction

1.1 Microbiome in the longitudinal gut compartments

The human gastrointestinal (Gl) tract is made up of a series of longitudinal tissue structures
forming the central part of the digestive system. Trillions of commensal bacteria along with
fungi and viruses live inside the Gl tract and they are collectively known as the human gut
microbiome’. Microbial diversity and richness vary along the longitudinal compartments
largely referring to the small intestines and the large intestines where differences in nutrient
availabilities, chemical environments and physiological functions influence the formation of

distinct microbiome niches?3*.

The small intestine (SI) is comprised of three parts, the duodenum, the jejunum and the ileum.
Digestion and absorption of proteins and monosaccharides takes place in the duodenum. The
jejunum is responsible for the absorption of free fatty acids, calcium and vitamins whereas the
ileum is the site for bile acids reabsorption®. Rapid nutrient absorption takes place in the S|
which is accompanied by an influx of digestive enzymes and bile salts making it a harsh
environment for the microbiota to survive in®'°. The absorptive action at the intestinal mucosa
can allow a small amount of oxygen to diffuse through from the blood supply at the villi.
Therefore, the S| microbiome community is made up of mostly facultative anaerobes that can
tolerate some levels of oxygen and the presence of bile acids®. The density of the SI microbiota
increases from 10% colony forming units (CFU)/mL in the duodenum to 108 CFU/mL in the
ileum?**, The S| has a thin mucus layer that does not confer a large amount of physical
separation between the mucosa and bacteria in the lumen. However, there is an extensive
network of immune cells in the Sl that act as a chemical defence to maintain a relatively low
bacterial count’. Paneth cells secrete antimicrobial proteins (AMPs) to the epithelial surface
thereby limiting bacteria invasion’. Although phylogenetically less diverse, the SI microbiome
is more dynamic, given the need to respond to the rapidly changing luminal conditions®®. A
study showed that the temporal profile of an individual's ileum microbiome fluctuates

throughout a period of nine days and even within-day variation has been observed®.

Indeed, the SI microbiota are highly adapted at metabolising S| nutrients as revealed by
several metagenomics studies. Based on the work by Zoetendal et al.'", the group identified
many genes related to carbohydrate metabolism in the SI microbiota, much more than the

faecal microbiota. In particular, enzymes involved in the pentose phosphate pathway, lactate
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and propionate metabolism and sugar phosphotransferase system (PTS) were enriched. The
PTS transcripts were mostly from Streptococcus sp. which suggest that they are the main
utilisers of sugar in the Sl. Interestingly, the study also identified acetate, lactate and butyrate
in the ileal effluent samples. Another metagenomics study of Streptococcus isolates obtained
from ileostomy patients showed that 20% of Streptococcus spp. core genome is associated
with the SI metabolism of nutrients such as lipids, amino acids, carbohydrates and inorganic

ions'?.

In the large intestines, which comprises the caecum and colon, bacteria count increases to a
staggering 10" CFU/mL. This is a result of reduced luminal flow and oxygen depletion creating
a favourable environment for an expansive array of microbial species®>*. Dietary fibres that
are not well absorbed from the S| enter the colon and thus constitute the primary source of
nutrients for the colonic microbiota. Many species have the ability to consume a variety of
complex polysaccharides for energy'® where Bacteroides spp. have the most extensive
polysaccharide utilisation (carbohydrate-active enzymes [CAZmes]) genes than any other gut
bacteria'. Microbial richness in the colon is highly correlated with colonic transit, which has
been demonstrated in a number of studies. Using stool consistencies as a proxy for colonic
transit, researchers found that short transit times were associated with increases in fast-
growing species such as Ruminococcaceae and Bacteroides™. Another study found that
longer colonic transit times were associated with higher microbial richness accompanied by
an increase in several microbial groups including Methanobrevibacter and Desulfovibrio and
a decrease in Lachnospiraceae'. In vitro evidence suggest that long transit times affect
microbial composition independent of other factors'. Microbial composition also differs
between different segments of the large intestines as one study showed that mucosa-
associated species in the distal colon was higher in lactobacilli where Eubacterium rectale and

Faecalibacterium praunsnitzii dominated the ascending and descending colon®.
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Figure 1.1 Characteristics of the small intestines and the large intestines which influence the
diversity and structure of the microbial inhabitants.

1.2 Microbiome in the transverse gut compartments

Differences in microbial biogeography also exist along the transverse compartments'® (i.e.
from the lumen to the mucosa), as evidenced by the presence of distinct microbial niches 2%,
However, inconsistencies in mucosa-associated species are found between studies largely
due to the differences in sampling sites? indicating that there could also be spatial variation
within the mucosa community. These differences serve as reminders that while faecal
samples, due to their accessibility, have been the primary sample type for studying the colonic
microbiota, care should be taken when using them to infer functional significance of the entire

colonic community.

The intestinal lumen is the primary habitat for the gut bacteria since there is a constant stream
of nutrients passing through. Beneath the lumen lies the mucosa compartment where they are
separated by a layer of mucus whose thickness increases from approximately 20 ym in the SI
to 830 um in the colon?*. The primary purpose of the mucus layer is to protect the epithelium
from direct contact with the harsh chemicals and bacteria in the lumen and thus the
significantly thicker mucus layer in the colon reflects its dense bacterial load. Mucus is a gel-
like structure made of mucin that is excreted from the goblet cells, which then expands
extracellularly into a mesh network?!. It was revealed that the colonic mucus is divided into

two layers; a compact inner layer firmly attached to the epithelium and a loose outer layer
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where most of the mucosa-associated bacteria resides®?®. The importance of the mucus layer
was demonstrated in a mucin-deficient mouse model where direct bacteria contact with the
mucosa as a result of the absence of a mucus layer was associated with the development of
colitis and inflammation-induced colorectal cancer?’. In addition to providing protection for the
epithelium, mucus plays an important role in mediating host-microbial symbiosis where
bacteria use mucin glycans as attachment sites and a rich source of carbohydrates®®%. The
genome of the gut commensal Akkermansia muciniphila is enriched with glycosyl
hydroxylases which allow them to break down mucin glycans for energy®. Bacteroides spp.
are capable of consuming both dietary and host-derived complex polysaccharides by using
their Sus (Starch utilisation system)-like systems'. There are many more enzyme activities
associated with mucin glycan foraging and it is thought that they help confer survival

advantage for these bacteria by allowing them to utilise different source of carbohydrates®3'.

Another factor that drives spatial differentiation between the lumen and the mucosa is the
existence of an oxygen gradient which creates a selection pressure on bacteria that can thrive
in different oxygen microenvironments®*33. Although the colon is generally considered an
anaerobic chamber, there is an increase in oxygen concentration from the lumen to the
mucosa as a result of rapid oxygen consumption by the intestinal epithelial cells*>. Mucosa-
associated oxygen-tolerant species were identified in the Proteobacteria and the
Actinobacteria phyla®. It appears that not all Bacteroides spp. are strictly anaerobic as B.

fragilis can grow in nanomolar concentrations of oxygen®°.

Lumen — ® e

Outer mucus —— [

Inner mucus ——

Mucosa —

-

Figure 1.2 The transverse gut compartment in the colon is comprised of the lumen, the
double-layered mucus and the mucosa. Oxygen concentration decreases from the mucosa
to the lumen.
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1.3 Metabolites in the longitudinal gut compartments

The gut microbiome is integral to human health as they extend the metabolic functionality of
the host and participate in immune development and regulation®®. Microbial metabolites are
chemical signals used by the microbiota to establish communication with the host and exert
their regulatory effects. The following sections provide an overview of major metabolites in the

longitudinal gut compartments and their association with the microbiota.

1.3.1 Short chain fatty acids

Much of our knowledge on the microbial metabolites comes from the study of faecal samples
thus they largely represent the metabolic activities in the colon. The most prominent microbial
activity in the colon is the anaerobic fermentation of dietary fibre which produces short chain
fatty acids (SCFA) along with gases such as hydrogen, methane and carbon dioxide®.
Microbial cross-feeding can result in the production of SFCA via different intermediate
metabolites such as lactate and succinate®. The most abundant SCFA in the colon is acetate,
butyrate and propionate where they exist in a ratio of 6:2:2 based on studying the colon content
of post-mortem subjects*'. Once absorbed, butyrate is rapidly oxidised by the colonocytes for
energy metabolism and to a much lesser extent acetate and propionate. Around 60-70% of
energy required by the epithelial cells in the distal colon are derived from bacterial fermentation
products. The effects of butyrate extend beyond being the primary source of energy for
colonocytes***®, Butyrate is known to inhibit histone deacetylase (HDACs) activities to exert
anti-inflammatory effects* and induce apoptosis on cancer cells*. In the healthy intestinal
mucosa butyrate can also promote barrier function by increasing the expression of tight-
junction proteins*®#’. All three SCFA have been found to regulate immune activities through
interaction with G-protein-coupled receptors (GPCR)***¢. In addition of their localised effect
on the gut epithelium, SCFA can exert system wide effects modulating processes such as
satiety and energy homeostasis, which has been implicated in the development of insulin

resistance and obesity*°.

SCFA can also be produced from the bacterial fermentation of branched chain amino acids
(BCAA)*®, which can also produce branched chain fatty acids (BCFA) and a series of harmful
metabolites that have been negatively associated with health. This will be discussed further

later on in the chapter.
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Figure 1.3 Majority of the SCFA in the gut are produced from the anaerobic fermentation of
dietary fibre and a small proportion coming from the fermentation of amino acids.

Study of SCFA concentration in different colon segments of sudden death victims found that
the highest concentrations of SCFA were present in the caecum with 131 mmol/kg detected,
which decreased to 80 mmol/kg in the distal colon*'. This indicates that SCFA are rapidly
absorbed by colonic epithelium in the proximal section of the gut. A number of transporters
have been identified for the uptake of SCFA into the epithelial cells. Most of them are proton
exchangers where the active transport of SCFA at the apical membrane is coupled with the
export of sodium and hydrogen ions out of the cell and into the lumen. The monocarboxylate
transporter 1 (MCT1) is present on both the apical and the basolateral membrane whereas
sodium-monocarboxylate transporter 1 (SMCT1) is exclusively present on the apical
membrane and MCT4 on the basolateral membrane®. Interestingly the expression of MCT1
was found to be much lower in the sigmoid colon than the ascending colon®' which likely
indicates the epithelial surface of the ascending colon is more adapted at absorbing SCFA. A
bicarbonate/SCFA exchange system was also proposed to be present on both sides of the
epithelial cell although the identity of the transporter is unclear®®®. It is believed that the
release of HCOs into the lumen is an important pH regulatory mechanism to respond to the
production of SCFA>. SCFA can also diffuse directly through the lipid membrane via the

nonionic form®®.
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Figure 1.4 Transcellular transport of SCFA is mediated by monocarboxylate transporters
and a bicarbonate ion exchange system.

1.3.2 Bile acids

Bile acids (BA) are host-microbial co-metabolites produced in the liver and modified by the
microbiota in the colon. BA plays an essential role for the emulsification and absorption of
dietary lipids and fat-soluble vitamins in the SI°®. After being synthesised from cholesterol in
the liver by cholesterol 7 alpha-hydroxylases (CYP7A1/CYP27A1), primary BA namely cholic
acids (CA) and chenodeoxycholic acids (CDCA) are conjugated with taurine or glycine before
being excreting into the small intestines. Around 95% of the excreted BA re-enters the entero-
hepatic circulation to replenish the BA pool in the liver. The remaining BA continue to flow
towards the colon where they first undergo deconjugation by bacterial bile salt hydroxylases
(BSH) before being converted to secondary BA, deoxycholic acids (DCA), lithocholic acids
(LCA) and ursodeoxycholic (UDCA), via bacterial 7o/p-dehydroxylases in the colon®°’. BA
synthesis is regulated by a negative feedback mechanism whereby BA activates the farnesoid
X receptor (FXR) in the ileum and the liver which in turn inhibits enzymes involve in the
synthesis of BA®®. Tauro-B-muricholic acid (TBMCA) is a potent antagonist of FXR. As authors
in one study found increased levels of TBMCA accompanied by increased CYP7A1 expression
in germ-free mice suggests the ability for TBMCA to reduce the inhibitory effect of FXR *°. A
link between FXR inhibition by TBMCA as a result of reduced BSH activity in Lactobacillus and
decreased obesity in mice has been described®. BSH activity has been identified in many
commensal bacteria where it is common in Bifidobacterium and Lactobacillus®. BA also affect

microbial community structure in the gut. DCA is a potent antimicrobial agent owing to its
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hydrophobicity which can have a deterrent effect on the bacteria cell wall®’. BA can also induce

DNA damage on Gram-positive colonies®'. Clostridioides difficile (C. difficile) is a pathogen

that causes diarrhoea and uses taurocholic acid for growth®. Interestingly, C. difficile spore

germination was inhibited by analogues of CDCA®. BA have also been shown to enhance

absorption where DCA, glycol-DCA and tauro-DCA increased jejunum membrane permeability

in vitro®?.
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Figure 1.5 Bile acids are synthesised in the liver and modified by the microbiota in the colon.

23



1.3.3 Metabolic activities in the small intestines

Host digestive enzymes are responsible for breaking down macronutrients namely protein,
simple carbohydrates and fats in the Sl. Majority of the digested nutrients are then absorbed
along the S| where some are also available to the microbiota.?’ The digestibility of proteins by
the host enzymes varies depending on its source where proteins from red meat are more
digestible than plant-based proteins.*® They also yield different amino acids profiles which
may influence the community structure and the metabolic activity of the S| microbiota. One
study found alterations in stool microbiome composition of mice fed with protein diet derived

from meat, dairy and plant.®’

Host-derived proteins can be digested by bacteria in the gut to
release amino acids which they then incorporate into their cells as protein building blocks or
catabolise further. The former conserves more energy as it relieves the need for de novo
synthesis of amino acids®. However, there are more interconversion steps for utilising amino
acids compared to monosaccharides therefore it is clear why gut bacteria prefer
monosaccharides as their primary energy source’®. The majority of our understanding of
bacterial protein metabolism comes from studying the large intestines and little is known about
the role played by the S| microbiota in vivo. It was proposed that the catabolism of lysine by
the gut microbiota takes place in Sl after observing a deficit between intestinal metabolism of
lysine and lysine recovered from the intestinal mucosa of milk-fed piglets’®’". The same
reasoning has been extended to other amino acids and BCAA as reviewed by Davila et al’?.
A monoculture study of Sl bacteria (Escherichia. coli, Streptococcus spp.) showed that amino
acids were rapidly oxidised suggesting their utilisation by bacteria in the SI”*"°. Gut microbiota

t73

are also capable of providing amino acids to the host’. Results from these studies suggest

that the Sl bacteria may play a role in the first pass metabolism of amino acids.

The majority of lipids from the diet are emulsified and absorbed in the Sl with very little (<5%)
reaching the colon’’. Given that BA are important lipid emulsifiers, microbial modulation of BA
has potential to modify the absorption of lipids in the Sl. Interestingly, a recent study by
Martinez-Guryn et al.”® found that germ-free mice were not able to absorb fat and were
resistant to diet-induced obesity. In addition, germ-free mice transplanted with a ‘high fat’ SI
microbiota had increased lipid absorption compared to those with a ‘low fat’ SI microbiota.
Lipid absorption genes were identified to be up-regulated in the proximal Sl epithelial
organoids of mice with the ‘high fat’ SI microbiota. This study supports the notion that the Sl

microbiota plays an important role in the absorption of lipids.

In addition to macronutrients, micronutrients such as vitamins are also absorbed in the small
intestines. The emulsifying action of BA on fat-soluble vitamins is important for their absorption.

Some vitamins can be synthesised by the microbiota. It was found that all Fusobacteria and
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over 90% of Bacteroidetes were predicted to be vitamin B12 producers.?*® Bacteroides can
also produce vitamin B6 and utilize them as cofactors for many biological reactions associated
with the host immune response.?*® However, majority of the body’s vitamin B intakes come
from food and some microbiota have shown to compete with the host for vitamin B12
(cobalamin) to use as cofactors in their own metabolic pathways®®. The Sl bacteria Veillonella
and Enterobacteriaceae produce menaquinone (vitamin K2)”°. Some microbial-derived K2

isoforms are positively associated with cognition as one study found.?*’

Taken together, evidence in the literature suggest that metabolism and absorption of nutrients

in the Sl is intimately linked to the microbiota.

1.4 Diet and the microbiota

The food that we eat has a direct impact on our gut microbiome®'#. As described earlier, non-
digestible dietary fibre is the main source of energy for the colonic microbiota. A loss of species
abundance has been frequently observed when switching from a high fibre to low fibre diet as
well as changes to the carbohydrate degrading capacity of the microbiota over generations®.
This is particularly concerning for Western societies, where the dietary habits of individuals
have shifted to consuming foods that are low in fibre and high in simple sugars and fats®°.
When analysing the gut microbiome of immigrants from non-Western countries in the US,
researchers found an immediate loss of Prevotella strains and carbohydrate-active enzyme
domains of their gut microbiota in the early stages of their settlement® and this effect
increased with the duration of their stay. One group found that when a high sugar/high fat diet
was fed to humanized gnotobiotic mice previously consuming a low sugar/high fibre diet, the
microbiome structure in these mice shifted within a day and was associated with increased
weight gain of the mice®’. The deleterious effects of dietary emulsifiers in promoting colitis and
non-caloric artificial sweeteners in driving the development of glucose intolerance through

alterations in microbiota composition have been demonstrated in mice®°.

As discussed earlier, SCFA produced by microbial carbohydrate fermentation is an important
fuel for the colonocytes and can induce mucus secretion. Conversely, a lack of fibre could
facilitate the degradation of the mucus layer as the microbiota feed on mucin glycans as an
alternative fuel source®. In addition to fibre, protein and fat intakes can also alter microbial
composition®’. A study by David et al.®? showed that short-term increases in protein and fat
intake as part of an animal-based diet induce alterations in the species abundance and
increase the production of faecal bile acids and branched chain fatty acids (BCFA). BCFA are

a reliable marker of protein fermentation as they are produced from bacteria deamination of
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branched-chain-amino-acids (BCAA)®%,. Little is known about the effect of BCFA on host
health, although isobutyrate can be used by the colonocytes when the supply of butyrate is
limited®. Bacterial protein fermentation has been widely associated with adverse health
outcomes mainly due to the production of toxic substances such as ammonia, phenols and
sulphides, which have been linked to the development of colon cancer®. Higher concentration
of ammonia was found to inhibit SCFA oxidation in rat colonic epithelial cells”. Evidence
suggest that fibre consumption may help protect the host from these toxic metabolites. When
pigs fed with resistant starch (RS) and wheat bran (WB) and pigs fed with RS without WB
were compared, researchers observed an increase in carbohydrate fermentation and
decrease in ammonia concentration in the distal colon of the RS+WB group, which led them
to suggest that consumption of RS and WB together may reduce the risk of colorectal cancer
which typically occur in the distal colon.?® In another study, high levels of p-cresol was detected
in the urine of both rural South Africans and African Americans. The difference being rural
South Africans also has higher concentration of SCFA in their stool but lower incidents of
colorectal cancer. It was suggested that the higher fibre intake of rural South Africans

protected them from the deleterious effect of protein fermentation.®

1.5 Irritable bowel syndrome and the microbiota

Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal disorder affecting
approximately 11% of the global population.'® According to the Rome IV criteria, patients are
diagnosed based on their stool form to either constipation predominant (IBS-C), diarrhoea
dominant (IBS-D) or mixed (IBS-M)''. Common symptoms of IBS also include abdominal pain,
bloating, distention and psychological ailments such anxiety and depression. The
heterogenous nature of IBS compounded by a lack of understanding of its disease aetiology
make IBS difficult to diagnose and to provide an effective treatment plan. In recent years,
scientists are increasingly looking to the gut microbiome for answers since many IBS

symptoms triggers and pathological characteristics are associated with the gut microbiota."®?

One of the prominent features of IBS is abnormal gut motility. Evidence suggest that
microbiota and gut motility are highly interrelated. The contractile response in the Gl tract is
mainly controlled by the enteric nervous system (ENS) which is a complex network of neurons
localised along the gut.’® Mouse enteric neurones were found to express SCFA transporter
MCT2 and butyrate induced colonic transit through regulation of enteric neurons.' When
mice were transplanted with faecal microbiota from IBS-D patients, increased Gl transit,
impaired barrier function and the development of anxiety-like behaviour was observed in these

mice.'® A recent study uncovered a mechanism by which gut microbial metabolite can
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modulate the serotonergic secretion pathway. Serotonin (5-hydroxytryptamine, 5-HT) is an
important neurotransmitter where > 90% of 5-HT in the human body is produced in the gut by
enterochromaffin (EC) cells.'® The work by Bhattarai Y et al. found that tryptamine, a
metabolite produced from bacterial decarboxylation of dietary tryptophan accelerates colonic
transit by activating the epithelial G-protein coupled receptor (GPCR) serotonin receptor 4 (5-
HT4R) and increasing anion-dependent fluid secretion in the proximal colon.’” CDCA is a
potent stimulator of colonic secretion and the administration of 1000mg CDCA provided in a
delayed-release capsule accelerated colonic transit in IBS-C patients.'%'%31%4 Primary BA are
commonly detected in the faeces of IBS-D patients'®'*°. Interestingly, approximately 30% of
IBS-D patients have bile acid malabsorption which is a condition where BA are inadequately
reabsorbed in the distal small intestines leading to rapid colonic transit as a result of excess

primary BA entering the colon.'®

As described earlier, butyrate is a key energy source for the colonocytes and can restore
barrier function by increasing the expression of tight junction proteins''. IBS patients has less
butyrate-producing gut bacteria as one study found."' Lowe-grade inflammation has been
identified in some IBS patients although some argue that this may be related to their previous
acute enteric infections. history.?*®?*! Distinct microbial phylotypes were detected in IBS
subtypes and control samples where Ruminococcus torques was associated with IBS-D and
Ruminococcus bromii was associated with IBS-C.""? Ruminococcus torques is a resident
mucin degrader and therefore its enrichment is suggestive of a potential disturbance to the
mucus layer in IBS-D patients.?**> The fermentation process of carbohydrates releases gases
which can exacerbate luminal distention and bloating typically experienced by IBS-D patients.
This unfavourable effect of dietary fibres provides the rationale for recommending the low-
FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols) diet
to some symptomatic patients.?*#%° However, the long-term effect of reduced fermentable

carbohydrate consumption needs to be evaluated given the important health benefits of SCFA.

The accumulation of anaerobic bacteria in the small intestines known as small intestinal
bacteria overgrowth (SIBO) has been identified in some IBS patients prompted researchers
to question whether the aetiology of IBS may have originated from the small intestines.
Patients with SIBO experience similar symptoms such as visceral hypersensitivity, bloating,
chronic diarrhoea, abdominal bloating and flatulence which are the characteristics of functional
Gl disorders.""® Very recently, it was found that dysbiosis was more apparent in the mucosa-

associated microbiota than luminal microbiota in SIBO+ IBS-D patients."™*

Evidence in the literature strongly suggest a role for the microbiota in IBS. However, many of

these observations are made using animal models and often focusing on a single disease
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pathway. Therefore, modelling a disease with such high level of heterogeneity requires large-
scale profiling studies in human to first piece together all the possible interactions between the

gut microbiome and the host before moving into more detailed mechanistic studies.

1.6 Aims and Objectives

The gut microbiota exists in unique ecological niches inside the Gl tract. While their
composition and functional capacity along the longitudinal and transverse gut compartments
have been investigated, there is a need to explore the metabolic activities associated with
these unique microbial communities in humans. Therefore, this thesis aims use of a
compartmentalized approach to provide a better understanding of the different metabolic
landscapes inside the Gl tract and how they may contribute to the pathogenesis of IBS and
the implication associated with Western diet. In Chapter 3, the effects of Western diet on the
microbiome and the metabolome in the longitudinal gut compartments were explored. Chapter
4 used a multi-omics approach to understand deeper interactions between the microbiota and
the host in IBS and the unique metabolic signatures in the transverse gut compartments
associated with IBS subtypes. In Chapter 5, the role of the mucus compartment as a potential
barrier to SCFA diffusion was investigated in an in vitro experiment. Lastly, the wider
implications of the research outcomes and suggestions for future work is provided in Chapter
6.
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Chapter 2
Methods

This chapter describes the metabolomics experiments and statistical analysis performed in

this thesis. A general overview of microbiome data analysis is also provided.

As discussed in Chapter 1, gut microbiota is intimately connected with the metabolic and
physiological functions of the host. To fully appreciate the magnitude and complexity of these
interactions, a system biology approach is needed in order to generate hypotheses for further
mechanistic investigation. This top-down experimental approach consists of large-scale
profiling studies incorporating a variety of omics technologies that aim to capture system level

interactions between the host and the microbiota.'®

2.1 Metabolomics

Metabolomics is a form of molecular phenotyping where it produces a snapshot of the global
metabolic profiles of an individual through biochemical analysis of biological fluids and
tissues."'® Genes dictate the biological functions available to a living organism and metabolites
reflect the status of these functions and how these biological systems react to environmental
factors such as diet, toxins and drugs. Several metabolites essential to human health are
exclusively produced by the microbiota. These small biologically active molecules produced
within the gut compartment act locally by binding to epithelial receptors and triggering a series
of physiological and immune responses.'” Some bacterial exclusive metabolites also enter
the blood stream through the gut epithelium and travel to different parts of the body where
they have the potential to affect other organ systems. The proportion of microbial metabolites
to host-derived metabolites differ between body sites. Therefore, studying the metabolic
profiles in different biofluids reveal how the microbiota and the host respond to environmental

stimuli and disease on a system level.
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2.1.1 Proton Nuclear Magnetic Resonance ('"H NMR) spectroscopy

'"H NMR has been used for the analysis of small molecules in biofluids since the 1980s''®. The
non-destructive and relatively straight-forward sample preparation procedure coupled with its
ability to simultaneously detect multiple metabolites in a single run have made it one of the

most popular techniques in metabolic profiling studies."

The proton nucleus ('H) in a neutral environment spins in random directions and this spinning
motion creates a magnetic moment around the nucleus.’® When an external magnetic field is
applied, it aligns the nucleus spin in one direction. A nucleus with a half spin can be promoted
from a low energy state denoted by m =+1/2 to a high energy state m =-1/2. When a radio
frequency (rf) energy is applied perpendicular to the external magnetic field, it creates
oscillations at the Larmour frequency which is the rate of precession of the magnetic moment
of the nucleus around the external magnetic field. The nuclei resonate with the rf energy
causing the a flip’ in energy states. Once the rf energy stops, nuclei are relaxed, and they fall
back to the lower energy state. The Larmour precession is recorded as a free induction decay
(FID) signal which is then Fourier transformed converting the signal from a time domain (FID)
to a frequency domain to produce a spectrum. Not all nuclei are promoted to the same energy
level. This is caused by electrons around a nucleus that shield it from the applied field which
are different depending on the environment of nucleus. The nuclei that are more shielded are
promoted to a lower energy state whereas the less shielded nuclei, typically ones that are next
an electron-drawing group, are more exposed to the applied magnetic field and therefore are
promoted to a higher energy state. This difference in nuclei shielding are transcribed as
chemical shifts (8) or parts per million (ppm) on the NMR spectrum. Nuclei on the lower end
(right-side) of the spectrum are more shielded compared to nuclei on the higher end (left-side)
of the spectrum. An internal standard, 3-(trimethylsilyl) propanoic acid-2,2,3,3,-ds (TSP), is
used as a reference signal since TSP dissolved in water produces a single resonance close
to Oppm.?** The chemical shifts for other compounds are measured as relatives to TSP given

by the following formula:

d (ppm) = Frequency of signal (Hz)— Frequency of TSP (Hz) X108

Frequency of TSP (Hz)
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Figure 2.1 NMR theory. The spinning proton nuclei is aligned to the externally applied
magnetic field and then promoted to different energy states before relaxing back down by the
application of a radio frequency field. The resulting resonance is displayed in an NMR
spectrum.

The environment for which the nucleus is in not only determines its chemical shift but also its
splitting pattern. Splitting is caused by interactions also known as coupling occurring between
neighbouring protons. The spacing between the splits is measured in Hertz (Hz) and termed
the coupling constant, J. The n+1 rule is normally used for calculating the number of splits
where n is the number of protons attached to the adjacent carbon atom. For example, looking
at the one-dimensional nuclear overhauser enhancement spectroscopy (NOESY) spectrum
for 2-methylbutyrate (2mb) (Figure 2.2A,B): in environment (1), the adjacent carbon has two
protons attached to it, therefore the resulting signal is a triplet and in (2) the adjacent carbon
only has one proton therefore the signal is a doublet. Peaks with five peaks and above are
referred to as multiplets which is the case for protons (3) and (4). The proton in the carboxylic
acid group (5) produces a singlet with a high chemical shift of 12ppm since it is in a strong
electron-drawing environment of oxygen atoms. The spectra on display is from a solution of
2-mb standard therefore no other interfering metabolite peaks can be seen. Even with well

resolved peaks, the multiplecity of some metabolite signals can be ambiguous in a biological

31



fluid where peaks overlap often occur. This is where a 2D J-resolved (J-RES) experiment can
help (Figure 2.2C) as it produces a 2D spectrum with chemical shifts in one dimension and J-
couplings (splitting pattern) in the other; the orthogonal display of the spectra allows easy

visualisation of peak multiplexity to facilitate metabolite characterisation.
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Figure 2.2 NMR spectrum of 2-methylbutyrate from (A-B) one-dimensional NOSEY
experiment and (C) two-dimensional J-RES experiment.

2.1.2 'H NMR sample preparation

The sample preparation procedures, NMR instrument conditions and data processing
workflow were adopted from previously published protocol.’® All samples were kept frozen at

-80°C until analysed.
Serum

Serum samples were centrifuged at 4°C at 12000g for 5 min. The supernatant (90uL) was

mixed with 90uL of plasma buffer before being transferred to a 3mm NMR tube.

The NMR buffer for the serum samples were prepared as follows: 100mL of a 0.075M
NaH2PO4 buffer was prepared by dissolving 1.064g of NaH>PO, in 80mL of D»,O. 80mg of TSP
and 40mg of NaNs were dissolved in 4mL of D,O. Both solutions were mixed by shaking and
sonication. pH was adjusted to 7.4 by adding NaOH pellets. The final solution was then

transferred to a 100mL volumetric flask to be filled to volume using D20.

Duodenal aspirates, urine and faecal samples

Aspirate and urine samples were centrifuged at 4°C at 12,000 g for 5 min. The supernatant of
aspirate (162uL) was mixed with 18 uL of NMR buffer and transferred to a 3 mm NMR tube.
The supernatant of urine (540uL) was mixed with 60uL of NMR buffer and transferred to a
5mm NMR tube. Faecal samples (~100mg) were pre-weighed, randomised, and emptied into
a screw-cap tube containing 50mg of 1.0mm Zirconia beads to which 400uL of ACN:H20 (1:3)
was added. The tube was placed in a Biospec bead beater for 30 seconds. The homogenised

sample was then centrifuged for 20 minutes at 16,000g. The supernatant was carefully
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transferred into spin filter tubes and centrifuged for 30 minutes at 16,000g. The filtered faecal
water (80uL) was aliquoted into a 96 well plate, 10uL were used for quality control. Filtered
faecal water in the 96 well plate was dried down under nitrogen flow before reconstituting with
540uL of D.O and 60pL of the NMR buffer. The plate was then put on an Eppendorf MixMate
plate shaker at 1300 rpm for 5 min. The reconstituted faecal water and buffer mixture was

transferred to 5mm NMR experiment tubes.

The following reagents and consumables were purchased from Sigma-Aldrich. Acetonitrile
(ACN); LC-MS grade water; 3-(Trimethylsilyl) propionic-2,2,3,3-ds acid sodium salt (TSP);
Sodium azide (NaNz); Potassium dihydrogen phosphate (KH2PO4); Potassium Hydroxide
(KOH); Deuterium Oxide (D20). Consumables purchased from elsewhere are: Spin-X 0.22um
Centrifuge Tube Filter (COSTAR®); 96 well microplates — 2mL capacity (COSTAR®); 1.0mm

Zirconia beads (BioSpec)

NMR buffer for urine, duodenal aspirates and faecal samples — 100mL of a 1.5M KH2PO,
buffer was prepared by dissolving 20.4g of KH2PO4 in 80mL of D,O. 100mg of TSP and 13mg
of NaNs; were dissolved in 6 to 10mL of D,O. Both solutions were mixed by shaking and
sonication. pH was adjusted to 7.4 by adding KOH pellets. The final solution was then

transferred to a 100mL volumetric flask to be filled to volume using D20.

2.1.3 'H NMR experiment conditions

Metabolic profiles were measured on a Bruker 600 MHz spectrometer (Bruker Biospin,
Rheinstetten, Germany) set at a constant temperature of 300K for faecal, urine and duodenal
aspirates samples and 310K for serum samples. A standard one-dimensional NOESY
experiment with water suppression was performed for each sample. In a blood plasma or
serum spectrum, there are regions of broad peaks due to the presence of large
macromolecules such as lipoproteins. Metabolite peaks in these regions can be resolved
using Carr — Purcell — Meiboom — Gill (CPMG) spin — echo sequence to edit peak intensity
based on NMR relaxation times to selectively highlight the signals from small molecule
metabolites. Therefore, an additional CPMG experiment was performed for each serum
sample. For the experiments performed in Chapter 3, a total of 128 scans were acquired per
faecal sample and 64 scans per serum, duodenal aspirate and urine sample. For the
experiments performed in Chapter 4, a total of 32 scans were acquired per faecal sample and
64 scans per serum sample. Automatic phasing, baseline correction and spectral calibration

to TSP (0 ppm) was performed in Topspin 3.1 (Bruker Biospin, Rheinstetten, Germany).
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2.1.4 'H NMR data pre-processing

Raw data from the NMR experiment were imported into MATLAB (Version 8.3.0.532 R2014a,
Mathworks Inc, Natick, MA, USA) for pre-processing. A series of in-house developed scripts
were used for the following executions. First, peak corresponds to water and TSP were
removed due to their biological irrelevance. During a sequence run, subtle alterations in
chemical shifts can occur due to pH variation and other sample-dependant or technical factors
and therefore spectral alignment is needed to ensure chemical shifts are comparable across
all samples.?**?* Spectra were aligned using the recursive segment-wise alignment algorithm
(RSPA) where a reference spectrum was first selected, one that is most similar to all other
spectra and then alignment was performed in segments and recursively. To account for the
difference in sample concentrations, a probabilistic quotient normalization (PQN) was applied
to the samples.'' PQN works by first selecting a reference spectrum where its peak intensity
is the median of all samples. Then a quotient or dilution factor for each peak in a sample is
calculated by dividing the sample peak intensity by the intensity of the corresponding
reference peak. The median quotient which is unique to each sample is used to normalise all
peak intensities for that particular sample spectrum. The pre-processed spectral signal and

chemical shifts can then be exported for multivariate analysis.

2.1.5 Principal components analysis

Principal components analysis (PCA) is an unsupervised dimensionality-reduction technique
widely used in the analysis of high dimensional metabolomics datasets. An NMR experiment
of biofluids typically generates tens of thousands of spectral variables which is much larger
than the number of observations, therefore it is unfeasible to apply traditional linear regression
methods.'??'?® PCA is useful in this case as it tries to explain the variation of a high
dimensional dataset by summarising them into principal components. In principal component
(PC) 1, aline is fitted through the data points whereby those that are nearest to the line display
the largest variance and thus PC1 captures the largest proportion of variation of a
multidimensional dataset. The projection of the next PC is perpendicular to the first PC and
therefore accounts for the second largest variance of the dataset. In every PC, a score is
calculated for each row of observation which is a linear combination of variables for that
particular row and the direction vector of the PC projection. The direction vector is also known
as loadings whereby variables contribute the most to the direction of the PC projection is given
a higher loading score. Plotting the PC scores for each observation whilst highlighting their

class membership allows easy visualisation of group clustering as well as spotting anomalies.
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2.1.6 Orthogonal Projection to Latent Structures-Discriminant Analysis (OPLS-DA)

Orthogonal projections to latent structures analysis-discriminant analysis (OPLS-DA) is a
supervised dimensionality reduction technique widely used for identifying class discriminating
features in metabolomics data.’® In OPLS, variations in X that are uncorrelated with Y is
removed from the predictive component using Orthogonal-Signal-Correction (OSC). The
OPLS model uses a Monte Carlo cross-validation (MCCV) procedure based on a previously
published method by Posma et al.,'* which randomly splits the data into five parts and builds
a model using four parts of the data while leaving one part out to assess how well the model
can predict the outcomes/class of the data that was left out. The MCCV continues for 10
rounds which generates a total of 50 iterations, i.e. the number of partitions of the data. For
each model a score of its predictability (Q?Y) and the proportion of variation in Y explained by
the model (R?Y) are calculated. To ensure that the prediction does not happen at random a
100 rounds permutation test was carried out where 100 models were built using randomly
permuted outcome labels. A correlation line is then drawn between the R?Y and Q%Y of models
built using the permuted outcomes labels and one with the correct outcome labels and the

model is robust if there is no correlation between the two.

To determine variable importance, regression coefficient () for outcome Y was recalculated
25 times for each model by bootstrap resampling. The mean model B and variance of the
bootstrap Bs can then be used to calculate p values for each spectral variable. The p values
are corrected for multiple hypothesis testing using the Benjamini-Hochberg method for
calculating False Discovery Rate.””® An FDR cut-off of 0.05 was used to identify class

discriminating variables.'?®

2.1.7 'H NMR metabolite assignment

To improve confidence of metabolite assignment, the correlation between peaks arising from
the same metabolite can be assessed using the Statistical Total Correlation Spectroscopy
(STOCSY).'*” Peaks belonging to the same metabolites/compound should be highly
correlated, although overlapping peaks from other molecules may adversely affect this
correlation. First, a spectral signal of interest is selected, STOCSY then compute a correlation
matrix based on the intensities of all the spectral signal in the matrix in relation to the signal of
interest. The correlation matrix is then projected onto a 1D spectra where highly correlated
signals can be identified together. An in-house peak integration script was applied to calculate

peak integrals for assigned metabolite features.
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2.1.8 Liquid chromatography-Quadrupole Time-of-Flight Mass Spectrometry for bile

acids profiling

Liquid chromatography-Quadrupole Time-of-Flight Mass Spectrometry (LC-QTOF) is a highly
sensitive and selective mass spectrometry technique ideal for measuring metabolites that

have similar nominal masses such as bile acids (BA)."?%12°

LC-QTOF has a reverse liquid chromatography phase where solvent of increasing
hydrophobicity is used to separate molecules based on their affinity with the liquid phase (the
solvent mixture) and the hydrophobic stationary phase of the LC column. Therefore, in this
experiment, polar BA elude first due to their higher affinity with the more polar liquid phase
followed by more hydrophobic BA. This difference in elution order is displayed as retention
time on the chromatogram. After exiting the chromatography column, BA in solution arrive at
the high voltage capillary where they are ionized by electrospray ionization operated at
negative mode which removes a proton from the bile acids molecule. The negatively charged
molecules are sprayed out of the capillary cone into droplets. A nebulizing gas is applied to
help evaporate the solvent around the molecule. After solvent has been evaporated, the
negatively charge BA are now in a gaseous state and ready for entering the vacuumed QTOF
analyser. First part of the QTOF consists of a triple quadrupole system. Each quadrupole is
made of four parallel cylinder rods. lons are guided through the quadrupoles by a radio
frequency. Since this is a profiling experiment, BA molecules do not need to be fragmented
therefore no collision energy is applied to the quadrupoles. After leaving the quadrupoles, ions
are re-accelerated to the required energy and ion optics are used to focus their path into the
TOF analyser. Upon entering the TOF, a pulse electric field is applied which forces the ions
down an orthogonal trajectory to their original direction. The ions are now in a field-free drift
space where TOF separation can occur. Different energy is applied to the ion mirror and the
detector to allow the ions to travel at their own speed in the two orthogonal paths. The time-
to-digital converter (TDC) is used to record arrival time of the ions. The TOF analyser can
differentiate ions by the time of their arrival at the TDC and their mass to charge ratio therefore

offers a much higher mass resolution than a conventional quadrupole detector.
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Figure 2.3 Outline of a LC-QTOF system.

2.1.9 LC-MS bile acid profiling experiment

This protocol was adapted from Sarafian et al.”*® Separate aliquots of the faecal water in 25%
ACN extracted for '"H NMR profiling were transferred into 96-well plates (Costar® 3960).
Samples were analysed by ACQUITY ultra-performance liquid-chromatography (UPLC)
(Waters Ltd., UK) coupled to a Xevo G2-S Q-ToF mass spectrometer (Waters Ltd., UK)
equipped with an electrospray ionization source operating in negative mode. Mass
spectrometry parameters were as follows: capillary voltage was set at 1.5 kV, cone voltage at
60 V, source temperature at 150 °C, desolvation temperature at 600 °C, desolvation gas flow
at 1000 L/h, and cone gas flow at 150 L/h. A reversed-phase column ACQUITY BEH C8
column (1.7 ym, 100 mm x 2.1 mm) was used at an operating temperature of 60 °C. The
aqueous part of the mobile phase includes 1 mM ammonia acetate in ultra-pure water, pH
4.15. The organic mobile phase consists of isopropanol and acetonitrile in a 1:1 ratio.
Chromatographic gradient is outlined in figure S-3 Sarafian et al. A standard mix of 58 bile
acids was kindly provided by Dr Alexandros Pechlivanis and used to make spiked quality
control samples for identification purpose. The same bile acids are listed in the supplementary

figure of Sarafian et al."*°
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2.1.10 LC-MS bile acid data processing

Data acquired from the LC-MS experiment was imported into MassLynx (Waters Ltd.) and
processed using method files containing information on mass-to-charge ratio and retention
time of the bile acids listed in Table 2.1. Manual inspection on each processed sample file
was carried out to ensure bile acid peaks have been correctly integrated. The extracted peak

integral was then normalized to the total ion current (TIC) of each sample.

Bile acid m/z Retention time (minutes)
Cholic acid 407.29 8.80

Chenodeoxycholic acid 391.29 10.46

Deoxycholic acid 391.29 10.57

Lithocholic acid 375.29 10.92

Ursodeoxycholic acid 391.29 8.60

Glycocholic acid 464.32 5.98
Glycochenodeoxycholic acid 448.32 7.85

Taurocholic acid 514.30 5.45
Taurochenodeoxycholic acid 498.31 7.40

Table 2.1. Mass to charge ratio (m/z) and retention time for bile acids identified in the LC-
MS profiling experiment.

2.1.11 Gas chromatography-triple quadrupole mass spectrometry for SCFA analysis

Gas chromatography-mass spectrometry is used for the separation and quantification of
volatile compounds such as SCFA."®"'32 GC-TQ is comprised of an oven containing the GC
column and a triple quadrupole (TQ) mass analyser. The same separation principle of LC
applies to the GC, but the molecules are eluded from the column by a carrier gas instead of
liquid solvent. A temperature programme is used to separate the molecules based on the
volatility. The more volatile the molecule the easier it is to enter gas phase and thus the quicker
it leaves the column. After exiting the column, molecules are ionized by electron impact (El)
ionization where electrons emitting from a high voltage filament bombard the molecule and
such impact knocks off an electron from the molecule thus it now carries a positive charge.
Inside the triple quad system, Q1 and Q3 are supplied with a direct current and a radio
frequency and the collision cell Q2 is controlled by radio frequency only. SCFA are quantified
using multiple reaction monitoring where precursor ions are selected in Q1 and a collision
energy is applied to fragment the precursor ion in Q2 and finally in Q3 a targeted product ion

is selected. Since ten SCFA were analysed, there were ten unique pairs of precursor and
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product ions. Only ions of the same m/z are detected by the electron multiplier at any one time

therefore increases the selectivity of the compound.
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Figure 2.4 Overview of a GC-TQ system.

2.1.12 GC-MS SCFA quantification experiment

The experimental procedures were adopted from an in-house method (not yet published) and
a previously published protocol by Garcia-Villalba et al.'® Sigmoid colon biopsies were stored
at -80 °C until analysed. Biopsies were weighed and then transferred to a screw-cap tube
followed by the addition of 5 x 1.0mm Zirconia beads and 100 uL of LC-MS grade water. The
samples were homogenized using a Biospec bead-beater for two cycles at 30 seconds per
cycle. SCFA in the homogenized tissue were then extracted using methyl tert-butyl ether
(MTBE) (Sigma) and derivatized with N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with
1 % tert-butyldimethylchloro-silane (MTBSTF + 1% TBDMSCI). An eleven-point calibration
curve was prepared with SCFA standards and a pooled biopsy QC sample was prepared in
the same manner. The derivatized samples, calibration curve and QC were analysed on a
7890B GC coupled to a 7000D Triple-Quadrupole mass spectrometer (Agilent Technologies,
Palo Alto, CA, USA), using Chemstation software (Hewlett—Packard, Palo Alto, CA, USA). The
GC was equipped with an automatic liquid sampler (MPS2) (Gerstel, Milheim, Germany) fitted
with a high polarity, polyethylene glycol (PEG), fused silica capillary column DB-WAXetr (30
m, 0.25 mm id, 0.25 um film thickness) was used for chromatographic separation. Helium was
used as the carrier gas at 1 ml/min and injection was made in splitless mode with an injection
volume of 1 gL and an injector temperature of 250 °C. A glass liner with a glass wool plug at
the lower end of the liner was used to avoid the contamination of the GC column with non-

volatile fecal material. For every ten faecal samples injected, a solvent wash of MTBE was
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injected to check for carry-over. The column temperature gradient was as follows; start temp
90 °C, increasing to 150 °C at 15 °C/min, 170°C at 5 °C/min, 250 °C at 20 °C/min, finishing at
250 °C for 2 min (total time 14 min). Solvent delay was 3.5 min. The MS detector was operated
in electron impact ionization mode (electron energy 70 eV), scanning the 30-250 m/z range.
The temperature settings were ion source 230 °C, quadrupole 150 °C, and interface 280 °C.
The SCFA quantified were acetic acid, butyric acid, propionic acid, isobutyric acids, caproic
acid, lactic acid, isovaleric acid, 2-methylbutyric acid, valeric acid and 2-hydroxybutyric acid.

All standards were purchased from Sigma-Aldrich, UK.

2.1.13 GC-MS SCFA quantification data processing

Data files were imported into MassHunter Workstation Software Quantitation Analysis for
QQQ version B.07.01 (Agilent Technologies Ltd.). A data processing method consists of MRM,
retention times and standard curve concentrations was constructed to allows the software to

automatically calculate the concentration (uM) for individual SCFA in each sample.

2.2 Microbiome

2.2.1 16S sequencing

16S rRNA gene sequencing is a type of targeted amplicon analysis where a marker gene in
this case 16S ribosomal RNA gene is selected for amplification using primary chain reaction
(PCR) technologies. 16S ribosomal RNA gene encodes the component of the small 30S
ribosomal subunit found in all prokaryotes. Within 16S gene there are highly conserved
regions which are the same across all bacteria, therefore ideal for designing primers that target
a wide range of bacterial groups. While the hyper variable regions in 16S that have changed
with evolution can be to distinguish between bacteria from different taxonomy groups. Bacteria
groups that showed more than 97% similarities in their 16S gene sequence variants are cluster
together and the number of sequence reads in a cluster is measured which is recorded as

Operational Taxonomical Units (OTU).*

2.2.2 Shotgun metagenomics sequencing

In large scale microbiome studies, other than community composition, researchers are also
interested in the functional capacity of these microbial communities which can be achieved

by shotgun metagenomics sequencing. Instead of targeting a specific gene like in 16S rRNA
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gene sequencing, in metagenomics all DNA in a given sample is independently sequenced.
The resulting sequences are then mapped to genomic loci which include regions that give
taxonomical information such as the 16S gene and also regions that encode a particular
biological function. While the in-depth information provided by shotgun metagenomics is
useful for identifying novel microbial species and gain insights into gene function, it can be

expensive to perform for a large-scale study.’*

2.2.3 Microbiome sequencing and alignment

DNA extraction and sequencing were performed at the University of Minnesota Genomics
Center (UMGC). DNA was extracted from stool and biopsy sections using the QIAGEN
PowerSoil kit (QIAGEN, Germantown, MD, USA) and was quantified using a NanoDrop-
8000 UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and PicoGreen
assays. Shotgun metagenomic sequencing library preparation for stool samples was
completed using a modified NexteraXT protocol followed by sequencing on a HiSeq 2500
(Rapid Mode) with 100 bp single-end reads (1x100) or on a NextSeq with 150 bp single-end
reads (1x150). To minimize sequencing batch effects samples from the three cohorts were
assigned randomly to two sequencing runs. Shotgun reads were trimmed to a maximum of
100 bp prior to alignment. Shotgun sequences were aligned to the RefSeq representative
prokaryotic genome collection (release 86) at 97% identity with BURST using default
settings.?*® The generated alignment table was filtered by dropping samples with low depth
(< 10,000 reads per sample). Functional profiling of the shotgun sequencing data was
completed using the KEGG Orthology group annotations for RefSeq-derived genes from
direct alignment. KEGG Orthology profiles were also predicted from reference genomes and
the predicted profiles were augmented to improve the estimates of low-abundance genes
using SHOGUN (https://github.com/knights-lab/SHOGUN).

Biopsy samples were sequenced via amplification of the V4 region of the 16S ribosomal
RNA gene,?* followed by paired-end 2x250 bp sequencing on an lllumina MiSeq. Adapters
were trimmed and low-quality reads (< 25 Q-score) were dropped using Shi7 (Al-Ghalith et
al., 2018). Amplicon reads were stitched also using Shi7.?*° Amplicon sequences were
aligned to the 16S rRNA genes from the same bacterial genomes in the shotgun sequencing

approach using BURST,**® with the same setting as above.
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2.2.4 Microbiome data analysis

Data analysis were carried out in R version 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria). OTU abundance was normalised using Total Sum Scaling (TSS) where
abundance data for each species was converted into a value between zero and one to reflect
their proportion in a sample. Species which were present in less than 10% of the total samples
and with a relative abundance of less than 0.00005 (0.005%) were removed by using the
taxa.filter function in the metamicrobiomeR (version 1.1) package.”® The dedicated
microbiome analysis package phyloseq (version 1.32.0) was used for alpha-diversity
calculation and for collapsing OTU table to different phylogenic levels.”™® The vegan package

(version 2.5-6)""

was used to calculate beta-diversity. A list of significantly different OTUs
between cohorts with FDR correction (g < 0.05) between cohorts was calculated using the
simper_pretty. R and R_krusk.R scripts developed by Andrew J. Steinberger
(https://doi.org/10.5281/zenodo.1458243)."%® simper_pretty.R is an upgraded version of the
SIMPER function in phyloseq which identifies all OTUs that are most variable in all pairwise
comparison groups at once. The R_krusk.R script takes the output file of simper_pretty.R and

performs the non-parametric Kruskal-Wallis rank-sum test on each OTU in the output file.

Microbiome alpha-diversity was measured by Shannon evenness index and Chao1 richness
score.”*1%0 Sample A has more species varieties, so it has a higher Chao1 score. Sample B

has a higher Shannon score because the species abundance is more evenly distributed.

Sample A Sample B

Figure 2.5 Comparing alpha-diversity between two samples. Sample A is represented by a
richer community whereas sample B has a more balanced community.
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Bray-Curtis dissimilarity was developed by J.Roger Bray and John T. Curtis in 1957."" It
measures the differences in community abundance between different sites. The dissimilarity
matrix was presented in a 2-dimenstional space using Non-metric Multidimensional Scaling
(NMDS). NMDS ranks objects based on their distance from each other so it mitigates the

problem associated with using absolute abundance such as sensitivity to normalization.

2.3 Multi-omics integration

Metabolomics data were correlated with the microbiome data using the corr.test function in
the psych (version 2.0.7) package in R version 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria). Spearman correlation was used. For each correlation, correlation coefficient
(r) and FDR corrected P value corrected were calculated. Outputs of the correlation analysis

were visualised using Cytoscape 3.8.0."%
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Chapter 3

Western diet and the small intestinal microbiota

3.1 Introduction

The rapid industrialization of the Western world has had a profound impact on the dietary
habits of its population. Human societies in these industrialised parts of the world are
increasingly consuming foods that have been ultra-processed to enhance their flavour and
texture which are high in simple sugar, fats and low in fibre. These foods are the main
constituents of a Western diet (WD).#>'*" These diets have been implicated as one of the
leading causes of obesity, type 2 diabetes and even cancer are the biggest public health
issues faced by the Western world.®*'*" Microbial dysbiosis induced by Western diet can have
serious implication on host health as discussed in Chapter 1.%'®" While much of our
understanding of WD-induced effects on the human gut microbiome came from studying stool
samples, not much is known about the effect on the small intestinal (SI) microbiome and their
metabolic activities. The S| harbours a distinct microbial community that is highly adapted to
metabolise carbohydrates; therefore, they may play an important role in modulating nutrient
availability and absorption in the SI. A study by Angelaskis et al. found the duodenal microbiota
of obese individuals exhibit alterations in fatty acid and sucrose breakdown pathways.™ A
recent study comparing rats fed with standard diet and high fat/high sugar diets found that Sl
microbiome community composition varied more than the fecal microbiome where the Sl phyla

Bacterioides and Allobaculum were negatively correlated with weight gain.'2

Plant cell walls consist mainly of fibres that are not well absorbed thus they flow down to the
colon to be broken down by the fibre fermenting gut bacteria. However, modern food
processes such as milling wheat grains into flour and extracting starch from seed crops
destroy the plant cell wall and rendering all nutrients acellular.”™® When foods made with these
ingredients are ingested, nutrients that used to be contained within the plant cell walls are now
becoming available in the Sl which can drive the growth of potentially pathogenic
bacteria.'®®'*" Furthermore, research have shown that there is a limit to how much sugar can
be absorbed in the human S| meaning that more can be used by the gut bacteria driving the
expansion in growth.’® One study in mice receiving WD observed a bloom of bacteria in the
distal colon capable of metabolising simple sugars that had not been seen in this region

previously.™® Given that diet can aggravate the symptoms of functional Gl disorders typically
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seen in SIBO patients this further highlights the importance of understanding the interaction

between diet and the Sl microbiome.'®°

3.2 Aims and Objectives

Studies investigate the impact of WD on the SI microbiome have mostly been done on animal

models and data from human intervention are lacking.

This chapter aims to characterise the microbial and metabolic alterations induced by Western
diet in both the human small and large intestine as well as its impact on the systemic host
metabolic system. The comparison between the S| and the colonic microbiome and
metabolome offered a compartmental view of host-microbial interactions in the gut.

Associations between metabolic variations and Gl symptoms were also performed.

3.3 Methods

This was a pilot prospective single-centre dietary intervention study in healthy volunteers
consuming a high-fibre baseline diet. The study was approved by the Mayo Clinic Institutional
Review Board and was registered with clinicaltrials.gov under NCT03266536. The Mayo
clinical team was responsible for recruiting the participants, conducting clinical assessments
and collecting dietary information from them. 16S rRNA gene sequencing and the associated
data processing were performed by researchers at the University of Minnesota. In addition,
pre and post-intervention samples were tested for small intestinal bacterial overgrowth (SIBO)
at the Mayo Clinic laboratory. SIBO is diagnosed based on the presence of 21x10° bacteria

[colony-forming units (cfu)] per ml of duodenum aspirates.'°

3.3.1 Participant recruitment

All subjects were asked to record their typical diet for the past 1-3 months by completing a
food-frequency questionnaire (FFQ)."®" Healthy adults above 18 years of age consuming a
typical baseline diet that consists of: fibre intake = 11 g/1000 calories/day; < 10% daily calories
from added sugar; =5 servings of fruits and vegetables/day; and <13% daily calories from
saturated fat based on FFQ were recruited. However, participants were excluded if they had
any of the following: a known diagnosis of inflammatory bowel disease, microscopic colitis,
celiac disease or other inflammatory conditions, presence of abdominal symptoms based on
baseline questionnaire, oral antibiotic or probiotic use within the past 4 weeks, pregnancy or
plans to become pregnant within the study time frame, or any other disease(s), condition(s),

or habit(s) that would interfere with completion of study.
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3.3.2 Sample and clinical data collection

At the pre and post-intervention visit, participants underwent esophagogastroduodenoscopy
(EGD) with conscious sedation. Participants were in a fasting state for at least 8 hours prior
to the procedure. Duodenal aspirates were obtained via a standard suction catheter passed
through the suction port with minimal inflation in the stomach; an aliquot was submitted to a
clinical laboratory for testing for small intestinal bacterial overgrowth (SIBO) and the remaining
sample was stored for microbiome and metabolomics analysis at —80 °C. At both visits,
participants completed a symptom and demographic questionnaire and provided a stool and
a urine sample. A plasma sample was also taken. The following symptoms were assessed
using questionnaires: stool frequency, straining, incomplete evacuation, hard/lumpy stools,
abdominal pain associated with bowel movements, diarrhoea/loose-watery stools, bloating,
nausea/vomiting, heartburn, fatigue, and appetite. Answers were recorded in a binary (yes/no)

fashion.

3.3.3 Seven-day Western diet intervention

All participants consumed a seven-day standardized diet with typical United States
macronutrient calorie distribution: 50% from carbohydrates, 35% from fats, and 15% from
protein. The diet was low in fibre (< 10 g/1000 calories/day) and high in simple sugar (=50%
of daily carbohydrates). Dietary instructions and food choices were discussed at the pre-
intervention visit by a licensed dietician. A summary of the dietary consumption presented as
grams per nutrient group (protein, fat, carbohydrates, fibre and sugar) and total calories was
calculated by the dietitian based on participants’ pre-intervention FFQ and their food choices

from the seven-day WD.
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3.4 Results

3.4.1 All participants developed symptoms during the Western diet intervention.

The study recruited 16 participants in total of which 7 were male and 9 were female. Their

average age was 28 years-old (+/- 5.4 standard deviation (sd)) with an average BMI of 24.7

(+/- 4.7 sd). All participants developed at least one Gl symptoms during the WD intervention

where fatigues, feeling of hunger and bloating were among the most common symptoms as

shown in Table 3.1.

Symptoms Pre-intervention Post-intervention
Yes No Yes No

Duodenum aspirates SIBO 8 (50%) 8 (50%) 6 (37.5%) 10 (62.5%)
positive
<2 bowel movements/week 0 16 (100%) 4 (25%) 12 (75%)
Strain/incomplete bowel 0 16 (100%) 8 (50%) 8 (50%)
evacuation >25%
Lumpy stool >25% 0 16 (100%) 7 (43.75%) 9 (56.25%)
Abdominal pain/discomfort 0 16 (100%) 4 (25%) 12 (75%)
relieved by defecation
<3 bowel movements/week 0 16 (100%) 0 16 (100%)
Loose stool 0 16 (100%) 1(6.25%) 15 (93.75%)
Bloating 1(6.25%) 15 (93.75%) 8 (50%) 8 (50%)
Postprandial upper abdominal 1 (6.25%) 15 (93.75%) 4 (25%) 12 (75%)
pain >1/meal
Postprandial abdominal bloating 1 (6.25%) 15 (93.75%) 7 (43.75%) 9 (56.25%)
Nausea/vomiting >1/meal 1(6.25%) 15 (93.75%) 1(6.25%) 15 (93.75%)
Heartburn >1/week 1(6.25%) 15 (93.75%) 2 (12.5%) 14 (87.5%)
Post-intervention 0 16 (100%) 9 (56.25%) 7 (43.75%)
fatigue/decreased energy
Post-intervention hunger 0 16 (100%) 9 (56.25%) 7 (43.75%)

Table 3.1 Summary of symptom questionnaires. Number and percentage of participants
who experienced symptoms pre and post-intervention.
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A break-down of the main dietary components and calories consumed on a daily basis before
and during the intervention is presented in Figure 3.1. Participants on the whole consumed

more protein, fat, carbohydrates during the trial and therefore contributed to an overall increase

in daily calories intakes.
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Figure 3.1 Comparing the daily consumption of the five major nutrient groups and daily
calories intake pre-intervention and during the western diet (WD) trial based on participant’s
FFQ. Each coloured line represents a single participant.
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3.4.2 No metabolic differences were detected in the duodenum aspirate sample
between high fibre and WD diet

'H NMR global metabolic profiles obtained for duodenal aspirates were compared using PCA.
As shown in Figure 3.2A, B, no clear group clustering can be seen for the two diet. Two
outliers were detected as they are outside the ellipse showing 95% confidence limit for
Hotelling’s T2 where T? is the distance from the centre of the plane to the projection of the
observation onto the plane. However, even after removing the outliers from the PCA model

(Figure 3.2B), there were still no clear group separation.
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Figure 3.2. Comparing metabolites in the duodenum aspirate of high fibre versus WD
diet. A) Cross-validated scores plot from the PCA model built using 600 MHz 'H NMR
spectral variables showing Hotelling T scores in the first and the second principal
component and 95% confidence ellipse. B) Same as A) but with the two high fibre diet outlier
samples removed.

3.4.3 Stool SCFA could discriminate between high fibre and WD diet

In contrast to the metabolic profiles in the duodenal aspirates, clearer group separation could
be seen in the PCA scores plot of stool metabolites where SCFA were observed to change
(Figure 3.3A-B). When peak integrals were extracted for paired-wise analysis, SCFA and
lysine were found to be significantly reduced in WD stool samples compared to pre-diet
samples. This result was not surprising as there was less fibre available for the bacteria in

the large intestines to ferment as part of the WD diet.
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Figure 3.3. Faecal short chain fatty acids and lysine are reduced following consumption
of the western diet. A) Cross-validated scores plot from the PCA model built using 600 MHz
'"H NMR spectral variables. B) PCA loading plot for PC1 showing metabolites that contribute
to separation in the scores plot. Positive peaks indicate metabolites positively correlated with
PC1 (higher in higher fibre samples) and the peaks are coloured by their PC1 loading. C)
Boxplots showing log10 relative abundance of metabolite peak integrals for acetate,
propionate, butyrate and lysine. (paired-Wilcoxon test, P value and FDR (Benjamini-Hochberg)
corrected P value displayed.)
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3.4.4 Distinct metabolic profiles in the duodenum and the colon

The duodenum lumen has a distinct metabolic profile to the colonic lumen, reflected by the

faecal samples, as shown in Figure 3.4. Here, sections of the NMR spectrum of QC samples

from duodenal aspirates and stool were compared. The duodenal lumen (blue spectrum) was

dominated by amino acids, including branched-chain amino acids (BCAA) and glucose

whereas the colonic lumen (red spectrum) was dominated by the presence of SCFA which

dwarfs the signals of amino acids and glucose. The stool metabolic profile reflects the higher

abundance of fibre fermenting bacteria inside the colonic lumen. Branched-chain fatty acids

(BCFA) such as 2-methylbutrate (2mb) can also be detected in the stool indicating the

presence of bacteria protein fermentation.
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Figure 3.4. '"H 600 MHz NMR spectrum of QC samples from duodenal aspirates (blue) and
stool (red) showing chemical shifts (5) regions between 0 and 4.
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3.4.5 No system wide metabolic differences between high fibre and WD diet

No diet-associated metabolic variation was seen in the plasma (Figure 3.5A) and urine profiles
(Figure 3.5B). This was indicated by the PCA scores plots shown in Figure 3.6A-B. Pairwise
OPLS-DA models comparing the urine (Q*Y =-0.26) and plasma (Q%Y = -0.92) profiles were

not significant further confirming a lack of biochemical alterations following the dietary switch.
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Figure 3.5 No system wide metabolic differences between high fibre and WD diet.
(A-B) Cross-validated scores plot from the PCA model built using 600 MHz "H NMR
spectral variables of (A) plasma samples and (B) urine samples.

3.4.6 Metabolites in the duodenum are associated with the development of

symptoms

For the diagnosis for SIBO, 8 out of 16 participants had a positive diagnosis pre-intervention
and 6 had a positive diagnosis post-intervention (Table 3.1). To understand the associations
between SIBO and metabolic in the duodenum and the faeces, the relative abundance of
metabolites identified in Figure 3.5 were compared in participants with SIBO+ and SIBO-
diagnosis using the Wilcoxon Ranks Sum Tests. SIBO+ participants had higher amounts of
choline in their duodenum compared to those with a negative SIBO diagnosis (Figure 3.6A).
Since nutrient absorption takes places in the Sl, higher duodenal choline content may reflect
a reduction in absorption and a subsequent reduction in choline entering the host metabolic
system. To investigate this, the peak integral for choline was extracted from the plasma NMR
spectra. It was found that even though no significance was reached, on average participants

with a positive SIBO diagnosis did have a trend for lower choline in their plasma samples, as
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shown in Figure 3.6B. Choline was also lower in participants that reported feeling fatigue post-
intervention (Figure 3.6C) although no difference found for plasma choline (Figure 3.6D).
Since choline is found in dairy and protein-rich foods, protein consumption associated with

these two symptoms was also analysed and no significance shown. (Figure 3.6E).
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Figure 3.6 Duodenum aspirate metabolites are associated with SIBO diagnosis and
post-interventional symptom development.
(A-B) Boxplots showing log10 relative abundance of choline in (A) duodenum aspirates
and (B) plasma comparing between participants with a positive and a negative SIBO
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diagnosis. Both pre and post intervention samples were included. (Wilcoxon Rank
Sum test, P value and fdr displayed.)

(C-D) Boxplots showing log10 relative abundance of choline in (A) duodenum aspirates
and (B) plasma comparing between participants with either a Yes or a No answer
to a question on fatigue. Both pre and post intervention samples were included.
(Wilcoxon Rank Sum test, fdr displayed.)

(E) Boxplots showing grams of daily protein consumption between participants with
either a Yes or a No answer to a question on fatigue. Both pre and post intervention
samples were included. (Wilcoxon Rank Sum test, fdr displayed.)

Boxplots shows the median and the interquartile range (IQR) of the dataset. The

whiskers are drawn between 5 to 95 percentiles of the dataset.

3.4.7 Microbiome showed no variation between high fibre and WD diet

Neither the duodenal aspirate microbiota (Figure 3.7A) nor the stool microbiota (Figure 3.7B)
showed any dissimilarities before and after the WD intervention as shown in the Bray-Curtis
B-diversity ordination plot which is a measure of between sample variation. However,
considerable between-subject microbiome variation in the duodenum and the colon was

observed, which was greater than the variation induced by the diet.
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Figure 3.7. No difference in microbiome composition between high fibre and Western
diet.

(A) Bray-Curtis p-diversity ordination plot of duodenum aspirates 16S sequencing data
comparing between pre-intervention samples (black polygon and circles) and post-
intervention samples (red polygon and circles).

(B) Same as (A) but for stool samples.
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3.4.8 Distinct microbial communities in the duodenum and the colon

Microbial community composition differs between the duodenum and the colon. First,
microbial diversity measured by the Shannon evenness index was significantly higher in the
colon than the duodenum (Figure 3.8) which indicates that microbial diversity in the

duodenum was not as evenly distributed as the colon.
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Figure 3.8 Alpha-diversity measured by the Shannon metric was significantly higher in the
stool samples than the duodenum aspirates. All pre and post-intervention samples were
included. (Wilcoxon Rank Sum test, fdr displayed.)

Next, microbial phylotype in duodenum aspirates and stool was analysed in more detail. At
the phylum level (Figure 3.9A-B), Firmicutes was the most dominant phylum in both samples
with a relative abundance over taking the other four top phyla combined. Bacteroides was the
second most abundant phylum in the stool samples whereas both Bacteroides and
Proteobacteria were equally abundant in the duodenum aspirates. The divergence at genus
level was more apparent between the two locations (Figure 3.9C-D). The duodenum lumen
was dominated by Streptococcus whereas the proportion of the top four genera were more
evenly distributed in the stool. At the species level, it was not surprising to find the top three
species in the duodenum all belonged to Streptococcus spp (Figure 3.9E). In the stool
samples, difference in species abundance between pre and post interventions started to
emerge where there was higher abundance of Ruminococcus bromii (R.bromii) and Prevotella
copri (P. copri) in the pre-intervention samples (Figure 3.9F). Both species are key degrader
of resistance starch in the human colon.'® However, there were no statistically significant
differences in alpha-diversity between pre and post-intervention samples nor were there

differences in phylogenetic abundances in either sample types.
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Figure 3.9. Longitudinal gut compartments harbour different microbial communities.

(A-B) Stacked bar charts displaying the relative abundance of the top five most
abundant phyla in (A) duodenum aspirates and (B) stool samples comparing
between post (WD) and pre intervention (high fibre).

(C-D) Same as (A — B) but showing the top five most abundant genera.

(E-F) Same as (A — B) but showing the top five most abundant species.
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3.4.9 Metabolites are associated with the microbiome in their respective

compartments

Correlation analyses were performed to identify statistical associations between microbial
species abundance and metabolites in the duodenum and the colon. In the duodenum, out of
the top five most abundant species, S. parasanguinis was the only Streptococcus spp. to
positively associated with lactate, aspartate, glucose and choline (Figure 3.10A). S.
parasanguinis may be the species driving the metabolism of these nutrients in the duodenum,
particularly choline, as it was elevated in the duodenum of SIBO+ patients (section 3.4.6).
Interestingly, choline-binding-proteins (CBP) are commonly found in the cell wall of a number
of Streptococcus spp and they are involved in the interaction with host cells.'®® CBP are also
responsible for mediating virulent activities of S. pneumoniae although the same mechanism
has yet to be found in other Streptococcus spp.'®* The metagenomics study by Van denbogert
et al. identified gene regions in S. parasanguinis predicted to encode ATP-Binding cassette
(ABC) transporters for multiple sugars which may explain its strong association with glucose.?
The negative association between S. parasanguinis and S. oralis was also interesting, as it
seems to suggest that there was potential competition for survival between these two species.
In the colon, Blautia luti was positively associated with a number of amino acids and BCAA. P.
copri was positively associated with lysine and R. bromii was negatively associated with

succinate (Figure 3.10B).
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Figure 3.10. Associations between microbial species and metabolites in the duodenum
and the colon. Heatmap showing the statistical associations between the stool and duodenal
metabolites and microbial species abundance in the (A) duodenal and the (B) colon. Colour
intensity is proportional to the correlation coefficients (Spearman correlation). *Significant
correlations (fdr < 0.05).

3.5 Discussion

This chapter was set out to explore the effect of Western diet on the metabolome and the
microbiome of the small and the large intestines in human. All participants who were
consuming a high fibre baseline diet developed one or more Gl symptoms during the seven-
day Western diet trial. No metabolic alterations were noted in the duodenum following
consumption of the WD, but significant reductions were seen in the faecal SCFA. Given that
these bacteria metabolites arise from the breakdown of fibre, this observation was expected
transitioning from a high-fibre diet to one lacking these components. However, no change was
observed in the microbial composition of the faeces including no changes in SCFA-producing
species. This finding was in agreement with a previous short-term dietary intervention study
in human where no difference in alpha-diversity was observed between low fibre and high
fibre diets even though SCFA production was increased.®? In the same study, investigators

found that participants who were consuming an animal-based diet with twice the amount of
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protein and fat than the WD study and a lack of fibre, did cause alterations in the community
structures of the microbiota. Although after 3 days on the baseline diet, the participant’s
microbiomes did return to pre-intervention levels®. Collectively, these results suggest that the
commensal microbiota is both resilient and adaptable to short term changes in fibre and
carbohydrate intakes. Discrepancies between human and mouse studies also warrant
attention. A study by Turnbaugh et al. observed an immediate shift in microbiome structure
when humanized mice, i.e. germ-free mice transplanted with human faecal microbiota were
fed a WD diet after having consumed a low-fat, fibre-rich diet for one month."® This apparent
disconnect highlights the challenges in translating results from animal studies to infer human
physiology. One of the limitations commonly associated with humanized mouse model is the
use of a single faecal donor which fails to account for the inter-individual variations in microbial

composition, thus potentially leads to biased results.'®’

It is unclear whether the development of SIBO is associated with WD as SIBO+ve participants
were identified at both pre and post-intervention. Interestingly, choline in the duodenum was
elevated in participants diagnosed with SIBO irrespective of diet. It is possible that increased
choline in the gut could fuel the abnormal growth of anaerobic bacteria in the duodenum and
affect its availability in the plasma. Consistently, a mouse study by Romano et al. showed that
mice colonised with choline-consuming microbes had a reduction of choline in their
circulation.®® Choline is an important nutrient in the human body required for the synthesis of
the neurotransmitter, acetylcholine and the membrane components, phosphatidylcholine, and
therefore is essential for maintaining brain function and cellular structure. Verifying the
presence of choline-consuming species in SIBO patients should be explored further.'®
Participants who reported feeling fatigue during the WD trial also had decreased levels of
choline in their duodenum. Surprisingly, increased simple sugar intakes did not result in an
increase of glucose in either the duodenum or the plasma post-intervention. This points to a

possible usage by Streptococcus.spp since it is highly adapted at metabolising sugars.

3.6 Study limitation and future work

In this study, baseline food intakes were estimated from patient reported questionnaires (FFQ)
and then summarised into the main nutrient groups, carbohydrates, proteins, fat and sugar.
However, research have shown that microbiome exhibit high variability associated with food
choices but not with conventional nutrients."? Adding to this complication, it was also
observed that similar foods produced different effects on different people’s microbiome. This
personalised response to foods can affect the interpretation of a dietary intervention study.

Recently, a new tool of accessing individuals’ dietary response based on their metabotype
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(metabolic phenotype) was developed.'”® Such tool in combination with the microbiome profile
could provide more accurate assessment of the metabolic activities of individual’s microbiome

in response to food.

3.7 Conclusion

A key finding from this pilot study was that metabolic output rather than community
composition of the microbiota was influenced by short-term dietary change. A longer study
lasting one month in a larger cohort may be required to establish the long-term effect of WD
on the Sl microbiome. It would also be interesting to investigate whether switching from a
baseline WD to a week of high fibre diet also cause a change limited to the functional capacity
of the microbiome. Results from this study could provide basis for a longer dietary intervention
to attempt at restoring healthy fibre-degrading species back into the gut of long term WD-

consuming participants.
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Chapter 4

Irritable bowel syndrome and the colonic microbiota

4.1 Introduction

This chapter details the work of a longitudinal multi-omics study to identify microbial mediators
that drive subtype-specific phenotypes in IBS. Specifically, results focus on the metabolic
disturbances in the gut lumen and the mucosa and their associations with the microbiome,

host transcriptomes and patient’s symptom severity.

IBS is a globally prevalent functional Gl disorder.'” In the UK, IBS accounts for 40%-60% of
referrals in the Gl clinic.'”® Patients with IBS typically suffer from recurrent abdominal pain and
discomfort and are characterised by the frequencies of their bowel movements to either
constipation dominant (IBS-C), diarrhoea dominant (IBS-D) or mixed (IBS-M)."" In addition to
altered bowel motility, IBS pathogenesis also includes visceral hypersensitivity, changes in
intestinal secretion and permeability."® The origin of IBS disease manifestation is
multifactorial where diet, infection and psychological factors all contribute to triggering IBS
symptoms.'® In recent years, the microbiome has emerged as an important player in the
pathogenesis of IBS, where transit time changes associated with IBS-C and IBS-D were
replicated in gnotobiotic mice following transplantation of faecal microbiota from patients.'®
More recently, mice humanized with microbiota from IBS patients with increased permeability

also demonstrated increased in vivo permeability.'”’

While rodent studies have been instrumental in establishing mechanistic links between IBS
pathogenesis and the microbiome, they do not fully recapitulate the human physiology.'®°
There is also a lack of stratification of IBS subtypes since transit time is a well-known factor
for microbiome variability in the gut which is the main reason for the discrepancies seen in a
large number of microbiome studies.'”®'"® In addition, IBS symptom severity varies between
individuals and fluctuates over time thus longitudinal sampling would enables the
establishment of a temporal profile of patient’s clinical and molecular characteristics. The
heterogenous nature of IBS requires deep molecular phenotyping studies to identify perturbed
disease pathways and capture system level interactions between the microbiome and the host.

Furthermore, studies comparing the microbiome communities in the mucosa and the lumen
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of IBS patients are limited to taxonomy profiling with a lack of understanding of the metabolic

alterations within these two unique compartments.

4.2 Aims and Objectives

This longitudinal multi-omics study in human was led by the Mayo Clinic to elucidate microbial-
mediated mechanism in IBS. The study collected extensive metadata as well as longitudinal
host and microbial samples from defined subsets of IBS patients. Figure 4.1 provides an
overview of the metabolomics experiments performed for this study which aimed to explore
the metabolome in the transverse compartments of the gut and in the systemic circulation.
Therefore, results in this chapter are presented in a compartmental-specific manner focusing
on the lumen and the mucosa metabolome and their associations with the microbiome and
transcriptome in the context of IBS physiology. Insights generated from this multi-omics study
is a joint effort with other institutions with an overall goal aimed at generating a wealth of
hypotheses to guide future IBS research. Given the nature of this collaborative project some
of the analysis in this chapter were performed by collaborators where they are appropriately

acknowledged in the relevant sections.
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Figure 4.1. Overview of metabolomics analytical strategy.
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4.3 Methods

4.3.1 Participant recruitment and exclusion criteria

This study was approved by the Mayo Clinic Institutional Review Board and was registered
with clinicaltrials.gov under NCT02249169. Mayo Clinic (Rochester, USA) recruited
participants for the trial. Healthy subjects and IBS-C and IBS-D patients between 18-65 years
old who responded to an advert for recruitment were invited to undergo screening to assess
eligibility. Participants were given the option of undergoing two flexible sigmoidoscopies. All
IBS-C and IBS-D subjects fulfilled the Rome Il criteria. Recruitment of healthy subjects was
matched with IBS subjects for age, sex and BMI. Volunteers with prior history of abdominal
surgeries (except appendectomy and cholecystectomy), diagnosis of inflammatory bowel
disease, microscopic colitis, celiac disease, or other inflammatory conditions, antibiotic use
within the past 4 weeks, bleeding risk or taking medication that increases bleeding risk (only
for those who chose to undergo the flexible sigmoidoscopies), bowel prep for colonoscopy in
the past week, pregnancy, plan to become pregnant during study, being a vulnerable adult,
and age below 18 or over 65 were excluded. In addition, people were excluded with other
diseases, conditions, or habits that would interfere with study completion, increased risks with
flexible sigmoidoscopies (if chosen), or that in judgment of the investigator would potentially

interfere with compliance to study or adversely affect outcomes.

4.3.2 Clinical metadata

Participants underwent a medical examination to measure their height, weight and BMI and
their medical history was taken by the study physician during their first visit. They were also
given training by a dietitian on how to fill out the Food Frequency Questionnaires (FFQ) and
the 24-hour dietary recall questionnaire. Additional questionnaires at the first visit were Rome
Il criteria for IBS diagnosis, IBS symptom severity (also completed monthly for IBS
participants), microbiome health, bowel disease questionnaire (BDQ-6), Hospital Anxiety and
Depression, IBS Quality of Life, and a seven-day Bowel Diary (also completed monthly for all

participants).

4.3.3 Sample collection

Baseline stool samples were acquired via home collection kits at the earliest convenience after
the initial visit and then monthly for six months. Sample tubes were returned on frozen gel
packs overnight via courier service or dropped off at the clinical core facility of Mayo Clinic

Centre for Cell Signalling where samples were stored at -80°C. Serum samples were collected
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at the initial visit only and stored at -80C upon further processing. Biopsies were obtained
through flexible sigmoidoscopy from the sigmoid colon 20-30 cm from the anal verge
essentially as described previously. Up to two tap water enemas were given to cleanse colon
for each procedure. All endoscopic procedures were performed by a single endoscopist and
up to twelve colonic biopsies were collected using a large-capacity (2.8 mm) biopsy forceps
without pin. Depending on downstream processing the biopsies were placed in RNAlater
stabilisation solution (Life Technologies), directly frozen in liquid nitrogen, or placed in glucose
Krebs solution on ice (composition in mM: 11.5 D-glucose, 120.3 NaCl, 15.5 NaHCO3, 5.9 KCl,
1.2 NaH2PO4, 2.5 CaCl2.2H20, and 1.2 MgCI2; pH 7.3— and immediately transported to the

laboratory for analysis.

4.4 Results

4.4.1 Overview of study sample collection and subject demographics

A total of 75 participants provided stool samples for at least one time point, and 42 participants
agreed to undergo flexible sigmoidoscopy to have their biopsy taken and 29 of them allowed
the physician to obtain a second biopsy at the second visit. Study subjects provided 24-hr
dietary recall and symptom severity at each visit. A total of 12 subjects provided the additional
stool sample at the time of flare (6 each for IBS-C and IBS-D) which was defined as a
substantial worsening of symptoms. Detailed information on number of samples collected at
each time point and the participants demographics are show in Table 4.1.

A

Study Timeline (month)
Sample type / 0 1 2 3 4 5 6 Flare
clinical data
Biopsy 42 29
Serum 78
B
IBS-C
Mean age (+/- sd) 41.6 (+/- 13.6)
Mean BMI (+/- sd) 27.7 (+/- 8.2)
Female (n) 21
Male (n) 1




Table 4.1. Sample collection and cohort description. A) Number of samples collected at
each time point. B) Study subject demographics.

4.4.2 Dietary intake was not significantly different between cohorts

Since diet is a major determining factor for microbial composition and metabolic output in the
gut, dietary intakes between cohorts were compared. Data on the specific food groups from
the FFQ such as fibre, protein, carbohydrates and fat were compared using Kruskal-Wallis
test. No significant difference was found between cohorts therefore diet should not be a

confounding factor for subsequent metabolomics and microbiome analyses.
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Figure 4.2. FFQ recorded dietary intake for protein, carbohydrate, fat and fibre were
compared. (Kruskal-Wallis test, p value displayed.)

4.4.3 Luminal metabolites differ between IBS subtypes and healthy controls

Global metabolic profiling of stool samples and serum samples was performed using 600 MHz
'H NMR spectroscopy. Initial inspection of the stool profiles measured by NMR using principle
components analysis (PCA) is shown in Figure 4.3A. No clustering or separation could be
seen between the study groups, although a few of the IBS-C samples were observed to have
a different profile to the other IBS-C samples. Additional analyses were performed measuring
bile acids (BA) in the stool samples using liquid chromatography-quadrupole-time-of-flight
mass spectrometry. Similarly, the PCA scores plot on this data (Figure 4.3B) showed no
clustering of sample cohorts, but a number of IBS-D samples fell outside the main IBS-D

cluster. Both methods were robust with minimum systematic variation as indicated by the small
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clustering of pooled quality control samples (QCs) taking a central position in relation to all

samples. No cohort clustering was detected in the serum samples (Appendix Figure 3).
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Figure 4.3. No distinct clusters shown between healthy controls (HC), IBS-C and IBS-
D based on unsupervised analysis of luminal (stool) metabolites.
(A) Principle component analysis (PCA) of 30611 spectral variables obtained from the
600 MHz H' NMR experiment showing no distinct clusters between healthy control
(H), IBS-C (C) and IBS-D (D) as well as pooled quality control (QC) samples.
(B) Same as (A) but showing PCA was built with the signal intensities of 12
identifiable bile acids (BA) obtained from the untargeted LC-QToF BA profiling
experiment. No distinct clusters between H, C, D and QC.

Further analysis of the NMR data on the faeces using MCCV-OPLS-DA analysis identified
several metabolic features (q < 0.05) discriminating between IBS-C patients and healthy
controls (HC) as shown in Figure 4.4A-B. Faecal short chain fatty acids (SCFA) namely
acetate, butyrate and propionate were significantly lower in IBS-C patients compared to
healthy controls. A number of amino acids (AA) were also identified to be reduced. In contrast,
no metabolic features were found to differ in the faecal metabolic profiles between IBS-D and
HC, as shown in Figure 4.4C. This finding confirms with that from a meta-analysis of SCFA
in IBS patients where faecal propionate and butyrate were significantly lower in IBS-C

patients®®®.

The OPLS models were assessed for their predictability (Q%Y) and how well they explain the
variation between cohorts (R?Y). The model that successfully identified discriminating
metabolites between HC and IBS-C had relatively high diagnostic values at R*Y=0.48 and
Q?Y=0.35 (Figure 4.4D) compared to the model for HC vs IBS-D (R?Y=0.18, Q?Y=0.098)
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(Figure 4.4E). A total of 10 cross-validation rounds and 25 bootstraps in each model was used
to calculate the mean prediction (Tpred) Of each sample. In Figure 4.4D, a negative (Tpred) OF
blue circle indicates the faecal metabolic profile of the sample resembles more IBS-C than HC.
A permutation test was also carried out to assess model robustness. Here, models were built
on wrongly assigned (randomly permuted) data and their predictive ability was compared to
the model generated from the correctly labelled data. This demonstrated that the predictive

ability of the ‘correct’ model was superior to that generated on ‘junk’ data (Figure 4.5F).
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Figure 4.4. MCCV-OPLS-DA model identified several luminal metabolite features
discriminating between IBS-C patients and healthy controls (HC)

(A-B)

(€)

(D-E)

(F)

An OPLS-DA model was constructed using 30611 spectra variables obtained from
the 600 MHz H' NMR experiment of stool samples showing chemical shifts region
(86) between (A) 0 and 3.8 ppm and (B) regions between 3.8 and 8.5 ppm. Top panel
display the averaged spectra whereas bottom panel shows the Manhattan plot of
all corresponding spectral variables. Blue-coloured variables passing the lower
dotted line shown in the Manhattan plot represent metabolite features that the model
identifies to have a significantly lower relative abundance in IBS-C compare to HC
(g < 0.05). Variables in red indicate higher relative abundance. (Number of samples
used were, HC=142, IBS-C=143.)

Same as (A) and (B) but showing comparison between HC and IBS-D for the entire
spectra region (0 to 8.5 ppm). No significant metabolite features were identified by
the model. (Number of samples used were, HC=142, IBS-C=180.)

Scores plot of the MCCV-OPLS-DA model showing mean prediction (Tpreq) Of €ach
sample (x-axis) with kernel density estimate (KDE) for (D) HC vs IBS-C and (E) HC
vs IBS-D. The KDE was obtained by calculating the mean and standard deviation
for each sample in the test set in MCCV which shows the spread of the prediction.
A blue circle or a negative (Tpreq) indicates the sample was more IBS-C like or IBS-
D like in the case of HC vs IBS-D. OPLS model characteristics were R%Y = 0.48,
Q%Y = 0.35 for HC vs IBS-C and R2Y = 0.18, Q2Y = 0.098 for HC vs IBS-D.

Plot of permutation test for the OPLS-DA model of HC vs IBS-C. It shows the
predicted R?Y (green dots) and QY (blue dots) scores of each sample (total 285)
after class labels were randomly permuted as having no correlation with the
predicted scores of a sample with a correct class label (dots on the far right of the
plot). 100 permutation tests resulted in a P value of 0.01.
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The physiological significance of lower SCFA in IBS-C patients was investigated in an Ussing
chamber experiment designed and executed by Dr Yogesh Bhattari and Dr Purna Kashyap
from the Mayo Clinic. This experiment was inspired by their previous work where they showed
SCFA can modulate the serotonergic secretory pathway in host Gl tissue.'® Results from the
Ussing chamber experiment showed the secretory response of colonic biopsies from IBS-C
patients to serotonin (5-hydroxytrptamine, 5-HT) was significantly lower than HC (Figure 4.5).
This suggests that impaired secretory response in IBS-C patients may be a consequence of

lower luminal SCFA concentration.

5-hydroxytryptamine
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60 7 *
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30 1
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Healthy IBS-C IBS-D

Figure 4.5. Biopsy secretory response to serotonin (5-hydroxytrptamine, 5-HT).
Maximum differences in short circuit current (ImaxAlsc) following application of increasing
concentrations of serotonin (5-HT) basolaterally in colonic biopsies from time point 1.
(ANOVA Tukey HSD, *p<0.05)

4.4.4 Lower stool SCFA in IBS-C is associated with the microbiome

The microbial profiles of the stool samples were acquired using metagenomics and 16S rRNA

gene sequencing performed by Dr Tonya Ward from the University of Minnesota.

The faecal microbial diversity of IBS-C patients was greater than that of HC, as indicated by
a higher Chao1 richness score and these species were more evenly distributed as indicated
by a higher Shannon diversity score (Figure 4.6A). IBS-D patients on the other hand have a
similar microbiome richness to HC but a lower Shannon diversity score suggesting that one
or more species dominated their stool microbiome pool. Between-sample differences were
compared in all three cohorts by calculating a Bray-Curtis dissimilarity (BCD)-based
irregularity (BCDI) score (performed by Dr Tonya Ward). As shown in Figure 4.6B, when
considering a sample to be irregular beyond the 90™ percentile of the HC distribution, more
IBS-C samples are irregular than IBS-D (31.7% for IBS-C, 14.1% for IBS-D, equality-of-
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proportions test p-value <0.001). Based on previous studies, it is believed that the longer

transit time, being a characteristic of IBS-C patients, promoted the growth of a more diverse

microbiome community’®'"®17° Furthermore, there is evidence supporting that distal colonic

transit is a determinant of SCFA concentration.'®?
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Figure 4.6. IBS-C microbiome is more distinct from HC.
(A) Box plots showing a-diversity metrics, Shannon diversity and Chao1 richness.

(Kruskal — Wallis test, *p<0.05, **p<0.005, FDR corrected)

(B) Bray-Curtis dissimilarity (BCD)-based irregularity (BCDI) showing distribution of the

three groups. (HC vs IBS-C p <0.011)
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Further interrogation of the microbiome data found phylogenetic level differences between HC
and IBS-subtypes (Table 4.2). More species were lower in IBS-C patients than in IBS-D
patients and the majority of them are prominent dietary fibre degraders in the gut. A powerful
machine learning method developed by Ms Sambhawa Priya from the University of Minnesota
identified significant associations between microbial species and metabolites. Special interest
was paid to the associations with SCFA since they were significantly reduced in IBS-C patients.
The top five most significant microbial associations with acetate, butyrate and propionate are
displayed in Table 4.3. Four of them came from butyrate suggesting that a reduction in
prominent butyrate producers in the colon such as R. intestinalis and R. faecis contributed to
the decrease in butyrate in the stool. Ruthenibacterium lactatiformans (R. lactatiformans) was
negatively associated with butyrate and acetate. The genus Ruthenibacterium was also found
to be significantly elevated in IBS-C patients. Interestingly, the genome of R. lactatiformans
encodes a repertoire of glycan-degrading enzymes which suggests a potential for R.
lactatiformans to degrade mucus.'® The loss of butyrate producers may be a consequence of
transit time as this further depletes carbohydrates in the colon which are the main source of
fuel for these saccharolytic commensals. However, it is worth noting that SCFA are readily
absorbed and metabolised by the epithelial cells therefore alterations in their absorptive
functionality and gut permeability cells can affect luminal SCFA concentration in addition to

lower abundance of butyrate-producing species.'’®'8?
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p__Euryarchaeota

f__Eggerthellaceae
f__Enterobacteriaceae
f__Methanobacteriaceae

f__Streptococcaceae

Cohort Phylum Family Genus Species
Higher in IBS-C s__[Ruminococcus]_torques
s__Alistipes_shahii
p_Actinobacteria
f__Coriobacteriaceae g__Collinsella s__Collinsella_aerofaciens

g__Escherichia
g__Methanobrevibacter
g__Ruthenibacterium
g__Streptococcus

s__Escherichia_coli
s__Methanobrevibacter_smithii

Lower in IBS-C

f__Prevotellaceae

g__Clostridium
g_ Dorea
g__Prevotella
g__Roseburia

s__[Eubacterium]_rectale
s__Bacteroides_coprocola
s__Bacteroides_ovatus
s__Bacteroides_vulgatus

s__Dorea_longicatena
s__Prevotella_copri
s__Roseburia_faecis
s__Roseburia_intestinalis

Higher in IBS-D

f__Lachnospiraceae

f__Veillonellaceae
f__Streptococcaceae

g__Blautia

g__Anaerostipes

g__ Streptococcus

s__[Ruminococcus]_gnavus
s__[Ruminococcus]_torques
s__Anaerostipes_hadrus
s__Bacteroides_thetaiotaomicron

Lower in IBS-D

p_Actinobacteria

f__Rikenellaceae

f__Bifidobacteriaceae
f__Clostridiaceae
f__Ruminococcaceae
f__Oscillospiraceae

g__Ruminiclostridium
g__Alistipes

g__Bifidobacterium
g__Clostridium
g__Faecalibacterium

s__Alistipes_putredinis
s__ Bifidobacterium_adolescentis

s__Faecalibacterium_prausnitzii

Table 4.2 Phylogenetic level differences in stool samples between HC and IBS subgroups.
Taxonomy on display have passed the significance threshold of FDR corrected p < 0.05 based
on Kruskal-Wallis test.

Metabolite
Butyrate
Butyrate
Butyrate
Butyrate

Acetate

Microbial Species

Roseburia intestinalis

Ruthenibacterium lactatiformans

Roseburia faecis

Lachnospiraceae bacterium TFO1-

11

Ruthenibacterium lactatiformans

correlation  Pvalue FDR
0.552 4.7E-07 2.7E-04
-0.541 8.6E-07 3.1E-04
0.489 1.1E-05 1.6E-03
0.486 1.3E-05 1.7E-03
-0.472 24E-05 2.5E-03

Table 4.3 Top five associations between butyrate, acetate and propionate with microbial

species produced using the Lasso penalized regression model. Correlation coefficient, P
values and FDR corrected P values are shown.

74



4.4.5 Evidence for enhanced microbial protein fermentation in IBS-C patients

Lower stool SCFA in IBS-C patients suggests reduced microbial saccharolytic activities in the
gut. A question was then proposed, could the diminishing carbohydrate-fermenting activity as
a consequence of prolonged colonic transit indicate an increased bacteria protein fermentation
in IBS-C patients? As carbohydrates become increasingly scarce towards the distal gut,
bacteria often rely on amino acids as their main source of energy.®" In terms of protein
fermentation, research has shown that bacteria have a preference for catabolising branched
chain amino acids (BCAA) namely valine, leucine and isoleucine for energy which produces

branched chain fatty acids (BCFA), 2-methylbutyrate (2mb) and isovalerate as a result.%* '8

The OPLS-DA model described in section 4.4.3 (Figure 4.4A-B) identified a number of AA
that were decreased in the stool of IBS-C-patients. Therefore, peak integrals for isoleucine,
leucine, valine and their degradation products 2mb and isovalerate were extracted for
comparison using Kruskal-Wallis test. As Figure 4.7A shows, all BCAA were significantly
lower in IBS-C patients whereas leucine was higher in IBS-D patients when compared to HC.
While 2mb was reduced in IBS-D patients, no difference was seen in IBS-C patients (Figure
4.7B). However, the ratio between 2mb and isoleucine was higher in IBS-C patients and lower
in IBS-D patients compared to HC suggesting a transit time related effect on the fermentation

of isoleucine leading to the production of 2mb (Figure 4.7C).

Next, associations between metabolites derived from protein fermentation and species
abundance were investigated by reviewing the correlation data generated from the Lasso
regression analysis performed by Ms Sambhawa Priya. Significant associations (q < 0.25)
between BCAA, BCFA and microbial metabolites are illustrated in a network graph in Figure
4.8. Several strong positive associations were observed between Alistipes spp. and 2mb.
Alistipes shahii (A. shahii) was also negatively associated with all three BCAA. A. shahii has
a gene that encodes dihydrolipoamide dehydrogenase (K00382) which is involved in the
degradation pathway of BCAA. The same enzyme has also been identified in
Methanobrevibacter smithii (M. smithii) which was negatively correlated with valine. M. smithii
also contains a gene that encode branched-chain amino acid aminotransferase (KO0826) that
converts BCAA to methyl-butanoate in the initial stage of degradation.'®® Literature reports
that Alistipes has the highest number of protein fermentation pathways amongst commensal

bacteria and species in this genus have been implicated in liver and heart diseases.'®
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Figure 4.7. Alteration in stool BCAA and BCFA levels indicate increased protein
fermentation in IBS-C patients.
(A) Boxplots of relative abundance of NMR peak integrals for leucine, isoleucine and
valine in stool samples. (Kruskal-Wallis test, **p<0.01, ***p<0.001, ****p<0.0001,
FDR corrected)
(B) Same as (A) for 2methylbutyrate and isovalerate.
(C) Same as (A) for ratio of 2methylbutyrate and isoleucine.
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Figure 4.8. Network plot of significant positive (red edges) and negative (blue edges)
associations between metabolites (blue and pink nodes) and microbial taxa (yellow node)
produced from Lasso penalized regression. Thickness of the edges indicate strength of the
association measured by q value.

4.4.6 Multi-omics integration identified a novel host-microbial pathway in IBS

A number of stool metabolites involved in intestinal energy metabolism were significantly
decreased in IBS-C and IBS-D patients compared to HC (Figure 4.9). The rapidly dividing
intestinal epithelial cells (IEC) are energy demanding and require a constant supply of
oxidative fuel. Glutamate is an important metabolite in the tricarboxylic acid (TCA) cycle
involved in energy generation. Both glutamate and aspartate are extensively metabolised by
the IEC."®" A recently completed clinical trial found that glutamine was able to restore intestinal
permeability in patients with post-infectious-IBS-D."®® The gut commensal Bacteroides
thetaiotaomicron is capable of breaking down glutamate and interestingly this species was
also elevated in IBS-D patients (Table 4.2)."®° However, no associations between microbial

species with either metabolite were found.
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Hypoxanthine (Hpx) and uracil are metabolites in the purine and pyrimidine salvage pathway
used by |IEC for nucleotide recovery and ATP generation.''" Hpx was significantly reduced
in both subtypes compared to healthy patients whereas reduction of uracil was only seen in
IBS-C patients (Figure 4.9). Lower hypoxanthine in the lumen could reflect decreased

production or increased usage by the host intestinal tissue or the microbiota.
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Figure 4.9. Boxplots showing the relative abundance of NMR peak integrals for glutamate,
aspartate, hypoxanthine and uracil in stool samples. (Kruskal-Wallis test, **P<0.01,
***P<0.001, ****P<0.0001, FDR corrected)

To better understand the physiological relevance of this finding hypoxanthine was integrated
with metagenomics and host transcriptomics data which led to the discovery of a host-
microbial co-metabolic pathway underlying the pathophysiology of IBS. The following
experiments were conducted by collaborators (Figure 4.10, Figure 4.11). A description of the

main findings is provided.

A significant positive correlation was identified between hypoxanthine and a structural
variable gene region in Lachnospiraceae sp. 3_1_46FAA responsible for DNA replication
suggesting that bacteria may be using Hpx for growth. Germ-free mice mono-colonised with
a similar strain of Lachnospiraceae were used in a feeding experiment to demonstrate that
Hpx could be consumed by Lachnospiraceae in vivo (Figure 4.10). Host contribution to the
depleted Hpx pool was determined by analysing the sigmoid biopsies of both IBS subtypes
which showed elevated expression of the human xanthine dehydrogenase (XDH) gene
responsible for the breakdown of Hpx in both IBS subtypes (Figure 4.11). There was also an

increase in purine nucleoside phosphorylase (PNP) in both IBS subtypes which is involved
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in the host purine salvation pathway by converting nucleotides back to Hpx (Figure 4.11).
PNP was also found to be negatively correlated with Hpx levels. The IEC have limited
capacity for de novo synthesis of purines and therefore relies on the purine salvage pathway
for nucleotide generation.’®®'®' The process of purine salvage is energy demanding which
suggests that there may be an imbalance in energy supply to the epithelial tissue to maintain

its normal functioning.
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Figure 4.10. Hypoxanthine consumption by specific gut microbiome members as
suggested by microbial gene region associations.

(A) Scatter plot of metabolite intensities and standardized region coverage for SV
association result for Lachnospiraceae sp. 3_1_46FAA genomic region positively
correlated to hypoxanthine (Spearman correlation).

(B) Genomic context of region from (A) with relevant gene highlighted in red.

(C) Clostridiales strains and B. longum were grown in Mega medium. Hypoxanthine
levels in the culture supernatant after ON growth were determined with LC-MS
(ANOVA Tukey HSD on log2(fold change), n=3 cultures per strain).

(D) Outline of mono-colonisation mouse experiment verifying in vivo hypoxanthine
consumption. 3 female GF Swiss Webster mice were oral gavaged with ~2x10°
colony-forming units (CFUs) of either B. longum or Lachnospiraceae
sp.2_1_58FAA and co-housed for the duration of the experiment. Hypoxanthine
was supplied in drinking water to mimic exogenous production by the microbiome.
On day 4 after, gavage mice were sacrificed and cecal contents were collected.

(E) Hypoxanthine and xanthine pool size was determined in cecal contents using
enzyme assays. Samples were corrected for baseline levels of H2O; in the
sample based on parallel reactions without Xanthine oxidase enzyme (Welch t
test on averaged duplicate samples). Error bars indicate standard error of the
mean (SEM). (*P<0.05, **P<0.01)
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Figure 4.11. Evidence for hypoxanthine breakdown by the host colonic mucosa.

(A) Purine nucleoside phosphorylase (PNP) gene expression in colonic biopsy tissue
(ANOVA Tukey HSD, *FDR<0.05, FDR<0.005).

(B) Human xanthine dehydrogenase (XDH) gene expression in colonic biopsy tissue
(ANOVA Tukey HSD, "FDR<0.05).

(C) Lasso correlation plot between hypoxanthine and PNP (FDR <0.001).
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4.4.7 Increased excretion of primary bile acids in IBS-D patients

BA are known for their secretory and motility stimulating effect in the colon and therefore are
readily investigated in IBS patients.'**'® In this study, peak intensities of the nine BA most
frequently implicated in IBS were extracted for univariate analysis. BA modification by the gut
bacteria involves an initial deconjugation stage mediated by BSH followed by dehydroxylation
into secondary BA. In humans, glycine conjugation is more common than taurine
conjugation'®?. This is reflected in the results where considerably less tauro-conjugated BA
were detected compared to glycine conjugates (Figure 4.12A-B). Taurochenodeoxycholic
acid (TCDCA) was the only conjugated primary BA increased in IBS-D patients (Figure 4.12A)
whereas glycine conjugated primary BA were all significantly reduced in IBS-C patients
(Figure 4.12A-B). This pattern continued for the deconjugated primary BA in IBS-C patients
where they were also significantly reduced. IBS-D patients on the contrary excreted much
more primary BA. The consistent observations between the conjugated and deconjugated BA
suggests that bacterial BSH activity was efficient and comparable between IBS patinets and
HC. No difference in secondary BA was observed (Figure 4.12C) except for UDCA, another
secondary BA derived from bacterial epimerization of CDCA was significantly reduced in IBS-
C patients. Increase in primary BA in IBS-D patients are consistently reported in the
literature.’*>'® By applying the same integration method used for associating bacteria
structural variable region and metabolite like the one presented in Figure 4.10A-B**° a
number of significant associations between structural variable regions in the genome of
Blautia wexlerae DSM 19850 and Eubacterium rectale DSM 17629 with CA and CDCA were
identified. Some of the associated gene regions could encode a novel process for the
modification of primary bile acids. In a separate physiological experiment, the Mayo team
demonstrated the ability for CDCA to increase ion flux which indicates increased water
secretion when CDCA was applied to the basolateral membrane of proximal colon mucosa
submucosa preparations. This experiment supports the rationale that excess CDCA induced

colonic water secretion which may contribute to the development of diarrhoea.
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Figure 4.12. Elevated stool primary bile acids (BA) in IBS-D patients. Box plots of log10
relative abundance of (A) taurochenodeoxycholic acid (TCDCA), glycochenodeoxycholic acid
(GCDCA), chenodeoxycholic acid (CDCA) and (B) taurocholic acid (TCA), glycocholic acid
(GCA), cholic acid (CA) and (C) deoxycholic acid (DCA), lithocholic acid (LCA) and
ursodeoxycholic acid (UDCA) in stool samples determined with LC-QToF. (Kruskal — Wallis
test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, FDR corrected.)
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4.4.8 IBS symptom severity is associated with luminal metabolite levels

Many luminal metabolites described so far demonstrate diagnostic potential in differentiating
IBS subtypes from HC. Since IBS patients often experience remission and exacerbation in
symptoms, the ability for metabolites to differentiate between symptom severity was
investigated. An IBS Symptom Severity Score (IBS SSS) was recorded by patients on a
monthly basis around the time of their stool collection. IBS SSS (0 to 500) is a cumulative
metric of a patient’s abdominal pain intensity, frequency, distension, dissatisfaction with bowel
habits and influence of IBS on life in general. Patients were grouped according to their SSS
into mild (SSS<100), moderate (100<SSS>300) and severe (SSS>300). Result showed that
butyrate, leucine and glutamate were significantly different between mild and severe group of
IBS-C patients (Figure 4.13A). Cholic acid was found to differentiate between mild and the
other two groups in IBS-D patients whereas glutamate was only able to differentiate between
mild and the moderate group in IBS-D patients (Figure 4.13B). Interestingly, while other
metabolites returned to a healthy-like level in IBS-C patients with mild symptoms,
hypoxanthine and butyrate did not. This suggests that mucosa energy deprivation may be a

persistent pathological feature in IBS-C patients despite symptom improvements.
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Figure 4.13. Luminal metabolites could differentiate between symptom severity in IBS-
subtypes.

(A) Boxplots comparing log10 relative abundance of NMR peak integrals for butyrate,
leucine, hypoxanthine and glutamate in stool samples between healthy and
symptom severity groups of IBS-C patients. (Kruskal — Wallis test *P< 0.05, **P<0.01,
***P<0.001, ****P<0.0001, FDR corrected)

(B) Same as (A) but for cholic acid, glutamate and hypoxanthine in healthy and symptom
severity groups of IBS-D patients.
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4.4.9 Arare view into the mucosa metabolome in IBS patients

Results in previous sections showed that host gene expression is altered in IBS patients and
microbial metabolites in particular SCFA are known to modulate gene expression levels in the
intestinal mucosa. However, compared to stool samples, little is known about the presence of
microbial metabolites in the mucosa compartment. A targeted GC-TQ method was used to
measure a panel of short-chain, branched-chain and medium-chain fatty acids in sigmoid
biopsies. Out of the ten metabolites measured, a significant decrease in acetate, isobutyrate
and caproate was observed in IBS-C patients. This result partially reflects the lower SCFA

abundance in the stool sample of IBS-C patients (Figure 4.14).
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Figure 4.14. Sigmoid biopsy metabolites
(A) Box plot showing concentration in mg per g of sigmoid biopsy sample for acetate,
isobutyrate and caproate. (Kruskal-Wallis test, *P< 0.05, **P<0.01, FDR corrected).
(B) Same as (A) but for butyrate, propionate and 2methylbutyrate.
(C) Same as (A) but for isovalerate, 2-OH-butyrate, valerate and lactate.
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Relative abundance of the three major SCFA were compared between the lumen and the
mucosa (Figure 4.15A,B). Acetate dominated both the stool and the biopsy samples whereas
butyrate and propionate were relatively similar in abundance. Compared to the stool samples,
butyrate and propionate constituted an even smaller proportion in the biopsies. This is not
surprising since butyrate is metabolised rapidly by the intestinal epithelial cells.*® The relative
abundance ratios for acetate : propionate : butyrate were around 7:2:1 in the stool samples
and 8:1:1 in the biopsies. This result largely agreed with the literature where butyrate and

propionate have similar ratios, the difference between them and acetate is more variable.*" "%
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Figure 4.15. Bar charts showing the average relative abundance of acetate, butyrate and
propionate in (A) the stool samples measured using 600 MHz H' NMR and in (B) the sigmoid
biopsies measured using GC-TQ targeted quantification.

The effect of SCFA on modulating mucosa gene expressions is well documented in the
literature.*>*" Using Spearman correlation, a number of significant associations between host
gene expression and mucosal SCFA levels were identified in IBS-C patients (Figure 4.16).
Isobutyrate was negatively associated with B cell regulating genes, FCER2 and FCRL1."%* It
was also positively correlated with OLFM4, a gene that was found to be selectively expressed

in inflamed colonic epithelium.®°
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Figure 4.16. Network plot showing Spearman correlations between mucosal SCFA (pink
nodes) and host genes (green nodes) that have passed the significance threshold of r > 0.1
and FDR < 0.25. Blue edges represent negative correlations and red edges represent positive
correlations. Genes with log2 fold change > 1 between IBS-C and HC cohorts were selected
for analysis. Strength of the correlation (r) is represented by the thickness of the edges.
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4.4.10 The lumen microbiome is richer than the mucosa

Although the mucosa may be harbouring a smaller variety of microbial species than the lumen
as indicated by the significantly lower Chao1 richness score, these species are just as evenly
distributed as the luminal community as indicated by the Shannon evenness index (Figure
4.17). There was a borderline significance of lower Shannon score in the lumen of IBS-D
patients compared to the mucosa which suggest that the mucosa community is slightly more
stable, perhaps by adhering to the host tissue their community structure is less likely to be
disturbed by the luminal flow. However, a previous study observed significantly higher
Shannon index in the faeces of IBS patients compared to their sigmoid colonic mucosa.?® This
disagreement may be caused by the colon cleansing procedure used in this study which is

known to alter the mucosal microbiome."%®
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Figure 4.17. Comparing alpha-diversity in the lumen and the mucosa.
(A) Boxplot showing Chao1 richness score in the lumen and the mucosa of all cohorts.
Only subjects who provided both stool and biopsies samples were included. (Mann-
Whitney U test, p value displayed.)
(B) Same as (A) but comparing Shannon evenness index in each cohort.
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4.5 Discussion

Outcomes from this longitudinal multi-omics study can be divided into three main areas.

4.5.1 IBS-subtype specific metabolic alterations are associated with the colonic

microbiota and host physiology

If the cohorts were to be put on a metabolic abundance scale of SCFA and primary bile acids,
IBS-C and IB-D would sit at opposite end of the scale with HC in the middle. This was probably
a reflection of the extreme differences in intestinal transit between the subtypes. It has been
shown that SCFA concentrations in the distal colon are lower than the proximal section of the
gut where saccharolytic activity is high.*' This effect is being exacerbated by longer transit
which leads to further depletion of carbohydrates towards the distal colon and could result in
the disappearance of butyrate-producing bacteria where carbohydrates are their primary food
source. Indeed, this study found that reduced butyrate in IBS-C patients was associated with
the disappearance of Roseburia spp. which are prominent butyrate-producers in the gut.
Lower abundance of the Roseburia genus have also been reported in patients with IBD and

colorectal cancer.'98-20

Interestingly, butyrate was negatively associated with
Ruthenibacterium lactatiformans. This lactate-producing strain from the Ruminococcaceae
family has sialidase encoding genes which suggests their potential role at cleaving the sialic
acid residues from complex glycoproteins, such as mucins.'®2°" One study showed that an
increase of Roseburia spp. was associated with a decrease in mucin-degraders when a diet

rich in B-mannans was fed to mice."’

The longer colonic transit in IBS-C patients is believed to be the main driver of enhanced
proteolytic activity as there was an increase in BCAA-degrading species and reduced BCAA
in the stool samples. Bacteria protein fermentation often leads to the production of harmful
metabolites such as ammonia, hydrogen sulphide and p-cresol which have been associated
with colon cancer.®® IBS-C patients also had increased luminal microbial diversity and richness

which challenges the concept that higher microbial diversity is associated with a healthy gut.

The stool metabolome in IBS-D patients was characterised by higher primary bile acids.
Primary BA and SCFA are known to stimulate colonic secretion and colonic muscle contractile
response which was also demonstrated by the ionic flux experiments in this study.’®*'% Once
again, as many studies have shown in the past, excess primary BA contribute to an increase

in colon motility and water secretion which can lead to diarrhoea.'”®'* It is possible that BA
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malabsorption which was not determined in IBS-D patients in this study could also cause
excess excretion of primary BA. However, the fact there was no change in secondary BA
suggests a lack of microbial biotransformation of primary BA may be partly responsible for this

effect.

4.5.2 Comparing the metabolome in the lumen and the mucosa

For the first time, SCFA ratios could be directly compared between the lumen and the mucosa
where butyrate and propionate were proportionally reduced in the mucosa indicating their
rapid metabolism at the intestinal epithelium. While the effects of SCFA have been extensively
studied, little is known for branched chain and medium chain fatty acids probably due to their
lower abundance in the lumen. As this study showed, isobutyrate was associated with the
expression of host genes involved in immune responses, highlighting a need to further explore
such effects. The disagreement between faecal and biopsy microbiome diversity between this
study and previous publications was suggested to be caused by differences in how biopsies
were collected from the colon (i.e. the inclusion of a washout procedure prior to endoscopy or
not). The sampling site is also important given the spatial variability of microbiome in the
colon.?? The research community interested in the study of mucosa microbiome is now calling
for a more precise sampling device which also aims to minimise complications associated with

conventional endoscopy.'?®

4.5.3 Purine salvage underlies the pathophysiology of both IBS subtypes

Using multi-omics integration, this study identified purine salvation as a novel host-microbial
co-metabolic pathway in IBS. Purine nucleotides make up one of the base pairs in DNA which
are needed in large quantities by the intestinal mucosa to sustain rapid cellular turnover and
maintain barrier function. Cells rely on two different pathways for the production of purine
nucleotides, the preferred pathway uses exogenous hypoxanthine via purine salvage and the
other one is the de novo synthesis pathway which involves breaking down ATP.'9%19 |t was
hypothesised that when hypoxanthine supply in the gut lumen becomes limited, as in the case
of IBS patients, intestinal epithelial cells respond by activating the ATP-consuming de novo
synthesis pathway to salvage hypoxanthine. As a result, there could be less ATP available for
the intestinal mucosa to maintain its normal cellular function which in turn reduced its capacity
for mucosa repair. This lower energy state seemed to be a persistent pathological feature in
IBS patients since hypoxanthine level did not change between patients with mild symptoms

and those on the severe end of the spectrum. There are many more hypoxanthine associated
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bacterial gene regions not investigated in this study. They serve as valuable resources for the
research community to identify microbial species involved in the degradation and biosynthesis
of hypoxanthine which in turn pave the way for the development of a new generation of

probiotics for IBS.
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Figure 4.18 Summary of the main findings described in this chapter and the proposed host-
microbial co-metabolic pathway underlying the pathophysiology of IBS. Red arrows represent
the host purine salvage pathway and blue arrows represent hypoxanthine degradation by the
host xanthine hydrogenase (XDH) enzyme.

4.6 Study limitation and future work

While this study identified several strong physiological relevant alterations in the metabolome

and the microbiome, their causal relationship requires further mechanistic study to elucidate.

SCFA and BA disturbances in IBS patients have been reported in the past.?>'® However,
this study was the first to report lower hypoxanthine in both IBS subtypes therefore findings
should be validated in an independent cohort. The purine salvage pathway requires further
elucidation since there are many more enzymes involved in the pathway not investigated.
Although XDH gene expression was increased, there was no direct measure of its enzyme
activity. XDH breaks down hypoxanthine to produce uric acid which does not have a
detectable NMR-proton at physiological pH.?*? However it can be detected using LC-MS/MS
with high precision and sensitivity.?®

Due to instrument availability and time constrain, only ten metabolites mostly SCFA were
measured in the biopsies. Literature reports on the mucosa metabolome is still limited,
therefore a profiling method would be better suited at detecting a wide range of metabolites

such as the GC-TOFMS method used in the study of colorectal cancer.?*

4.7 Conclusion

Using a combination of targeted and untargeted metabolomics techniques together with multi-
omics integration, this chapter identified several microbial-mediated metabolic disturbances in
the transverse gut compartments specific to each IBS subtype. In addition, a novel host-
microbial co-metabolic pathway involving purine salvage was identified to underlie the
pathophysiology of IBS. Hypotheses generated from this study have opened up new avenues
of research into therapeutics that could restore the functionality of the microbiome in IBS

patients.
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Chapter 5

Metabolite diffusion through the mucus
compartment

5.1 Introduction

In Chapter 4, SCFA ratios in the lumen were observed to differ from those of the mucosa. In
this chapter the role of mucus layer in hindering the trans-compartmental passage of SCFA

was investigated for its role in limiting the supply of SCFA to the mucosa.

Mucus is a dynamic gel-like compartment separating the epithelium from the microbiota and
harsh chemical substances in the gut lumen.?* Aside from its protective functionality, mucus
plays an important role in microbial-host symbiosis as it provides a rich source of
carbohydrates in the form of mucin glycans for bacteria to feed on and to use them as
anchoring sites to a establish stable community.?®?° Several in vivo and ex vivo experiments
showed that the consistency of the mucus layer depends on the amount of water and bulky
substance in the lumen.?®®2%" In one mouse study, investigators demonstrated that formation
of the sterile inner mucus layer in the distal colon is facilitated by the depletion of water in the
lumen. In the proximal colon, where the faecal mixture still retains a large amount of water, no
inner sterile layer was found.?% It is probable that the loose mucus structure in the proximal
colon facilitates SCFA diffusion since it has been shown that SCFA are efficiently absorbed in

the proximal colon with very little remain in the distal colon.?°%:2%°

In 1986, Smith et al. were the first group to discover that mucus decreased the rate of butyrate
diffusion in an experiment using mucus scraping from the distal colon of pigs.?'® Although
more advanced mucosal diffusion systems have been developed since, most have been used
to study the diffusion of drug molecules.?'’ As such, knowledge of the diffusion of SCFA
through the mucus layer remains limited. Moreover, in the Smith et al. work, no cell layer was
incorporated in the model system and therefore the fate of the SCFA after passing through
the mucus layer is unclear. Specifically, it is unknown what proportion of diffused SCFA
migrate to the basolateral side. To investigate this, an in vitro model was built to study the

diffusion of acetate, propionate and butyrate through goblet cells under normal conditions with
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mucus as well as under mucus-free conditions. The diffusion rate and the consumption

preference by the goblet cells for the three SCFAs was also explored.

5.2 Methods

5.2.1 Cell culture
Mucus producing cell line HT29-MTX-E12 at passage 51 (lot no: 16D017) was purchased from

Public Healthy England, ECACC. Cell culture reagents were purchased from Thermo Fisher
Scientific UK (Paisely, UK), unless otherwise stated. DMEM (high glucose, no glutamine),
Fetal Bovine Serum (FBS), L-Glutamine (200mM), non-essential amino acids (100X
concentration), Penicillin-Streptomycin (Pen-Strep, 100x concentration), Phosphate-buffered
saline (PBS), T12 and 24-wells Transwell plate with 0.4um pore polyester membrane inserts
(Corning, Inc.). Cell culture medium was made with DMEM + 2mM Glutamine + 1% non-
essential amino acids + 10% foetal bovine serum + 1% Pen-Strep. Sodium acetate, sodium
butyrate and sodium propionate were purchased from Sigma-Aldrich. Cells were allowed to
grow in an incubator operated at 37°C with 5% CO; until desired numbers of cells were
obtained. Cells at passage number 54 were used for cytotoxicity assay and mucus diffusion

experiment.

5.2.2 Confocal fluorescence microscopy

Fluorescent dye for staining extracellular mucus SBA-Alexa Fluor 488 (Cat.no. L11272) and
cell membrane FM4-64 (Cat.no. T13320) were purchased from Thermo Fisher Scientific UK.
For imaging a 35 mm dish was used. Cells were seeded at a density of 50,000 cells/cm? to
three Transwell inserts in a 12-well Transwell plate. Cells were allowed to grow for ten days
before imaging. On the day of imaging, culture media was removed from the Transwells, cells
were washed with 0.5 mL of ice-cold PBS to remove FBS which can produce unspecific
staining. The washed insert was placed in a 35 mm imaging dish and incubated on ice for 10
minutes with 200 pL of 100 pg/mL SBA-Alexa Fluor 488. Then, 200 yL of 2.5 pg/mL of FM4-
64 diluted in ice-cold H2O and PBS was added for another minute of incubation on ice. The
membrane insert was carefully cut out with a scalpel on a glass slide then moved back into
the centre of the imaging dish. Image was taken on a Leica SP5 upright confocal fluorescence
microscope with excitation wavelengths set at 519 nm and 558 nm. As shown by the 2D and
3D image (Figure 5.2) taken on a 1 mm x 1 mm area of the insert, mucus coverage was not
homogenous as some areas showed intense mucus staining and others were without any.
The nucleus staining (red dye) also showed varied intensity indicating uneven spread of cells

which might have caused some areas to produce more mucus than the others.
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Figure 5.1. Confocal fluorescence microscopy of a 1mm x 1mm section of membrane covered
with HT29-MTX-E12 cells grown for 10 days. View from the (A) 2D - X and Y axis and (B) 3D
- X, Y, Z axis. Green dye stained for extracellular mucus. Red dye stained for cell membrane.

5.2.3 Lactate dehydrogenase (LDH) cytotoxicity assay

Optimum concentrations for sodium acetate, butyrate and propionate treatment solutions were
determined using the LDH cytotoxicity assay. Upon cell death, LDH which is an enzyme
present in the cytoplasm of many cell types is released into the cell culture medium. Thus, the
level of LDH activity corresponds to the level of cell death and can be measured via a
colorimetric method. The LDH test kit and Triton X-100 solution was purchased from Sigma-
Aldrich. P53 cells were seeded into a 96-well plate at 30,000 cells/cm? and reached confluency
after a day. A series of treatment solutions were made as shown in Table 5.1. Each treatment
solution and a negative control (culture medium) was added to the wells in triplicate. Treatment
lasted for 21 hours. On the day of the assay, three wells had a positive control (Triton X-100

solution, used for lysing the cells) added to them.

97



Solution Acetate Propionate Butyrate Preparation method
Concentration | Concentration | Concentration
(mM) (mM) (mM)

T1 200 67 67 0.17uL acetate,
propionate and
butyrate + 0.49mL
media

T2 100 33 33 0.42mL of each stock
+ 3.75mL media

T3 75 25 25 0.75mL of T2 +
0.25mL media

T4 50 17 17 0.5mL T2 + 0.5mL
media

T5 25 8 8 0.25mL T2 + 0.75mL
media

T6 10 3 3 0.1mL T2 + 0.9mL
media

T7 1 0.3 0.3 0.1mL T6 + 0.9mL
media

T8 0.1 0.03 0.03 0.1mL T7 + 0.9mL
media

T9 0.01 0.003 0.003 0.1mL T8 + 0.9mL
media

Table 5.1. Table of treatment solutions made for the LDH cytoxicity assay.

An ELISA microplate reader was used to measure the absorbance of LDH activity at 450nm.

Percentage of cell death was calculated using the following formula:

Cell death (%) =

(sample value — negative control value)

(positive control value — negative control value)

X 100%

Result of the cytotoxicity assay is shown in Figure 5.3. An optimum concentration was one

that provided the maximum amount of SCFA with a cell death of less than 15% to allow better

detection in the basolateral compartment as lower concentration might result in all SCFA on

the apical side to be consumed by the cells leaving trace amount flowing through to the bottom

of the transwell. Therefore, a treatment solution consisting of 50 mM of acetate and 17 mM of

each butyrate and propionate was appropriate.
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LDH Cytotoxicity assay
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Figure 5.2. Bar charts with standard deviation error bars showing the average % cell death
for each treatment solution. Labels indicate the concentration for acetate in each solution.

5.2.4 Mucus diffusion experiment

Given that the cell line did not produce a homogenous mucus layer as shown Figure 5.1, two
additional experimental conditions were included with different volumes of reconstituted

porcine mucus added on top of the endogenous mucus. The following mucus conditions were
proposed:

Cells without endogenous mucus.

Cells with endogenous mucus.

Cells with endogenous mucus and 0.3 mm thick of reconstituted mucus.

N =

Cells with endogenous mucus and 0.9 mm thick of reconstituted mucus.

The rate of SCFA diffusion was studied across the experimental groups changing the
thickness of the mucus layer. For each mucus conditions, culture media at the apical and
basolateral side was sampled at 15 min, 1 hr and 3 hr. Each time point had its own triplicate
of wells to sample from to avoid having to replenish cells with culture media which would affect

the original concentration of the SCFA. Thus, each mucus condition had 3 sampling time
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points and each time point required a triplicate of wells making the total number of wells to 36.
The experimental procedures consisted of the following: Cells were allowed to grow for 28
days as literature shows this resulted in a mucus coverage of 95% and above.?'? The seeding
density was 50,000 cells/cm?. Cells were grown on 24-well Transwell inserts which had a
smaller diameter at 6.5 mm compared to the 12-well 12 mm Transwell used for confocal
imaging. Diffusion experiments were carried out on the 29" day post-seeding. For
experimental condition 1, endogenous mucus was removed by incubating with 10 mM N-
acetylcysteine (NAC) dissolved in PBS at 37 °C for 1 hour as recommended in literature;?""
cells were allowed to grow normally for experimental condition 2; MUC2 mucine powder
purchased from Sigma-Aldrich (M2378) were dissolved in culture media to a concentration of
2 mg/mL and this reconstituted porcine mucus was added to the wells of experimental
condition 3 and 4. Each experimental condition was carried out in triplicate of wells. At baseline,
100 uL of culture media from the apical side and 600 uL from the basolateral side were
collected and the Transwells were replenished with fresh media. After addition of the SCFA
treatment solution at 50 mM of acetate and 17 mM of butyrate and propionate to the apical
compartment, 100 pL from the apical side and 600 L from the basolateral side were collected
from wells dedicated to each time point. To measure the amount of SCFA trapped inside the
mucus layer, d the mucus layer in experimental conditions 2, 3 and 4 was also collected by
incubating the Transwells with 10 mM of NAC at 37 °C for 1 hour.

5.2.5 GC-MS SCFA Quantitation

SCFA concentrations in the apical, basolateral and mucus compartment of the Transwells
were quantified using the targeted GC-MS method as described in Chapter 2. The sample
preparation procedure and instrument operating conditions were the same as the ones used
for the human studies, the only differences were the calibration curves and the dilution factor
where they were adopted for the SCFA concentration range used specifically for this diffusion
experiment. Initially, an 11-point calibration curve ranged from 0.8 mM to 400 mM of acetate
and 0.04 mM to 20 mM of butyrate/propionate was tested and we found that instrument

saturation started to occur at around 2 mM where the curve is no longer linear (Figure 5.3).
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Figure 5.3. GC-MS calibration curve for (A) acetate, (B) propionate and (C) butyrate.
Concentration in mM is displayed on the X-axis whereas the Y-axis is showing the relative
response of SCFA and the internal standard. The curved trajectory formed by the white circles
indicated that beyond 2mM, the relationship between the relative response and the SCFA
concentration is no longer linear.

A new calibration curve was made with concentrations for acetate ranged from 0.8 uM to 400
MM and butyrate/propionate from 0.16 uM to 80 uM (Figure 5.5). Several dilution series were
trialled on the QC samples of the three compartments to ensure the final concentrations of

SCFA fall within the range of the calibration curves. Samples in the apical compartment were
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found to be much more concentrated than samples in the mucus and the basolateral
compartment. The optimum dilution factor for the apical samples was 1000 times and for the

less SCFA concentrated mucus and basolateral samples, the dilution factor was 70 times.
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Figure 5.3. Optimised GC-MS calibration curves for (A) acetate, (B) propionate and (C)
butyrate where all 11 calibration points fall within the fitted linear line. Concentration in uM is
displayed on the X-axis whereas the Y-axis is showing the relative response of SCFA and the
internal standard.
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5.3 Results

5.3.1 Mucus reduced the flow of SCFA

By measuring SCFA concentration in the apical and the basolateral (BL) compartment, the
rate of diffusion was compared between experiments with and without a mucus layer. It was
evident that mucus reduced the flow of SCFA as shown in Figure 5.4A,C,E where across all
time points more acetate, butyrate and propionate remained in the apical compartment of
Transwells with mucus. Since less SCFA were detected in the apical compartment of
Transwells without a mucus layer the amount of SCFA that diffused into the BL compartment
was investigated. At two of the three sampling points (1 hr and 3 hr), higher concentrations of
SCFA were detected in the BL side of Transwells without mucus (Figure 5.4B,D,F). However,
results at 15 min (0.25 hr) showed higher concentration in the BL compartment of Transwells
with mucus which suggests that more SCFA move into the BL compartment when a mucus

layer is present.
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Figure 5.4. Line graphs showing the average concentration (uM) of (A-B) acetate, (C-D)
butyrate and (E-F) propionate in the apical compartments and the basolateral compartments
over time (hr). Blue line indicates experiments with mucus and orange line indicate
experiments without mucus. Error bars indicate +/- standard deviation of three replicates of
measurements.

5.3.2 Mucus temporarily traps SCFA

In addition to measuring SCFA concentrations in the apical and the BL compartments, the
amount of SCFA, if any, trapped inside the mucus during their passage between these two
compartments was also measured. As shown below in Figure 5.5A, B and C, the
concentration against time graph in the BL compartment formed a V-shape whereas an
inverted V-shaped was formed for the mucus compartment. The opposite trend of the two
compartments suggests that SCFA were able to diffuse freely across the mucus layer without
much obstruction during the first 15 min and as more SCFA enters the mucus it created more
competition for routes through the mucus hence more SCFA are found inside the mucus at 1
hr and less SCFA were flowing into the BL compartment. At the same time, SCFA decreased
in the BL compartment suggesting that cells may be consuming SCFA from the BL
compartment. This sudden drop in concentration in the BL compartment coincided with an
increase in mucus concentration suggests that as SCFA were trapped inside the mucus,

SCFA that have already diffused into the BL compartment started to enter the cells.
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Figure 5.5. Line graphs comparing the average concentration (uM) of (A) acetate, (B) butyrate
and (C) propionate in the apical (orange line), BL (green line) compartment and the mucus

layer (yellow line) over time (hr). Error bars indicate +/- standard deviation of three replicates
of measurements.
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5.3.3 Estimating SCFA uptake by the goblet cells

After successfully passing through the mucus layer, SCFA can either continue to diffuse
passively into the BL compartment or be taken up by the cells via active transport. SCFA
uptake was estimated by calculating the percentage remaining in the Transwells, which
included concentration in the apical, BL and the mucus compartment out of the initial treatment
concentration (Figure 5.6A-C). Butyrate and propionate were taken up rapidly by the cells
during the first 15 min in Transwells without a mucus layer as the percentage remaining in the
Transwells as a whole was 20% lower than in Transwells with mucus. From there onwards,
percentage differences between the two mucus conditions became smaller and at 1 hr and 3
hr, the amount of butyrate remaining in the Transwells were the same under both conditions.
These results show that without the obstruction of a mucus layer, SCFA were able to reach
the cells and be consumed much faster. Based on our experiment, at the 3 hr mark the
metabolic capacity of the cells for SCFA was the same in both experiments with mucus and
without mucus. However, whether this trend continues beyond 3 hours remains to be

determined.

The results for acetate in the Transwells with mucus were difficult to interpret (Figure 5.6A).
Here, the percentage of acetate remaining in the system at 0.25 hr and 1 hr was above 100%,
which was mostly contributed by high acetate concentration exceeding that of the treatment
solution even after adjusting for concentration in the mucus and media blank samples. One
possible explanation could be that adding SCFA to cells with mucus triggered a release of
compounds with a mass spectral signal that overlaps with acetate. However, tracing the origin

of this additional acetate signal was beyond the scope of our study.

From the figures below the consumption preference for the three SCFA by HT29-MTX-E12
cells was investigated. Under normal conditions where cells have an intact mucus layer, there
was a fairly constant decrease in the rate of consumption of acetate and butyrate (Figure
5.6A-B). In contrast, propionate was metabolised much slower during the first 1 hr. In
experiments where cells had their mucus layer stripped away, the amount of butyrate and
propionate consumed barely changed during the first hour perhaps due to the quick influx of
SCFA at the start of the treatment causing a temporary saturation of the cells’ metabolic
capacity. At the end of the experiment (3hr), there was approximately 90% of acetate, 60% of
butyrate and 75% of propionate remaining in the Transwells showing that HT29-MTX-E12

cells have a preference for metabolising butyrate followed by propionate and acetate.
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Figure 5.6. Line graphs comparing the average percentage (%) of (A) acetate, (B) butyrate
and (C) propionate in the remained in Transwells post treatment. Percentage was calculated
as the sum of concentrations in the apical, BL and mucus compartment over the concentration
of treatment solution multiplied by a hundred. Blue lines indicate experiments with mucus and
orange lines indicate experiments without mucus. Error bars indicate +/- standard deviation of
three replicates of measurements.
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5.3.4 Diffusion through reconstituted porcine mucus

Experiments using reconstituted porcine mucus produced unexpected results. It was
hypothesised that SCFA would diffuse faster from the apical compartment with a thinner
mucus. However, results showed that (Figure 5.7B-C) butyrate and propionate diminished
from the apical compartment more rapidly in a linear fashion in Transwells with 30 pL of
reconstituted mucus than in Transwells without a mucus layer. This may be due to the
unexpected dilution effect made by the reconstituted mucus solution meaning that instead of
reinforcing the original mucus layer it was perhaps not compatible and ended up disrupting
the endogenous mucus structure thus causing more leakage. The reconstituted Sigma mucin
was more viscous and more penetrable compared the native collected intestinal mucus where

drug molecules diffused through more easily as studies have found.?'>2'
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Figure 5.7. Line graphs showing the average concentration (uM) of (A) acetate, (B) butyrate
and (C) propionate in the apical compartments over time (hr). Blue line indicates experiments
with mucus, orange line indicates experiments without mucus, grey line indicates experiments
with 10uL of reconstituted porcine mucus and yellow line indicates experiments with 30uL of
porcine mucus. Error bars indicate +/- standard deviation of three replicates of measurements.
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5.4 Discussion

In this proof-of-concept study a simple in vitro model was used to study the diffusion of SCFA
across goblet cells under normal conditions with mucus and mucus-free conditions. Under
normal conditions, SCFA were observed to diffuse rapidly after their initial addition, then after
a short while, some were trapped inside the mucus thus temporarily halt their passage towards
the mucosa. It was suggested that during this period (from 15min to 1hr), less SCFA were
entering the cells from the apical compartment but rather from the BL compartment. However,
currently all of the transporters identified on the BL membrane are for SCFA efflux out of the
cells, there has not been a mechanism that describes the entry of SCFA into the cells
basolaterally.>® Currently, two main routes of entry have been described for SCFA uptake into
the cells. One uses a Na*/H* transporter or a HCO3™ exchanger where SCFA exist in the
ionised form and another one which allows them to diffuse directly though the cell membrane
in their protonated form.>® Therefore, it is possible that SCFA maybe entering the cells through
the baso-membrane in its protonated form. Further evidence supporting this theory can be
found from studies that measured the intracellular pH (pHi) of intestinal epithelial cells (IEC).
One study showed that when SCFA was added to the apical and the basolateral borders of
IEC, there was a sudden drop in intracellular pH (pHi) that gradually returned to baseline
indicating that membranes on both sides were permeable to SCFA.?" In a separate study,
authors found that when SCFA was added to the apical side of HT29 monolayer, a parental
cell line to the one used in this study, pHi hardly changed but when it was added to the BL
side a marked decrease in pHi was observed suggesting that BL membrane was more
permeable to SCFA than the apical membrane.?'® Based on preliminary result from this in vitro
study and the literature a hypothesis for SCFA diffusion dynamics through the mucus layer is

developed as illustrated in Figure 5.8.
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Figure 5.8. SCFA diffusion dynamics through the mucus layer.

1) At the start of the diffusion experiment, SCFA were flowing through the mucus with
little obstruction.

2) As more SCFA entered the mucus, the mucus gel became saturated with SCFA
molecules such that it restricted their movement inside the mucus gel resulting in a
scenario where SCFA were being trapped. During this time SCFA entered the cell in
their protonated form as SCFAH from the basolateral side.

3) However, it seemed like this trapping effect was only temporary, as SCFA started to
flow into the BL compartment again.

Findings from this proof-of-concept study can be extrapolated to gain new perspective on the
role of the mucus layer. Inside a normal healthy gut, the epithelium is lined with a continuous
layer of mucus protecting it from pathogens and harsh chemicals in the lumen. It is well
established that mucus thickness varies along the longitudinal compartments of the gut where
it is relatively thin in the Sl and adopt a double-layered structure in the colon.?* Based on the
results of this study, the absorption of SCFA into the epithelial cells is complicated by the
presence of a mucus layer. Although it is unclear whether the uptake of SCFA into the IEC
from the blood stream (the BL side) occurs under physiological conditions since SCFA are

rapidly metabolised by the IEC leaving only a small amount enters the circulation.*'

Understanding how mucus influences SCFA diffusion is important in studying conditions
where the mucus layer has been disrupted such as in ulcerative colitis.?” It is not known if a
quick influx of SCFA into areas where the mucus structure has been compromised can have
a detrimental effect on the host. By slowing down their descent to the epithelium, mucus may

be exerting a buffering effect to a sudden influx of SCFA which may explain why there was
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minimum change to pHi when SCFA was added to the luminal membrane.?'” On the mucosal
surface facing the lumen, there is a pH microclimate maintained by the secretion of HCO3.2"®
Mucus is an integral part of this pH microclimate as one study showed that after washing the
colonic mucosal tissue for 2 min in 20 mM of NAC, the same mucolytic agent used in this
Chapter, there was a significant reduction in the thickness of the pH microclimate.?'® The effect
of HCO3™ excretion at the mucosal surface in response to SCFA might be doing more than just
maintaining pH as study has shown that a fast increase in pH and Ca?* removal in the

presence of HCO3;™ promote the expansion of the tightly stratified inner mucus layer.?®

5.5 Limitations and future work

The in vitro mucus model used in this work is relatively simple and inexpensive to set-up.
However, it is acknowledged that there are several limitations that need to be addressed in

future experiments.

To achieve maximum mucus coverage, only mucus producing cells were used but the human
gut epithelium consists of a variety of cells types with enterocytes being the most abundant
and goblet cells only constituting approximately 20%.?%" Therefore, a co-culture model with a
mixture of enterocytes and goblet cells would be more appropriate at simulating the absorptive
mechanism and SCFA usage of the colonic epithelium.??? Although the cytotoxicity of the
SCFA treatment solutions were studied, their impact on barrier integrity remained unknown,
especially with the use of a mucolytic agent for removing the mucus layer. It is therefore
advisable that for future experiments, transepithelial electrical resistance (TEER), a measure
of barrier integrity should be recorded to ensure any change in TEER is taken into
consideration when interpreting the results as a compromised barrier could lead to more SCFA

flowing between the compartments.

To confirm the mechanism of SFCA entry into the cells, SCFA membrane transporters (MCT1)
and intracellular pH should be measured to see if a decrease in pHi and increase in MCT1
expression correlates with a decrease in SCFA in the BL compartment. At the end of the 3hr
experiment, there were still more than 50% of SCFA left in the apical compartment. It would
be interesting to extend the experiment to 24 hr with regular time intervals whenever possible

to establish a temporal profile of SCFA diffusion through the mucus.

Using reconstituted porcine mucus was found to not be the best approach for increasing

mucus thickness due to potential compatibility issue. It would be ideal to instead manipulate
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the thickness of the endogenous mucus. One study found that by adding N-[(3,5-
Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT, a Notch y-
secretase inhibitor that promotes goblet cell differentiation) in a semi-wet culture interface with

mechanical shaking it was possible to increase mucus thickness.???

The colonic mucus layer is comprised of a loose outer layer and a tight inner layer. To the best
of our knowledge, no Transwell system using cell line have been able to recreate this double-
layered structure. However, recent developments in Gut-on-a-Chip technology have not only
successfully created a double layered mucus but a system closely mimicking the physiology
and chemical environment of the human gut.?** Another advantage of this system is the use
of organoids from healthy volunteers which is better at recapitulating normal cellular behaviour
than cancer cell lines. This is especially important where SCFA is used as they stimulate mucin
release of healthy goblet cells but can have apoptotic effect on cancer cells therefore it is not

always possible to infer the effect of SCFA on cancer line to healthy epithelial tissue.*>*’
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Chapter 6

General discussion

6.1 Summary of key results

Based on results from the two multi-omics studies described in Chapters 3 and 4, this thesis
has identified unique metabolic and microbial signatures in the longitudinal and transverse
compartments of the human Gl tract implicated in irritable bowel syndrome and modified by
the Western diet.

6.1.1 New learnings from exploring the Sl microbiota

The S| microbiome has long been underexplored mainly due to the difficulties in accessing
this part of the Gl tract. The maijority of studies exploring this region have relied on ileal effluent
from patients undergoing ileostomy which may not be representative of a healthy
individual.®'%" One study found that the process of ileostomy introduced oxygen to the distal
section of the Sl and as a result strict anaerobes were being replaced by facultative
anaerobes.?®® The study presented in Chapter 3 was the first that examined the microbiome
and the metabolome of the upper Sl of healthy volunteers undergoing a short-term Western
diet intervention. This allowed the composition and metabolic activities of the SI microbiota in

human to be studied and their relevance to host health.

In the duodenum, large amounts of amino acids and simple carbohydrates are present which
is believed to be the primary source of nutrients for the SI microbiota. Compared to the colonic
region, the microbial community of the S| was considerably less diverse than the colon as it
was disproportionally dominated by Streptococcus spp. The extensive repertoire of
Streptococcus spp. genes involved in the metabolism of amino acids, sugars and lipids grants
them a biochemical advantage to thrive in the SI." However, there seems to be variation in
metabolic capacity between different Streptococcus species indicating a possible scenario of
inter-species competition for nutrients in the SI. Competition for coexistence has been
identified in Streptococcus mutants and Streptococcus sanguinis in the dental biofilm and

therefore there is reason to suggest competition between Streptococcus species in the SI.2%°

Streptococcus and Veillonella were the most abundant genera in the duodenal aspirates which

was in agreement with the ileostoma effluent study.??” Given that the Sl is a primary location
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for immune adaptation, these resident bacteria could play an important role in modulating the
host’'s immune response. In fact, Streptococcus and Veillonella isolates from human Sli

microbiota have shown to stimulate cytokine production in human dendritic cells.??®

Streptococcus.spp. is an incredibly diverse group of bacteria where some strains are capable
of displaying virulent behaviour.’®'%® Therefore, it is possible that, WD induced such
behaviour in Streptococcus.spp. at the strain level and may even be responsible for the
development of Gl symptoms which was seen in all participants during the WD trial.?*° S.
parasanguinis was associated with an increased amount of choline in the duodenum. This
coupled with the existence of choline-binding-proteins on the cell wall of their close relatives,
raises interesting questions about the role of this species in modulating choline availability in
the S1."®3 Choline is an important nutrient required for the synthesis of neurotransmitters and
membrane components phosphatidylcholine and is therefore essential for maintaining brain
function and cellular structure. Competition for choline in the Sl can also have an impact on
choline availability for the colonic microbiota. Microbial metabolism of choline in the colon
produces trimethylamine (TMA) which is further oxidized in the liver to produce trimethylamine
N-oxide (TMAO), a microbial-host co-metabolite implicated in atherosclerosis.?*® Therefore,
choline availability in the colon could modify the community structure and the flow of these
potential harmful signals to the host. Collectively, these findings suggest that certain strains
of S. parasanguinis may be involved in the pathogenesis of SIBO and can affect choline
availability for the host and the colonic microbiome. Understanding how microbiota modulate
nutrient flow to the host in the Sl is important as variation in their activities could manipulate
the nutritional environment of the gut and the molecules available to the host. Indeed,

increased consumption by the microbiota could lead to nutrient deficiencies in the host.®>23°

6.1.2 The microbiome in the large intestines may be more diverse but it is not always
a good sign
As we travel through the S| and entering the colon, intestinal transit slows down, the lumen
becomes more anaerobic and a diverse community of microbes starts to establish. The colonic
microbiota was the focus of the IBS study (Chapter 4). Patients were monitored for a period
of 6 months where multiple omics data were collected. Stool microbiome was studied for their
composition as well as their metabolic function using metagenomics sequencing and
metabolomic profiling. Furthermore, advanced integration methods developed by one of the
study collaborators were instrumental in identifying novel associations between bacterial gene
regions and stool metabolites which eventually led to the discovery of a novel host-microbial

co-metabolic pathway in IBS.
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Distinction between the duodenum and the colonic microbiota could be found at all
phylogenetic levels. The microbiota of the large intestines was higher in diversity and more
evenly distributed at the genus level compared to the S| microbiome. The facultative
anaerobes in the Sl were being replaced by obligate anaerobes, which are complex
carbohydrate-fermenting specialists in the genus of Bacteroides, Blautia, Faecalibacterium,
Collinsella and Ruminococcus. SCFA were abundant in the colon as products of complex
polysaccharides fermentation. As the Western diet study (Chapter 3) showed, these microbial
products were positively correlated with fibre consumption. However, no difference in
microbial abundance nor community structure were detected following the dietary switch,
highlighting the resilience of the commensal microbiota and its adaptability to short-term
changes in fibre and carbohydrate consumption. This could mean that a more persistent
dietary intervention is needed to shift the microbiome of long term WD-consuming individuals
to a healthier profile to prevent permanent loss of fibre-fermenting species which are

associated with the development of obesity and type 2 diabetes.?*'

Interestingly, irrespective of fibre intakes, patients with constipation-dominant IBS had
significantly less SCFA in their stool which coincided with a reduction in butyrate-producing
species. Lower butyrate in IBS-C patients could potentially impair their mucosal function as
butyrate is an important fuel for the intestinal epithelial cells.**** Collectively contribute to the
lower energy state. Furthermore, increased protein fermentation was evident in IBS-C patients
based on the reduction of BCAA and increased abundance of BCAA-degrading species.
Increased microbial diversity was also observed in IBS-C patients and possibly as a
consequence of prolonged colonic transit based on previous in vitro and in vivo evidence.'®"
It was hypothesised that increased microbial diversity drove an overgrowth of proteolytic
bacteria which may threaten the survival of saccharolytic commensals and thus creating an
imbalance in the gut microbiome community. The causal relationship between microbiome
and intestinal transit requires further investigation. Given the apparent metabolic and
microbiome disturbances in IBS, it may sound logical to use prebiotics/probiotics treatments
to promote favourable changes in the metabolic activity of the microbiome, however, results
from clinical studies have shown inconsistencies in patient response, which seemed to be
subtype specific and could potentially be associated with other unknown phenotypes.?*?
Therefore, stratifying patients into responders and non-responders and characterising the
clinical and molecular phenotypes in each of these groups is important as there is no one-
size-fits-all solution when it comes to modulating the microbiome. In the IBS study (Chapter
4), several stool metabolites could differentiate patients according to their symptom severities

which suggest the possibility of developing it into a diagnostic test to guide probiotic selection.
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6.1.3 We must not forget about the mucus compartment

Metabolites in the gut lumen are absorbed through mucosa into the systemic circulation.
Chapter 5 showed that the passage of bacterial metabolites was interrupted by the mucus
layer. By studying the temporal change of SCFA concentrations in the apical, mucus and the
basolateral compartments, a diffusion dynamic of SCFA through the mucus was hypothesised
such that SCFA could potentially enter the cells through the basolateral membrane when their
flow are restricted in the apical compartment. While the model lacked the physiological
representation of the colon, it nevertheless shed new light on the role of the mucus layer and

reiterated its importance in the crosstalk between the microbiota and the host.

The mucus compartment not only offer protection for the gut epithelium it is also a feeding
ground for many gut commensals such as Akkermansia.>® Sometimes mucus integrity could
be compromised as a result of overfeeding by the microbiota in response to a shortage of
fibre.?®* As shown in Chapter 4, microbial species with mucin-degrading potential were
elevated in IBS-C patients which may be driven by a lack of carbohydrates as a result of
prolonged colonic transit. However, not all species are damaging to the mucus layer, some of
them appear to have restorative properties as microbial-derived hypoxanthine was recently
found to induce goblet cell mucin production and promoted mucosa-healing in a colitis mouse
model.?** Therefore, results of the bacterial genes and hypoxanthine associations in Chapter
4 could be used to select hypoxanthine-producing species for designing new probiotic

treatment for IBS.

6.2 Future work

While study limitations and suggestions for follow-up experiments were discussed in individual

chapters, findings from this thesis as a whole have also opened up new avenues of research.

The interconnectedness of the Sl and the colonic microbiota meant that more effort should be
devoted to understanding the metabolic function of the SI microbiota in modulating nutrient
availability as well as its role in IBS. The virulent potential of Streptococcus strains should be
further explored given the overlap of symptom characteristics between SIBO and IBS. Since
the link between the S| microbiome and IBS is not well established, initial studies should aim
to generate hypotheses by integrating datasets form multiple omics platforms to build a
network of system-level host-microbial interaction in the S| and the colon in the context of
disease pathophysiology. Longitudinal sampling is recommended as it limits the intra-

individual heterogeneity seen in cross-sectional studies. While metagenomics study allows for

117



the discovery of novel metabolic functions, in vitro and animal models are still needed to

confirm the physiological significance of newly identified metabolic pathways.

The intestinal motility of constipated and diarrhoea patients may be modelled on a microfluidic
gut-on-a-chip device. By adjusting the intensity of peristalsis and luminal flow, researchers
could simulate the colonic transit of IBS-C and IBS-D patients to examine its effect on the
mucus layer and the microbiome. The fact that each device can be made using patient’'s own
cells highlights its potential for developing personalised diagnostics and therapeutics to treat
IBS. Furthermore, the translational potential of gut-on-a-chip devices could mean that one day
we will no longer have to rely on animal models to mimic the human physiology and as a

research community we should all strive towards that goal.

6.3 Conclusions

This thesis has explored the role of the microbiota in the longitudinal compartments of the gut,
from the duodenum to the colon, then travelling across the lumen through the mucus layer
into the mucosa. Unique interactions between the host and the microbiota occur in each of
these compartments and are associated with dietary changes and the development of
functional Gl disorders. The IBS study demonstrates the power of integrating multiple layers
of omics datasets to explain physiological relevant associations and discover previously
unknown disease pathways. The success of the project is a reflection of the tremendous
collaborative effort made by a multidisciplinary team. The focus now should be establishing
causality to understand the mechanisms behind these associations. In terms of the SI
microbiome, we are still limited in our understanding of its composition and metabolic functions,
particularly on its virulent potential and how it impacts nutrient availability for the host and the
colonic microbiota. Once we understand how communities from different parts of the Gl tract
work together to influence host health, we will be better informed at finding ways to look after

our gut microbiome and even modulate them to make them work for us.
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Figure 1. 600MHz '"H NMR spectrum of a QC duodenum aspirate sample showing identified
metabolite peaks for 1) Leucine, 2) Valine, 3) Lactate, 4) Alanine, 5) Methionine, 6) Glutamine, 7)
Aspartate, 8) Lysine, 9) Threonine, 10) Acetate, 11) Choline, 12) Glucose, 13) Tyrosine, 14)
Phenylalanine.
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Figure 2. 600MHz '"H NMR spectrum of a QC stool sample showing identified metabolite peaks for 1)

2-methylbutyrate, 2) Butyrate, 3) Propionate, 4) Lactate, 5) Alanine, 6) Acetate, 7) Succinate, 8)

Aspartate, 9) Lysine, 10) Choline, 11) Glucose
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Compound Chemical shift ppm (multiplicities)

Alanine 1.46 (d), 3.76 (q)

Valine 0.976 (d), 1.05 (d), 2.261 (m), 3.601 (d)

Asparagine 2.84 (m), 2.94 (m), 4.00 (dd)

Methionine 2.143 (s), 2.648 (t), 3.872 (m)

Lysine 1.452 (m), 1.512 (m), 1.733 (m), 1.913 (m), 3.030 (t)
Threonine 1.316 (d), 3.575 (d), 4.244 (m)

Lactate 1.332 (d), 4.115 (q)

Aspartate 2.807 (d), 2.829 (d), 3.912 (dd)

Tyrosine 6.906 (d), 7.199 (d)

Glutamine 2.145 (m), 2.459 (m), 3.787 (t)

Leucine 0.961 (d), 0.972 (d), 1.718 (m), 3.740 (m)
Phenylalanine 7.333 (d), 7.381 (1), 7.432 ()

Acetate 1.92 (s)

Glucose 3.416 (m), 3.539 (m), 3.715 (m), 3.771 (m), 3.842 (m), 5.238 (d)
Choline 3.205 (s), 3.526 (m), 4.070 (m)

Table 1. Metabolites identified in the duodenum aspirates for Chapter 3. Chemical shifts (ppm) and
multiplicities are displayed.

Hypoxanthine

~ ~—

8.17 (s); 8.2 (s)

Compound Chemical shift ppm (multiplicities)
Valine 0.99 (d); 1.05 (d); 2.30 (m)
Isoleucine 0.94 (t); 1.02 (d); 1.27 (m)
Alanine 1.48 (d); 3.78 (q)
Lactate 1.33 (d); 4.11 (q)
Lysine 1.40 (m); 1.70 (m); 3.03 (t); 3.72 (t)
Succinate 2.41 (s)
Glucose 3.40 (t); 3.53 (dd); 3.71 (t); 3.73 (dd); 3.83 (m); 5.24 (d)
Acetate 1.92 (s
(
Butyrate 0.90 (t); 1.56 (t); 2.16 (t)
Aspartate 2.69 (dd); 2.82 (dd); 3.91 (dd)
Propionate 1.06 (t); 2.19 (m)
Choline 3.207 (d)
2methylbutyrate 0.86 (t); 1.05 (d); 1.38 (m); 1.5 (m); 2.21 (m)

Table 2. Metabolites identified in the stool sample for Chapter 3. Chemical shifts (ppm) and
multiplicities are displayed.
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Compound

Chemical shift ppm (multiplicities)

2-Methylbutyrate
Lactate
Alanine
Tyrosine
Isoleucine
Leucine
Valine

Lysine
Succinate
Glycine
b_arabinose
b _xylose
Acetate
Propionate
Butyrate
Glucose
Isovalerate
Uracil
Hypoxanthine
Glutamate

0.86 (t); 1.05 (d); 1.38 (m); 1.5 (m); 2.21 (m)
1.33 (d); 4.11 (q)

1.48 (d); 3.78 (q)

6.91 (d); 7.20 (d)

0.94 (t); 1.02 (d); 1.27 (m)

0.96 (d); 0.97 (d); 1.71 (m)

0.99 (d); 1.05 (d); 2.30 (m)

1.40 (m); 1.70 (m); 3.03 (t); 3.72 (%)

2.41 (s)
3.57 (s)
4.52 (d)
4.58 (d)

1.92 (s)

1.06 (t); 2.19 (m)

0.90 (t); 1.56 (t); 2.16 (1)
4.645 (dd)

0.92 (dd); 2.053(dd)

5.81 (d); 7.54 (d)

8.17 (s); 8.2 (s)

2.14 (m); 2.46 (m); 3.78 (m)

Table 3. Metabolites identified in the stool sample for Chapter 4. Chemical shifts (ppm) and
multiplicities are displayed.
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Figure 3. PCA scores plot of spectral variables from the 600 MHz "H NMR experiment of serum
samples showing no clustering between IBS-subtypes and Healthy Controls.
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